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for the characterization of substrates for epitaxy: the
ZnO case

Received 21st December 2012,
Accepted 12th March 2013

DOI: 10.1039/c3ce27077g

www.rsc.org/crystengcomm

M. C. Martı́nez-Tomás,*a V. Hortelano,b J. Jiménez,b B. Wangc and V. Muñoz-Sanjoséa

The goal of this work is to show the capability of X-ray multiple diffraction (XRMD) to be used in

combination with high resolution X-ray diffraction (HRXRD) and cathodoluminescence (CL) as an easy and

simple methodology to determine structural and surface defect-related characteristics of samples that

could be used as substrates for epitaxial growth. For this study ZnO {0001}-oriented samples have been

used in view of their use as substrates for homoepitaxy. The miscut and bending of the samples have been

analyzed by measuring the position of the X-ray diffraction peaks. The presence of multiple

crystallographic domains and their characteristics have been studied by HRXRD (from the allowed

(0002) reflection) and XRMD (from the forbidden (0001) and (0003) reflections) through Renninger scans

and omega-scans. Cathodoluminescence adds to the previous structural characterization the possibility of

obtaining significant information on surface and bulk defect-related optical properties by means of probe

depth modulation. Thus, the combined methodology using HRXRD, XRMD and CL shows its ability to

assess the structural and surface defect-related properties of substrates, allowing an easy detection of

subtle structural and surface defects that can affect the ulterior use of these substrates in epitaxial growth.

Introduction

Zinc oxide is a direct, wide band-gap semiconductor material
with many promising properties for blue/UV optoelectronics,
transparent electronics, spintronic devices and sensor applica-
tions.1 High quality ZnO epilayers are expected to boost the
progress of commercial ZnO-based devices. However, when
ZnO layers are heteroepitaxially grown, the performance of the
layer can be reduced due to dislocation and strain effects.
These defects generally result from inherent problems related
to both the large lattice mismatch and thermal expansion
differences in the layer and the substrate.2

Thus, homoepitaxy on ZnO substrates constitutes a
promising route to achieve high quality ZnO epitaxial layers
for improving optical, structural and electrical properties, and
thereafter, to produce better devices.

ZnO substrates are mostly fabricated by vapour phase
transport or hydrothermal growth.1 Different studies on ZnO
substrates have shown that the main defects they present are a
consequence of surface damage and the existence of multiple

crystallographic domains.3–5 Surface imperfections in sub-
strates are mainly produced by miscut and surface roughness,
being induced by cleaving, polishing and surface treatments
(chemical, mechanical, thermal…). The existence of multiple
crystallographic domains, as well as other kinds of volume
defects and bending, are generally created by the growth
process itself, during which dislocations and grain boundaries
are generated.6,7 All these imperfections will create different
crystallographic domains and nucleation sites, which nega-
tively affect the films grown on those surfaces. The structural
characterization is usually made by means of high resolution
X-ray diffraction. Regarding surface properties, cathodolumi-
nescence studies have shown their usefulness for this
purpose.8,9

X-ray diffraction (XRD) is a non-destructive technique used
to find structural parameters and defects in crystalline
materials. In oriented samples, high resolution (HR) condi-
tions have to be used in order to have a parallel and
monochromatic beam providing the required precision and
accuracy. For these types of samples, measurements by
HRXRD are made through the determination of the broad-
ening and position of peaks. Related with broadening, one of
the more notable imperfections producing enlargement of the
diffraction peaks in ZnO bulk crystals is the multiplicity of
crystallographic domains. This type of defect is usually
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characterized in terms of a mosaic model with parameters as
the size of domains in two directions (parallel and normal to
the surface), deformation of blocks, block rotation around an
axis parallel to the surface (tilting) and normal to the surface
(twisting). Other defects such as miscut and bending can be
detected by the tracing of the peak position throughout the
sample. Manufactured substrates cut from an ingot generally
present an angle between the surface and the corresponding
atomic plane which is referred to as miscut. It produces a
vicinal surface with terraces, creating a step pattern, thereby
roughening the surface. In addition to miscut, the atomic
planes and indeed the sample itself can be curved,6 the radius
of curvature being determined from the study of the
diffraction peak as a function of its position across the sample
surface. Bending introduces stress; therefore, the films and
layers grown on these substrates will be strained.

In order to analyze these structural defects by HRXRD,
different geometries must to be used to measure the needed
scans. Measurements on a symmetrical reflection as a function
of the azimuthal angle and the two directions on the surface of
the substrate will inform us about the substrate miscut and
bending. However, to obtain information about the crystal-
lographic domains, measurements of the position and broad-
ening of scan peaks in different configurations have to be
performed. This type of characterization requires the use of a
combination of symmetric, asymmetric and oblique Bragg
reflections, even the use of a triple-axis configuration. When
passing from one to other configuration a readjustment of the
sample is needed, which constitutes a cumbersome and a time
consuming procedure. An interesting alternative is found in
X-ray multiple diffraction (XRMD).10

X-ray multiple diffraction (XRMD) arises when two or more
sets of planes in the crystal simultaneously satisfy Bragg’s law
for a single wavelength. A particular selection of these effects
can be observed when a single crystal is set up in a
diffractometer for a forbidden or quasi-forbidden reflection
and then rotated around the axis perpendicular to the
diffracting planes. The key point of this scan (Renninger
scan11–13) is that peaks result from a multi-beam diffraction,
inherently containing reflections in various geometries and
bearing information about the broadening in various direc-
tions.14,15 In addition, the diffractometer can remain in the
double-axis configuration. Thus a Renninger scan provides
information related to structural characteristics of crystals in
different directions while using a simple configuration not
involving the usual changes in the HRXRD measurements.

Luminescence spectroscopy is a powerful technique to
study the presence of defects. High-quality substrates will
deliver strong excitonic luminescence emission; however the
presence of defects will provide additional recombination
paths to the e–h pairs, with the concomitant reduction of the
excitonic luminescence efficiency. Cathodoluminescence (CL)
adds to the luminescence spectroscopy the capacity of probe
depth modulation by varying the electron energy of the
excitation beam8,9 and so obtaining important information
on surface and bulk defect-related optical properties.

As discussed before, information about the surface and
bulk properties is necessary to assess the use of the sample as
a substrate. Cathodoluminescence and X-ray diffraction thus
appear as complementary techniques that can provide
significant information on both the surface and bulk defect
characteristics. In this work we present the potential of a
combined methodology making use of HRXRD, XRMD and CL
to study samples to be used as potential substrates. Our study
has focused on ZnO substrates from different suppliers, grown
by the hydrothermal method. HRXRD has been useful to
determine defect concentration in the bulk and macroscopic
imperfections in the crystal, as miscut, bending and the
presence of crystallographic domains. XRMD has supplied
valuable information related to some of these characteristics
by means of a single scan. This method has proven to be an
easy way to compare and assess the crystalline quality of the
different substrates. Finally, CL has provided information
about surface damage by analyzing electronic bands sensitive
to the presence of defects at the surface and the internal
quantum efficiency.

It has to be noted that although the suggested methodology
has been applied to the analysis of ZnO substrates, it is general
and can be used to the study and characterization of other
types of substrates and samples.

Experimental

Samples grown by the hydrothermal method at different
laboratories were randomly chosen with no particular criteria.

The sample A was an epiready substrate from CrysTec,16 the
sample labelled B was grown at the US Air Force Research
Laboratory (AFRL)17 and polished by Novasic.18 The sample C
was again an epiready substrate from Tokyo Denpa.19 All of
them had a (0001) orientation (c-plane) and two edges parallel
to some of the {10-10} planes (inset of Fig. 1a). Details on the
growth process and on preparation for CL characterization
(samples B and C) can be found in ref. 8.

HRXRD and XRMD measurements were made using a
PANalytical X’Pert MRD four-circle diffractometer with a beam
of Cu Ka radiation. The optics for the incident beam had a
4-bounce hybrid monochromator, which ensured a Cu Ka1 (l =
1.54056 Å) output collimated beam to be about 18 arc seconds
in the plane of scattering. Measurements were made in a
double-axis configuration, except when indicated.

CL measurements were carried out with a Mono CL2 system
(Gatan, UK) attached to a field emission scanning electron
microscope (FESEM) (Carl Zeiss LEO 1530), at 80 K, using a
multichannel CCD detector.

Results and discussion

Domain number and angular distribution by HRXRD

As already mentioned, one of the most notable imperfections
of ZnO substrates is the multiplicity of domains. This has been
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also reported on MgO substrates,6 and this structural defect
represents a serious obstacle for the potential application of
those substrates for homoepitaxial growth.
In order to determine the presence of different domains,

omega–phi two axes scans of reflection ZnO(0002) were
recorded. In this type of measurement a series of omega scans
are taken at different positions of the azimuthal angle phi,
keeping the 2theta angle constant. The result is a two-
dimensional intensity level contour map with omega as
abscissa and phi as ordinate (Fig. 1).

The map presents a long, winding, curved streak where the
peaks within the streak correspond to different domains. As
samples were cut with two edges parallel to the {10-10} planes,
the value phi = 0u was chosen at the direction perpendicular to
one of these edges, namely [10-10] (inset of Fig. 1a). The
analysis of the peaks as a function of phi gives the spread of
separated domains. Omega scans were extracted for these phi
values (Fig. 1) and the profile analyzed, determining the
number of peaks and, consequently, the number of different
domains.
The mean full width at half maximum (FWHM) of the peaks

for individual domains can be calculated from the FWHM of
the whole peak. The number and distribution of the domains
are important with regards to the crystal quality; the results are
summarized in Table 1. As the domain size is related to the
peak intensity, the contribution of a domain can be under-
stood as its intensity relative to the highest peak intensity,
which corresponds to the most abundant domain. It can be
observed that the occurrence of domains depends on phi and
the contribution of each particular domain may be inferred by
its peak intensity shown in Fig. 1. The separation in omega
provides the values for the minimum and maximum spread of
peaks. The sample quality can be established in terms of the
number of domains and their angular distribution.
In the oscillating curve of Fig. 1, the amplitude in omega

gives an approximate value of the miscut (for more exact
values see next section).

Miscut and radius of curvature by HRXRD

The measurement of miscut and curvature could be made in
spite of the different domains present. The predominant
domain was identified from the omega–phi maps, i.e. the
domain with the strongest intensity. It was followed over the
azimuthal angle (for the miscut) and over positional changes
in the X and Y spatial coordinates (for the curvature radius).20

In order to obtain the miscut angle, the omega values of the
predominant domain were plotted as a function of the
azimuthal angle. The experimental data were fitted by a
simple sine function, which provides the miscut from the
amplitude of this function (Table 2). The effect of the miscut
on the creation of surface terraces is direction dependent.
Analyzing the points where the sine curve crossed the mean
value of omega, it was found that in all samples, the phi angles
for which the deviation is zero was near the value phi = 0u. This
means that the steps are roughly parallel to the [11-20]
direction.
To determine the bending of the sample, after the

identification of the predominant domain, omega-scans were
recorded for different positions. Plots of omega changes from
the ZnO(0002) reflection as a function of the X and Y directions
were obtained for all samples (not shown). The values of the
radii of curvature (Table 2) were determined from the slope of
the plots. The existence of two different radii of curvature for X
and Y directions indicates that bending is not spherical. A
positive slope implies that the substrate is bent into a concave
shape on the surface where the X-ray is incident.
These values are high for sample C, thus indicating its low

bending, while mean values are found for sample A. The low

Fig. 1 Inset: in-plane orientation of substrates with respect to the edges; (a) (c)
(e) omega–phi maps at the ZnO(0002) reflection for each substrate; (b) (d) (f)
extracted omega-scans at the phi angles corresponding to the minimum and
maximum spread of domains.
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values of both radii of curvature for sample B indicate a high
bending and a high level of stress.

Defect concentration by HRXRD

Dealing with layers and films, when the effects of various
broadening factors on omega scans can be separated,
quantitative information of the dislocation densities can be
extracted from tilt and twist in the frame of the mosaic model.
For highly defective films the dislocation density is propor-
tional to the FWHM of omega scans (b).21

For substrates with several domains, a similar treatment can
be made if domain boundaries are considered equivalent to
the block boundaries of the mosaic model and if the defect
content is considered to be very low. Then, expressions
corresponding to low defective films can be considered as
given in ref. 21 for a random distribution of defects at the
grain boundaries:

DB ~
b2

2p ln 2b2
(1)

where b is the peak broadening (FWHM) and b is the length of
the Burgers vector of the dislocation. It has to be noted that
the dislocation density in this case is proportional to b2. This
equation has been used to calculate the densities of the more
usual threading dislocations in ZnO films: screw (DBs) and
edge (DBe) type.
Table 1 shows the calculated values. For each type of

dislocation, different reflections have been considered, namely
the ZnO(0002) reflection for the screw type dislocation (bs =
b(0002), bs = ,0001>) and the ZnO(11-20) reflection for the
edge type dislocation (be = b(11-20), be = 1/3,11-20>). It must
be pointed out that the density of edge type dislocation is
always higher than that of screw type for any domain.

Simultaneous determination of multiple domains and
misorientation by XRMD

The determination of the mosaic characteristics, e.g. the block
size, block deformation and rotation, is usually made by
HRXRD using a combination of symmetric, asymmetric and
oblique Bragg reflections in a triple-axis configuration.21

Nevertheless XRMD can offer not only similar structural
characterization without changing the diffractometer config-
uration, but also gives additional information by means of a
double-axis configuration without time consuming re-adjust-
ments of the samples.
Measurements by the X-ray multiple diffraction technique

were carried out using the ZnO(0001) and ZnO(0003) for-
bidden reflections. For the measurements of the Renninger
scans the detector was set at the Bragg position of the selected
reflections and the sample rotated azimuthally around the

Table 1 FWHM of peaks from omega-scans measured by HR-XRD and calculated dislocation concentrations of type screw (DBs) and edge (DBe) in ZnO substrates from
different suppliers

Sample/azimuthal
angle FWHM(0002) (u)

Number of peaks
in the profile

Mean FWHM of
individual peaks (u) DBs (cm

22) FWHM(10-10) (u) DBe (cm
22)

A Phi = 0u 0.0160 3 0.005 6.5–9.3 6 105 0.0076 3.83 6 106

Phi = 90u 0.0179 3 0.006
B Phi = 0u 0.0794 2 0.040 0.6–4.1 6 107 0.0069 3.16 6 106

Phi = 90u 0.0661 4 0.016
C Phi = 0u 0.0144 1 0.014 0.9–5.1 6 106 0.0060 2.39 6 106

Phi = 90u 0.0191 3 0.006

Table 2 Miscut and radii of curvature in ZnO substrates from different suppliers

Samples Miscut (u) R curv (X) (m) R curv (Y) (m)

A 0.22 2110 240
B 0.68 1.6 2.4
C 0.28 327 170

Fig. 2 (a) (c) (e) Phi–omega maps at the ZnO(0001) forbidden reflection for each
sample; (b) (d) (f) at the ZnO(0003) forbidden reflection for each sample.
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surface normal. As stated above, the position phi = 0u was
taken at the (10-10) azimuth (inset of Fig. 1a). The scan is
symmetric around this value, with an asymmetric region
which extends over 30u, therefore, only the interval [230u, 30u]
has been analyzed.
In layers and films this scan is easily obtained for this

interval. However, when dealing with good structural samples
with very low FWHM only few peaks could be observed in a
single phi scan if the omega angle is kept constant. Two-
dimensional maps were obtained, but in contrast to the
previous section, the angle phi is the abscissa and omega the
ordinate. The interval in phi is the repetition interval [230u,
30u]. Fig. 2 shows this type of map from measurements made
on different samples. It can be observed that the value of the
omega angle is not the same for each peak. In order to obtain a
single scan equivalent to the classical Renninger scan, a
projection on the phi axis has been made. Fig. 3 exhibits these
phi scans, being the measured interval of the angle phi
encompassed by the asymmetric region [230u, 0u]. The
denomination we have given to the different peaks is indicated
by labels.
Concerning the angular position in phi, all the peaks can be

indexed at the expected calculated angles following the
method given by Cole et al.12 and using the clarifying figures
of Post.13 The values for the ZnO(0001) reflections coincide
with those given by Bläsing et al. in ref. 22. The planes giving

rise the internal double reflections are explicitly indicated in
Table 3, together with the labels naming each peak.
The secondary and the coupling planes of the double

reflections are interchangeable because of the crystal symme-
try. That is, the double reflection (1-100)/(-1101) is equivalent
to (1-101)/(-1100).22 All peaks are wider than those previously
found in ZnO layers,10,22,23 the broadening being due to peak
overlapping. As a consequence, phi–omega maps shown in
Fig. 2 only exhibit five dots in each side of the reference angle
phi = 0u. Each dot corresponds to a set of overlapping peaks.
Peaks belonging to each set are marked alternatively in bold or
roman text in Table 3.
If we analyze first the intensities of Renninger scans (Fig. 3),

which are related to the crystalline quality, it can be seen that
sample B presents very low peak intensities; while, the two
other substrates, namely samples A and C, present better
crystalline quality with similar intensities but in different
peaks. The most remarkable difference is observed in peaks
P7, and P8-9-10 of the ZnO(0001) reflection. Bearing in mind
that peak intensities in these types of scans have contributions
from a great variety of planes, the peak profile of the
Renninger scan can be considered as a fingerprint of the
crystal, exhibiting its differentiating features. Renninger scans
of ZnO(0003) reflection from both samples look more similar.
Peak broadening in Renninger scan can be associated with

mosaic spread.1,15 Rotated domains around the perpendicular
to the surface will produce a broadening or eventually an
overlapping of these peaks. The similar peak widths observed
in the phi scans shown in Fig. 3 indicate that all samples
exhibit a similar content of rotated domains. This is coherent
with the analysis made from the omega–phi maps obtained in
a previous section (Table 1).
More information related to these rotated domains around

the normal to the surface axis can be obtained by analyzing the
peak profiles. If the number of domains is large, as is the case
for layers or films, the form of the peaks is rounded and
smooth.10 For a low number of domains, as suggested by
Kyutt,15 the angles of rotation of this type of domains produce
a splitting in phi-scan peaks because they are usually smaller
than the angular distances between the diffraction peaks,
resulting in complex peaks, composed of subpeaks. The

Fig. 3 Phi scans obtained by projection of maps of Fig. 2 on the phi axis at the
(a) ZnO(0001) forbidden reflection; (b) ZnO(0003) forbidden reflection.

Table 3 Phi position of the Renninger scan peaks at the ZnO(0001) and ZnO(0003) forbidden reflections calculated following the method given by Cole et al.12 Sets of
peaks marked alternatively in bold or roman text are partial or totally overlapped in experimental curves of Fig. 3 (see text)

Renninger scan of ZnO(0001) reflection Renninger scan of ZnO(0003) reflection

Phi (u) Denomination of peak Combination of planes Phi (u) Denomination of peak Combination of planes

223.823 P12 (3-1-20)/(-3121) 223.12 P12 (3-1-21)/(-3122)
222.761 P11 (02-23)/(0-22-2) 222.71 P11 (01-11)/(0-112)
219.642 P10 (01-13)/(0-11-2) 222.10 P10 (2-204)/(-220-1)
217.685 P9 (31-40)/(-3-141) 221.40 P9 (3-2-14)/(-321-1)
217.186 P8 (12-33)/(-1-23-2) 217.00 P8 (3-1-20)/(-3123)
213.934 P7 (1-100)/(-1101) 212.22 P7 (01-10)/(0-11-3)
210.111 P6 (31-41)/(-3-140) 211.47 P6 (01-14)/(0-11-1)
29.373 P5 (02-22)/(0-22-1) 27.64 P5 (02-20)/(0-223)
24.601 P4 (3-1-2-2)/(-3123) 24.78 P4 (3-2-10)/(-3213)
23.992 P3 (1-10-1)/(-1102) 21.34 P3 (12-31)/(-1-232)
23.607 P2 (02-21)/(0-220) 21.23 P2 (02-21)/(0-222)
22.036 P1 (3-2-1-0)/(-3211) 20.38 P1 (3-1-24)/(-312-1)
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number of subpeaks and their shapes must be the same for
various combinations of planes, which correspond to the
different peaks of the Renninger scan. Analyzing the peak
profiles of Fig. 3, it can be observed that the irregular form of
some peak tops (peaks P5-6 and P7 of ZnO(0001) scan for
sample A) is repetitive. This is indicative of a small number of
crystalline blocks, as previously obtained in the omega–phi
maps. Peaks P5-6 and P7 have been chosen for comparison
because they are related to planes relatively perpendicular to
the surface and because the angular distances with their
neighbours are high. The repetition of the fine structure of
peaks can also be observed in peaks P5 and P8 of the
Renninger scan from the ZnO(0003) reflection of sample A.
Interesting information can be obtained from omega scans

at the Renninger scan peaks. Rocking curves of these peaks
exhibit certain specific features related to the different
combinations of planes. We can analyze their broadening in
correspondence with the FWHM values obtained from
ZnO(0002) and ZnO(10-10) reflections by conventional
HRXRD (see Table 1). The great advantage of these omega-
scans is that the configuration of the diffractometer is not
needed to be changed to obtain information from planes of
different orientations. As stated in Table 3, peak P11 of the
ZnO(0001) reflection corresponds to a combination of planes
nearly parallel to the surface. Consequently this peak holds
information about the out-of-plane misorientation of domains
(tilt), similarly to the FWHM of the ZnO(0002) reflection.
In contrast, peak P7 implies some secondary planes that are

more vertical with respect to the surface of the sample and as a
consequence it is related to the in-plane orientation of
domains given by the FWHM of the ZnO(10-10) reflection
(twist).
Fig. 4 shows omega scans of peaks P7 and P11 of the

Renninger scans from all samples. Unlike the previous ones,
these scans exhibit significant differences in the broadening of
the peaks. While samples A and C have a reasonable FWHM of

about 0.005–0.009u, sample B exhibits a broad signal of almost
0.14u. If the profile is analyzed, it appears that different
crystallographic micro-domains can be identified by sharp
emerging peaks. Samples A and C have similar FWHM, with
the FWHM of sample C always narrower than that of sample A.
It is more evident for the ZnO(0001) reflection (Fig. 4a and 4b)
than for the ZnO(0003) reflection (Fig. 4c and 4d).
A singular trend is the broad and long tail of the omega-

scans of peak P7 of the ZnO(0001) reflection from sample C
(Fig. 4b). The shape of this peak is not pseudo-Voigt like (from
Gaussian to Lorentzian) and can be separated into two
components: a broad background and a sharp peak. The
broad background can be attributed to an inhomogeneous
strain field. Given the diffracting planes involved in this peak,
almost vertical with respect to the surface, this trend can be
indicative of dislocations in the lateral walls of the crystal
domains.23 In the same sample this behaviour has been
assessed by measurements of grazing incidence in-plane XRD
(GIIXRD) of the ZnO(10-10) reflection (not shown here). This
type of measurement requires changes in the configuration of
the diffractometer and it is a time consuming procedure.

Cathodoluminescence

In addition to the above studies on structural characteristics,
surface defect-related properties will be analyzed. CL permits
an analysis of the luminescence response as a function of
depth, which is established by the energy of the e-beam.8,9 For
an e-beam energy ranging from 2 to 30 keV a depth interval
from a few nms to y3 mm can be probed, therefore allowing
the study of surface and volume properties. A typical CL
spectrum of ZnO crystals at 80 K (Fig. 5) consists of a
dominant bound excitonic band peaking around 369 nm (3.36
eV); we call it the BE band and it can be contributed by several
sub-bands, which may (or may not) be resolved depending on
the spectral resolution. Another band, labelled P1, appears at
375 nm (3.3 eV), accompanied by phonon replicas. Finally, a
green-yellow band (G-Y) at y550 nm is also observed. The
spectrum shape depends on the samples, which is indicative
of the different incorporation of impurities and crystal defects
depending on the growth process and the subsequent
treatments. We also need to consider the existence of non-
radiative recombination centres (NRRCs), which contribute to
the internal quantum efficiency of the luminescence emission.
In order to separate surface effects from volume effects, the

CL spectra were recorded for the three samples with different
e-beam energies. Volume effects can be used as an assessment
of some of the structural characteristics obtained by XRD,
while surface effects obtained by CL provide complementary
characterization of the substrates. The spectra of the three
samples at 3 keV, 10 keV and 25 keV are shown in Fig. 5, with
the intensities normalized to the highest one. Note that the
beam current was changed in order to keep the e–h generation
rate constant. The penetration depths for these e-beam
energies are 200 nm, 700 nm and 3 mm, respectively.24 The
spectra of samples A and B have similar shapes (Fig. 5a and 5b,
respectively), which accounts for similar defect and impurity
contents.
Nevertheless, they exhibit significant spectral differences in

defect and impurity concentration when compared to sample
Fig. 4 (a) (b) Omega scans of some peaks of the Renninger scan at the
ZnO(0001) forbidden reflection; (c) (d) at the ZnO(0003) forbidden reflection.
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C (Fig. 5c). The other relevant aspect to consider is the
luminescence efficiency of the three samples. With regards to
volume response, when irradiated with an e-beam of 25 kV the
highest luminescence intensity corresponds to sample C. This
sample also exhibits a very weak contribution of deep centres
(green-yellow band). In samples A and B the G-Y band becomes
more intense compared to the BE emission. For lower e-beam
energy, the G-Y luminescence in samples A and B is
substantially decreased, while it is not substantially changed
in sample C. These observations depend on the influence of
the surface treatments. Finally, for 3 keV e-beam with very
short penetration depth, the response is greatly influenced by
the surface. In this sense, the surface of sample A is the
cleanest of the three samples, since it gives very good
luminescence efficiency with respect to the other two samples.
The luminescence emission from sample C is restored for 10
keV and for higher energy it is stronger than the emission of
sample A. The luminescence emission from sample B is
substantially lower than those from the other samples
independently of the depth, which suggests that this sample

is characterized by a high concentration of NRRCs. These may
be produced by dislocations as suggested by the X-ray
measurements. In this case the optically active defects seem
to be very similar to those present in sample A due to a very
similar spectrum shape.
Furthermore, if we examine the BE band (Fig. 5d–5f) we can

observe that they display a shift in wavelength depending on
the sample. It peaks at 368.7 nm (3.36 eV) for sample A
(Fig. 5d); at 369.9 nm (3.35 eV) for sample C (Fig. 5f) and at
371.9 nm (3.33 eV) for sample B (Fig. 5e). These data are taken
for a 15 keV e-beam (penetration depth 1.3 mm), which avoids
the influence of the surface and reduces the self-absorption of
the more energetic photons. The shift of the BE band is
consistent with the curvature data; sample C is almost
unstressed, while sample A is compressed with a negative
radius of curvature, and sample B is tensile stressed.
Alternatively, the P1 band has been shown to feature a

characteristic crystalline quality.8 The high intensity of this
band in sample C, being even more intense than the BE band,
accounts for the high crystalline quality of this sample,
consistently with the X-ray analysis. The relative intensity of
the P1 band with respect to the BE band is slightly higher in
sample A than in sample B, which together with the much
higher luminescence emission provides for the evidence of the
higher crystalline quality of sample A.

Conclusions

We have shown in this work that HRXRD, XRMD and CL
provide complementary information related to surface defects
and structural characteristics, such as miscut, bending,
domain characteristics and misorientation.

Related to the bulk characteristics, HRXRD measurements
have shown that miscut was not significant in most of the
samples. Commercial samples were within the specifications
of the suppliers. Regarding the bending, determined also by
HRXRD, the non-commercial substrate (sample B) exhibited
higher bending than the commercial ones. Omega–phi maps
reveal the presence of different domains in all the substrates,
but the maps looks similar in all the samples. XRMD has been
proved itself to be a practical and sensitive method to detect
structural characteristics, allowing the detection of differences
that are not evident by HRXRD. Indeed, from the Renninger
scan, the width in phi (azimuthal angle) denotes the presence
of twisted domains while the width in the Bragg angle (omega-
scans) brings to light out-of-plane and in-plane misorientation
of different domains. As regards to the sensitivity, the full peak
of rocking curves from ZnO(0002) reflections obtained by
conventional HRXRD had similar features. In contrast, rocking
curves from forbidden ZnO(0001) reflections were remarkably
different with a factor of 10 between the extreme values of the
FWHM. Applying these measurements to the different
substrates, we have observed the presence of slightly twisted
domains. One of the samples (sample B) exhibits an
extraordinary presence of tilted domains, not perceived in
omega scans obtained by XRD. Additionally, a special issue of

Fig. 5 CL spectra for the three samples and different e-beam energies (3 keV, 10
keV and 25 keV) within different wavelength interval: (a)–(c) from 350 nm to
650 nm; (d)–(f) from 360 nm to 400 nm.
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the Renninger scan is that its profile can be considered as a
fingerprint of the crystal quality, being related to the specific
defects of the sample in different directions.

With respect to CL, this technique has provided the state of
the surface and some bulk characteristics of the considered
substrates. This analysis has been made at different depths.
Measurements far from the surface have confirmed some of
the bulk characteristics obtained by XRD. From the two better
samples (A and C) the CL analysis made near to the surface has
shown that sample A has better surface characteristics
compared to sample C. In fact sample A presented better
surface characteristics with a lower concentration of surface
defects, while sample C improved with depth, becoming the
one with the highest bulk quality.

In summary, we have shown the capability of using a
combined study by HRXRD, XRMD and CL to obtain complete
information of samples in view to their use as substrates for
epitaxy. Additionally, it can be concluded that XRMD appears
to be an easier technique than HRXRD to allow a structural
characterization of the sample by means of a simple scan
without changing the configuration of the diffractometer, thus
providing information about the crystalline quality of the
sample. Specifically, this information is mainly related with
the spread of domains (peak-width in phi of the Renninger
scan) and with their misorientation produced by differences in
the in-plane and out-of-plane orientation of the separated
domains (peak-width in omega of the Renninger scan peaks).
Renninger scans can thus provide a simple and fine
comparison between different substrates.

Thus this methodology can be of particular interest in the
case of using samples for homo or heteroepitaxial growth. As
is well known, the surface state is a key point for the success of
the growth and sometimes the analysis of this state is not
considered due to the complexity of the usual methodologies.
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Intrinsic defects are generated by e-irrradiation, and  
plastic deformation in ZnO crystals. Spectrally resolved 
cathodoluminescence (CL) experiments permit the analy-
sis of the optical signature of those defects. We present 
herein a CL analysis of ZnO crystals irradiated with high 
energy electrons, and plastically deformed by Vickers in-
dentation. Spectral changes around 3.3 eV and in the 
deep level emission are observed in the irradiated sam-

ples. These changes are compared to those observed 
around the extended defects introduced by Vickers inden-
tation, which present a similar signature to the e-
irradiated samples, suggesting relation between the de-
fects generated by plastic deformation and e-irradiation. 
Zn vacancies seem to be the dominant defects generated 
in both processes. 

 

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  

1 General ZnO is a promising semiconductor for UV 
optoelectronics, because of its bandgap (3.37 eV), and 
large free exciton binding energy (60 meV) [1]. An addi-
tional advantage with respect to other wide bandgap semi-
conductors is the availability of ZnO substrates, necessary 
for the preparation of homo-epitaxial layers. The achieve-
ment of stable p-type doping demands the control of the in-
trinsic defects, which can complex with impurities and also 
form compensating levels precluding effective p-type con-
version [2]. The electro-optical signature of intrinsic de-
fects is not well identified in ZnO, constituting a matter of 
controversy. Therefore, methods allowing the generation 
of intrinsic defects are very useful to get insight about their 
properties. High energy e-irradiation (�1 MeV, at fluences 
� 1017 cm-2) is an effective method of creating point defects 
[3, 4]. On the other hand, plastic deformation has been 
demonstrated to create intrinsic defects around the ex-
tended defects generated by an indentation, or a scratch [5, 
6]. Luminescence techniques are powerful methods to 
study the changes introduced by both e-irradiation and 
plastic deformation in ZnO; in particular, Cathodolumines-
cence (CL) is very useful for the characterization of these 
defects because it permits the observation of areas close to 

the extended defects where the point defects are created, as 
well as in depth analysis allowing to neglect the surface, 
which is very reactive in ZnO. The comparison between 
the defects generated by e-irradiation, and those generated 
by plastic deformation provides a way to characterize the 
luminescence signature of defects. We present herein a CL 
analysis of ZnO crystals irradiated with high energy elec-
trons, and plastically deformed by either Vickers indenta-
tion. The main spectral changes induced by e-irradiation 
concern the luminescence emission around 3.3.eV, and the 
deep level related emissions. These changes are compared 
to those introduced by plastic deformation.  
 

2 Experimental and samples ZnO wafers cut from 
hydrothermal crystals were irradiated at room temperature 
with high energy electrons (1 MeV) at the fluence of 1017 
cm-2. Vickers indentations with different loads ranging 
from 50 to 100 mN, were performed at room temperature 
on the (0001) O-face of the ZnO samples.  

CL measurements at 80 K were carried out using a 
XiCLOne system from Gatan UK attached to a LEO 1530 
field emission scanning electron microscope (FESEM), 
both panchromatic and spectrally resolved images were re-
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corded. Electron beam energies of 15 and 30 kV were used 
(meaning penetration depths in ZnO of 1.5 and 3 μm, re-
spectively). 

 
3 Results and discussion A typical CL spectrum 

of as-grown ZnO crystal is shown in Fig. 1. The spectrum 
can be separated in three spectral regions, the near band 
edge (NBE) emission with energies above 3.33 eV, includ-
ing free and bound excitonic transitions; the spectral range 
below 3.33 eV, usually associated with free to bound, do-
nor acceptor pair (DAP) transitions, and/or phonon replicas, 
and the deep level emissions (DLE) in the green–red spec-
tral range, resulting in green luminescence (GL), yelow 
luminescence (YL), and orange-red luminescence (RL), 
which are associated with intrinsic defects [1]. The relative 
importance of the different bands depends on the sample 
growth method and post growth treatments. We will pay 
special attention to the band labelled A in the spectrum of 
Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Typical CL spectrum of a reference ZnO crystal, show-
ing the main luminescence emissions (Eb = 15 kV). 
 
One observes several bands separated from each other by 
�70 meV, which is the energy of the LO phonon (72 meV) 
in ZnO. Several phonon replicas at 3.23, 3.16 and 3.09 eV 
are resolved. The maximum of the A band is observed at 
around 3.30 eV; its origin is a matter of controversy, since 
it has been associated with acceptor levels in p-type ZnO 
[7], with the one phonon replica of the free exciton [8, 9], 
and with structural defects (stacking faults) [10]. This band 
presents significant changes both in high energy electron 
irradiated samples, and in mechanically damaged zones.  
Fig. 2 shows the CL spectrum after e-irradiation. In order 
to avoid the effect of the damaged surface in e-irradiated 
samples, an electron beam voltage of 30 kV has been used. 
The main effect of the e-irradiation is a decrease of the lu-
minescence emission intensity, which is reduced by nearly 
one order of magnitude, evidencing the generation of a 
high amount of deep levels. The second effect concerns the 
A band, which is split out in two bands peaking at 80 K at 
3.3154 (henceforth labelled PD), and 3.3029 (labelled A) 
eV respectively. The two bands present phonon replicas, 
Fig. 2. The PD band is probably the band usually observed 
in the presence of structural defects [10].  

The CL spectrum in plastically deformed zones is also 
shown in Fig. 2, the changes introduced in the spectrum 
are very similar to those observed in the e-irradiated sam-
ples. Therefore, one can say that the same type of defects is 
being introduced in both cases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 Spectra in the NBE and DAP spectral windows of e-
irradiated (Eb = 30 kV), reference (Eb = 15 kV), and plastically 
deformed by Vickers indentation samples (Eb = 15 kV). 
 
The PD band and its phonon replicas are clearly observed 
and separated from the A band. In the plastically deformed 
sample the free exciton (FX) is well observed, and it ap-
pears separated by the energy of the LO phonon with re-
spect to the A band, which points to the A band as the 1LO 
replica of the free exciton in agreement with other reports 
[8, 9]. One observes in the reference sample that the A 
band and its phonon replica are not separated by LO en-
ergy, but they are separated by a slightly larger energy, 
note that the maximum of the A band is slightly shifted to 
the blue with respect to the dotted line, which is probably 
the consequence of the contribution of the PD band in the 
high energy side of the A band. This should be the convo-
lution of the A and PD bands in as-grown samples, result-
ing in some uncertainty in the peak energy of the band. 
The PD band is enhanced in both e-irradiated and plasti-
cally deformed samples, which permits its differentiated 
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observation in the CL spectra. Therefore, the PD band 
seems to be present in as grown samples, both the e-
irradiation and the plastic deformation reinforces its con-
tribution, which suggests that the PD band is associated 
with an intrinsic defect already existing in as-grown sam-
ples.  
The DLE is also changed in both cases, Fig. 3. One ob-
serves, for the indented sample, a decrease in its intensity 
as a consequence of the generation of NRRCs; however, its 
relative intensity is enhanced with respect to the NBE 
emission, which accounts for the generation of the defects 
responsible for the deep level emission. In the irradiated 
sample, there is a significant increase of the DLE emission. 
On the other hand, one observes a shift to the low energies 
for both e-irradiated and indented samples, more marked 
for the e-irradiation one, see Fig. 3. 
The YL is associated with excess oxygen, in particular VZn, 
or Oi have been reported as the responsible for this band 
[11]. The GL is related to oxygen deficiency, in particular 
VO defects have been claimed as the centers responsible 
for the GL [12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3 Spectra in the DLE spectral window of e-irradiated (Eb 
= 30 kV), reference (Eb = 15 kV), and plastically deformed by 
Vickers indentation samples (Eb = 15 kV). 
 
According to our results both e-irradiation and plastic de-
formation generate NRRCs. Chichibu et al. [13] claimed 
that the NRRCs are related to VZn complexes, which is 
consistent with the generation of intrinsic defects by both 

procedures. On the other hand, a relation between the VZn, 
and a band around 3.33 eV in ZnO films grown on sap-
phire substrates was established by Zubiaga et al. [14]. 
Positron annihilation studies have revealed that the main 
defects generated by e-irradiation are Zn vacancies [4]. 
The behavior of the DLE also supports the role of VZn as 
the main defects generated in both processes. It should be 
noted that Hall measurements after e-irradiation showed a 
tendency to p-type conversion, which can be associated 
with the formation of a relatively shallow acceptor (� 60 
meV according to the observation of the defect related 
band at 3.31 eV).  
In conclusion, e-irradiation and plastic deformation gener-
ate point defects with similar electro-optic signature. Most 
of the changes induced can be tentatively related to Zn 
sublattice defects. Furthermore, the plastic deformation 
must induce structural defects, which suggests that VZn re-
lated defects are generated in the neighborhood of the ex-
tended defects.  
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In this work we analysed, by means of Spectral Imaging 
Cathodoluminescence, the luminescence properties of in-
dividual ZnO nanowires (NWs) grown by chemical va-
pour deposition. The NWs show a general increase of the 
radiative recombination channels, and a decrease of the 
relative intensity of the visible band respect to the bound 

exciton emission, pointing to a high crystal quality. Local 
changes in the peak position and intensity of the near 
band edge were found by studying the luminescence of 
individual NWs, which have been ascribed to structural 
changes along them.  
 

 

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  

1 Introduction ZnO presents a high potential as an 
optoelectronic material because of its wide direct bang-gap 
(3.37 eV), and large free exciton binding energy (60 meV) 
[1]. Furthermore, it can be grown with different nanostruc-
tured shapes, which should permit the development of 
novel devices, because of the influence of size and shape 
on the optical and electrical properties of those nanostruc-
tures [2]. A very important question regarding ZnO is the 
role of point defects, which control both the electrical and 
optical properties of the material.  

Luminescence studies have been extensively carried 
out in order to clarify the role of both point and extended 
defects. Some times, these studies are performed using the 
photoluminescence (PL) technique [3, 4]. In those cases 
the analysis are not performed on individual NWs, but on 
bundles of NWs, being several NWs simultaneously stud-
ied, because the lateral resolution does not allow probing 
the contribution of individual NWs. Much higher spatial 
resolution can be obtained when using the Cathodolumi-
nescence (CL) technique. In this case the lateral resolution 
is affected by several factors; among them, the beam en-
ergy and intensity, although, in the case of the NWs, it is 
primarily determined by their dimensions. Several recent 

CL studies on ZnO NWs are reported in the literature, see 
for instance references [5, 6]. Even more information can 
be obtained by using CL spectrum imaging (CL-SI). In this 
case, a CCD camera detector allows CL-SI mode operation, 
consisting of the collection of the full CL spectrum at each 
pixel of a selected region of interest, which allows building 
spatial distribution images of the spectral parameters of the 
different luminescence bands. In this work we investigate, 
by means of CL-SI technique, the luminescence signatures 
of individual ZnO NWs. In our set-up, we combined the 
CL-SI mode with a field emission scanning electron mi-
croscope (FESEM), allowing to distinguish the lumines-
cence emission from differentiated regions of individual 
NWs. 

  
 2 Experimental and samples The ZnO NWs 

studied in this work were grown on SiO2/Si substrates by 
the vapor–liquid–solid (VLS) method using Au as catalyst 
[7]. The Au catalysts were prepared by sputtering thin Au 
layers, which turned into high-density Au clusters upon 
heating (900 ºC). ZnO powder was mixed with graphite 
powder and the NWs synthesis was carried out in a hori-
zontal quartz tube. The furnace was heated up to 900 ºC 
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with Ar as the carrier gas. Dense arrays of ZnO NWs were 
grown. The ZnO NWs do not grow vertically aligned due 
to the lack of lattice compatibility between the ZnO and 
the amorphous SiO2 substrate, being randomly oriented, 
see Fig. 1. Other structures apart from the NWs can also be 
observed, but with sizes larger than the NWs. Moreover, a 
seed ZnO layer was also deposited beneath the NWs. High-
resolution transmission electron microscopy revealed that 
the ZnO NWs are high quality wurtzite single crystals, 
growing preferentially along the [0001] crystal direction [7]. 
Morphological characterization was performed by field-
emission scanning electron microscopy (FESEM) with a 
LEO 1530 (Carl Zeiss) microscope. CL measurements were 
carried out with a Gatan XiCLOne system attached to the 
LEO 1530 FESEM. The measurements were carried out at 
80 K with e-beam voltages varying from 5 to 15 kV. 

 
 
 
 
 
 
 
 
 
 
Figure 1 a) SEM image of a portion of one of the samples; b) 
panCL image of the same region. The CL-SI study was per-
formed on the ~1.5 x 2.0 μm2 rectangular region shown (using a 
30x40 pixellated area). 
 

 3 Results and discussion Figures 1a and b 
show the SEM and panchromatic (panCL) images of a por-
tion of one of the samples. We will focus our attention on 
the individual NW located in the central part (~ 1.5 x 2.0 
μm2 rectangular region). As observed from the panCL im-
age, the NWs present a high CL contrast with respect to 
their neighbourhood. A CL-SI, consisting of a 30x40 pixe-
lated area   therefore with a step size of ~ 50 nm, both in 
X and Y directions   was performed in the selected rectan-
gular region. The high lateral resolution allows to probe 
individual NWs, with well defined contrast with respect to 
their surrounding, containing other bigger structures and 
the background layer.  

Typical CL spectra obtained at different regions 
(marked in Fig. 1b) are shown in Fig. 2. The main band in 
the NBE regions is located at ~3.36 eV, which is typically 
observed in ZnO and corresponds to bound-exciton (BE) 
transitions; since the measurements were carried out at 80 
K, this band is the convolution of several donor bound ex-
citonic bands, also the free excitonic (FX) band is enclosed 
in the high energy tail [8, 9]. A band at ~3.31 eV (labelled 
as P1) is also observed; the origin of this band is a matter 
of controversy [10]; it has been associated with a donor-
acceptor pair (DAP) transition, but the nature of the defects 
involved was not elucidated; it is also identified with the 
first phonon replica of the free exciton transition, FX-1LO 

band; also, a band related to structural defects was reported 
around such energy; it has been also associated with me-
chanically induced defects [11], and e-irradiation induced 
defects [12]. A weak band is also observed at 3.24 eV; this 
band is separated by nearly 72 meV (the LO phonon en-
ergy in ZnO) away from the P1 one, thus likely corre-
sponding to its LO phonon replica (P1-1LO). Regarding 
the visible emission, a broad band, consisting of at least 
two sub-bands, is observed from 2.0 to 2.6 eV, which is 
typically ascribed to deep levels [13, 14].  
 

 
Figure 2 a) CL spectra obtained inside (In) and outside (Out) a 
NW. The CL spectra of a defective region (D) as well as the CL-
global spectrum (see text) are also shown. (The studied points 
have been marked in Fig. 1b.) b) CL spectra in the NBE spectral 
region. 

 
The individual NW presents specific luminescence fea-

tures, as inferred from these spectra and the corresponding 
CL-SI analysis: the intensities of the BE, P1 and visible 
bands increase in the NW with respect to the surrounding 
media. The increase of the three emission bands in the 
NWs is a signature of their good crystal quality in terms of 
reduced concentration of non radiative recombination cen-
ters (NRRC). Despite the general increase of the lumines-
cence in the NW, the relative intensities IP1/IBE and IVis/IBE 
show a strong decrease in the NWs with respect to the sur-
roundings. The general increase of all radiative recombina-
tion channels observed in the NWs is accompanied by a 
relative decrease of the deep level recombination centres, 
thus accounting for an improved crystal quality of the NWs. 
Regarding the P1 band, outside the NWs (point “Out” in 
Fig. 2) its intensity is nearly equal to that of the BE emis-
sion, but it strongly decreases inside the NWs (point “In”). 
Eventually, one observes a very high P1 band intensity, 
point labelled D, significantly more intense than the BE 
emission, which was never observed inside the NWs. This 
strong emission is accompanied by two phonon replicas at 
~ 3.24 and 3.17 eV (Fig. 2b); moreover, the peak position 
of this band is shifted from 3.32 eV (inside the NWs) to 
3.31 eV (defect areas). All these observations point to a de-
fect origin of this band. Recently, Schirra et al. attributed a 
band close to 3.31 eV to stacking faults [10].  
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Figure 2 shows also the CL global spectra obtained by 
integrating the contributions of all the spectra collected for 
the rectangular area under study. This provides essentially 
the same information as a μPL measurement, since the 
probed surface for a μPL measurement is of the order of 1 
to 2 μm2. This spectrum does not reproduce the true lumi-
nescence features of the individual NWs, since it is the av-
erage over several NWs and the surrounding structures. In 
fact, comparing this spectrum to the local spectra obtained 
inside the NWs one observes differences, showing that the 
particular features of the NW luminescence cannot be in-
duced from the global CL (μPL) spectrum.  

In order to obtain more information of the spectral 
variations along a NW, the NWs were isolated. Figure 3 
shows the results of the CL-SI analysis of an isolated NW. 
Figures 3a and b show the SEM and panchromatic (panCL) 
images of an isolated NW. The length of this NW is  
~11 μm, it presents a kink around the mid length. The av-
erage diameter of the NW is 150 nm, being not completely 
uniform, but it is slightly increased nearby the Au catalyst 
particle. The panCL image reveals inhomogeneous lumi-
nescence intensity along the NW, showing zones of lower 
emission. Detailed local spectral information is obtained 
by CL-SI, the CL spectra are acquired along the NW; The 
CL map was built up recording the spectra with a step size 
of 0.3 μm both in X and Y directions. The small beam size 
providing the high lateral resolution of the map is demon-
strated by the fact that the CL intensity drops suddenly 
when the probed point falls out of the NW. The CL spectra 
along the NW are shown in Fig. 3c. These spectra evidence 
that besides the  intensity fluctuations revealed in the 
panCL image, Fig. 3b, local spectral changes also occur. 
The spectra are contributed by two main bands, at ~3.356 
and ~3.345 eV, whose intensities fluctuate along the NW. 
The predominant band all along the NW is the 3.345 eV 
band, although the contribution of the 3.356 eV band in-
creases in the end tail of the NW, which corresponds to the 
slightly thicker zone of the NW. Tentatively, such varia-
tions can be ascribed to the structural differences along the 
NW, related to the change in the diameter, although it is 
not possible to conclude at present if the differences are re-
lated to crystallographic defects, stress variations, different 
incorporation of point defects, etc. A different behaviour is 
observed for the kink part of the NW, where the CL spec-
tra shifts respect to the straight parts of the NW, which 
might be related to strain. 

In conclusion, the luminescence features of specific re-
gions of individual NWs have been studied by means of 
CL-SI, observing intensity and spectral fluctuations along 
the NWs. The NBE emission changes along the NWs, 
likely related to structural differences. The band at 3.31 eV, 
tentatively associated with the formation of stacking faults, 
is not observed inside the NW. 

 
 
 
 

Figure 3 a) SEM and b) panCL image of an individual NW. c) 
CL spectra obtained along the NW. 
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�� ?&������~ ZnO nanowires (NWs) are very promising 
structures for different applications such as optical and 
electromecanical devices due to the optoelectronic properties 
of ZnO and the novel properties of 1D structures. In this work, 
we investigate the luminescence spectral features of 
conveniently isolated ZnO NWs grown by CVD using Au as a 
catalyst by micro photoluminescence and cathodoluminescence 
spectral imaging (CL-SI). The emission from individual wurtize 
ZnO NWs evidences a main band at 3.36 eV ascribed to bound 
excitonic emissions, as well as the phonon replicas of the free 
exciton emission, accounting for a very good crystal quality. 
Intensity fluctuations and peak position variations along the 
NWs are observed, related to small changes in the structural 
parameters. An intense defective band, located at ~3.31 eV, was 
found together with the luminescence related features of the 
cubic ZnO phase. 
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A detailed optical characterization by means of micro Raman and cathodoluminescence

spectroscopy of catalyst-free ZnO nanorods grown by atmospheric-metal organic chemical vapour

deposition has been carried out. This characterization has allowed correlating the growth

conditions, in particular the precursors partial-pressures and growth time, with the optical

properties of nanorods. It has been shown that a high Zn supersaturation can favor the incorporation

of nonradiative recombination centers, which can tentatively be associated with ZnI-related defects.

Characterization of individual nanorods has evidenced that ZnI-related defects have a tendency to

accumulate in the tip part of the nanorods, which present dark cathodoluminescence contrast with

respect to the nanorods bottom. The effect of a ZnO buffer layer on the properties of the nanorods

has been also investigated, showing that the buffer layer improves the luminescence efficiency of

the ZnO nanorods, revealing a significant reduction of the concentration of nonradiative

recombination centers.VC 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4801534]

I. INTRODUCTION

One-dimensional ZnO nanostructures have attracted in-

tensive research interest due to its wide variety of technolog-

ical applications.1,2 In particular, ZnO-based light emitting

nanodiodes (LEDs) have been a matter of interest due to the

large spectral range they could cover.3,4 The properties of

ZnO such as the direct band-gap energy (3.37 eV at room

temperature) and the large free exciton binding energy

(60meV), in addition to the presence of deep centers coming

from intrinsic and/or extrinsic defects, allow ZnO nanostruc-

tures to exhibit light emitting in violet, blue, green, yellow,

and orange–red spectral ranges, covering almost the whole

visible spectral window.5,6 Nevertheless, the intrinsic and/or

extrinsic defects can also promote the formation of non-

radiative recombination centers (NRRCs) which significantly

reduce the internal quantum efficiency of luminescence

emission.7 Many studies have evidenced the influence of the

growth method or/and growth conditions on the optical prop-

erties of ZnO nanostructures.8,9 Although extensive informa-

tion of ZnO defects can be found in the literature,10,11 the

origin of the deep level luminescence emission (DLE) and

NRRCs in ZnO still continues to be a matter of controversy

and study. Therefore the control of the defect incorporation

in ZnO nanorods or nanowires during the growth process is a

main concern to be understood in order to improve the per-

formance of ZnO-based nanodevices.

ZnO nanorod and nanowire arrays have been synthesized

using several growth methods involving in most cases the

transport of precursors in the vapour phase12–14 or wet chem-

istry processes.15–17 The simplicity of some of the used

growth methods allows to reduce the costs, which constitutes

a relevant industrial advantage. However, in some cases, the

control of the growth conditions is considerably limited, and

the synthesis of ZnO nanowire and nanorod arrays, with good

crystalline quality and reproducibility, is difficult to achieve.

Metal organic chemical vapour deposition (MOCVD) is a

method allowing an accurate control of the growth parame-

ters in addition to be highly adaptable to the synthesis of

vertically well aligned ZnO nanorod arrays with good struc-

tural properties, controllable aspect ratio (length/width), and

high reproducibility,18,19 without renouncing to its industrial

vocation.

In this work, we present a comprehensive study of the

influence of MOCVD-growth parameters on the optical

properties of free-catalyst ZnO nanorod arrays, characterized

by micro-Raman and cathodoluminescence (CL) spectros-

copy. We have analyzed the effect of the precursor’s partial-

pressure ratio (RVI/II), growth time, and the use of a ZnO

buffer layer on the synthesis process. Global characterization

of ZnO nanorod arrays by means of both types of spectro-

scopic tools has allowed to correlate the observed red-shift

of the DLE luminescence in the CL spectrum and the exis-

tence of NRRCs associated with the presence of ZnI-related
defects.

Likewise, the characterization of individual nanorods

has allowed to focus on the location and distribution of these

defects along the nanorods. The effect of the deposition of a
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buffer layer, previous to the growth of the nanorods, on their

optical properties has revealed that this layer seems to reduce

significantly the incorporation of ZnI-related defects, improv-

ing the internal quantum efficiency.

II. EXPERIMENTAL SECTION

Vertically well aligned ZnO nanorods were grown on

c-sapphire substrates with and without a ZnO buffer layer in

an atmospheric MOCVD reactor. The buffer layer was

grown using hydrogen as carrier gas and DMZn-TEN and t-

BuOH as zinc and oxygen precursors, respectively. ZnO

nanorods arrays were synthesized using helium as carrier gas

and N2O as oxygen precursor. The ZnO buffer layer was

grown at 450 �C during 30min. A wide variation of the RVI/II

(80 to 300) was made by changing individually the precur-

sors’ flow-rates. In sample series #1, the N2O flow-rate was

changed from 300 to 900 sccm, being the DMZn-TEN flow-

rate kept constant at 75 sccm. For the sample series #2, the

DMZn-TEN flow-rate was varied from 15 to 95 sccm, while

the N2O flow-rate was set at 300 sccm. On the other hand,

the sample series #3 corresponds to the simultaneous varia-

tion of both precursors’ flow-rates while keeping constant

the RVI/II at 100. Morphological characteristics and details of

growth mechanisms of this type of samples can be found in

our previous work.20 The growth time for nanorods grown

on a buffer layer on c-sapphire was varied from 10 to 40 min,

while for nanorods grown on bare substrates it was varied

from 5 to 15min. All the ZnO nanorods were synthesized at

800 �C.
The Raman spectra were acquired at room temperature

using the 532 nm line of a frequency doubled Nd-YAG laser.

The scattered light was analyzed by means of a Raman spec-

trometer (Labram HR800 UV from Horiba-Jobin-Yvon)

equipped with a LN2-cooled charge-coupled device (CCD)

detector. CL measurements were carried out at 80K with a

Gatan MonoCL2 system attached to a field emission scan-

ning electron microscope (FESEM) (LEO 1530). The accel-

eration voltage of the e-beam was varied between 3 and

20 kV. The CL spectra were acquired using a Peltier cooled

CCD as a detector. The morphology of ZnO nanorods was

assessed using scanning electron microscopy (SEM) (Hitachi

4800).

III. RESULTS AND DISCUSSION

This section has been divided into two subsections, in

which we analyze the ZnO nanorods grown on c-sapphire
substrates, without (Subsection III A) and with (Subsection

III B) a ZnO buffer layer. In the first subsection, the effect of

the precursor partial-pressure ratio and the growth time on

the optical properties of the nanorods is studied, while the

second subsection concerns the effect of the ZnO buffer

layer.

A. RVI/II and growth time

1. Raman characterization

Wurzite-type ZnO belongs to the space group C4
6t with

two formula units in the primitive cell. The optical phonons

at the C point of the Brillouin zone correspond to the irreduci-

ble representation: Copt ¼ A1 þ E1 þ 2E2 þ 2B1.
21 The polar

modes A1 and E1 are split out into transverse optical (TO) and

longitudinal optical (LO) phonons, both modes are Raman

and infrared active. E2 modes are non-polar and are only

Raman active. B1 modes are Raman and infrared silent modes.

Figure 1(a) shows a typical Raman spectrum of ZnO

nanorods arrays grown on c-sapphire substrates under a pre-

cursor partial-pressures ratio RVI/II� 100 (corresponding to a

N2O flow-rate of 300 sccm and a DMZn-TEN flow-rate of

75 sccm). A set of well-defined peaks can be observed in this

spectrum. The peaks at 333 and 437 cm�1 are commonly

assigned to second order and E2
(high) modes, respec-

tively.22,23 The additional peaks at 275, 510, and 643 cm�1

are not attributed to ZnO normal modes. These peaks have

been related to intrinsic defects or impurities in the material,

although their exact origin still remains under debate. The

peak around 580 cm�1 has been ascribed to the E1(LO) mode

of ZnO, allowed for the xðzyÞ�x and xðzyÞy scattering geome-

tries.23 However, some authors have observed this peak in

FIG. 1. Raman spectra of ZnO nanorod

arrays grown with: (a)–(d) different RVI/II

due to the variation of N2O flow-rate

(series #1); (e)–(h) different RVI/II due to

the variation of DMZn-TEN flow-rate

(series #2) and (i)–(m) the same RVI/II

� 100 but different precursors’ flow-rates

(series #3).
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backscattering geometry (zðxxÞ�z) due to resonantly enhanced

LO phonons.24 It should be noted that several scattering geo-

metries coexist when measuring the Raman spectrum of

nanostructure arrays.

In respect to the defect related bands, from the begin-

ning of the last decade several studies have associated the

Raman peaks at 275, 510, 580, and 643 cm�1 with the incor-

poration of nitrogen impurities in ZnO thin films and

nanostructures.25–27 Nevertheless, Bundesman et al.28 have

reported that these peaks can be also present in Fe-, Sb-, Al-,

and Ga-doped ZnO samples, without traces of N. Otherwise,

the occurrence of these defect-related peaks has been also

reported in undoped ZnO samples, being attributed to ZnO

silent modes.29 Recently, Friedrich et al.30 observed them in

ion-implanted samples; combined with ab initio calculations,

they associated the local vibrational modes located around

275 and 510 cm�1 with the formation of defect complexes

constituted by impurity-related defects and zinc interstitials,

e.g., of the type (ZnI-NO) complexes for the peak at

275 cm�1, and of the type (ZnI-OI) complex for the peak at

510 cm�1.

In order to know more about the presence of the defect

related Raman peaks at 275, 510, 580, and 643 cm�1 in our

nanorods, we have carried out a detailed study of the influ-

ence of the precursors partial-pressures ratio (RVI/II) and

growth time on the observation of these modes. Figures

1(a)–1(m) show the Raman spectra obtained for the three se-

ries of samples. The sample series #1 and #2 are obtained

with different RVI/II’s, which is done by changing independ-

ently the flow rate of oxygen or zinc precursors, as said

before.

Significant differences can be observed in the relative

intensities of the E2
(high) mode (437 cm�1) and the defects-

related peaks (275, 510, 580, and 643 cm�1) on the Raman

spectra for the different precursors flow-rates. In order to high-

light these differences in the defect-related peaks of Figure 1,

relative intensities with respect to the E2
(high) mode have been

considered. Figures 2(a) and 2(b) exhibit the change of these

intensities as a function of the flow rate of oxygen and zinc

precursors, respectively. In sample series #1, the relative

intensities of the defects-related peaks with respect to the

E2
(high) mode are reduced and tend to disappear at high N2O

flow-rates (�900 sccm). On the contrary, in the sample series

#2, regarding the variation of DMZn-TEN flow-rate, the rela-

tive intensities of the defect-related peaks with respect to the

E2
(high) mode tend to increase with the flow rate. Figure 2(c)

shows the variation on the relative intensities of each defect-

related peak as a function of the RVI/II. This behavior corrobo-

rates that the intensity of the defects-related peaks is enhanced

when the growth is made under high zinc-rich conditions (low

RVI/II), while it is considerably reduced under high oxygen-

rich conditions (high RVI/II).

Consequently, from these considerations and according

to the behavior observed in Figures 1 and 2, it is possible to

conclude that the local vibrational modes at 275, 510, and

643 cm�1 found in our samples seem to be associated with

an excess of Zn, which appears compatible with the forma-

tion of ZnI-defects complexes into ZnO nanorods as claimed

by other authors.30 Likewise, the enhancement exhibited by

the E1 (LO) mode at 580 cm�1 can be also ascribed to the

formation of these ZnI-related defects as this type of complex

would produce the breaking of the Zn-O bonds, giving rise to

such E1(LO) mode.31

Furthermore, the relative intensities of the defect-related

peaks with respect to the E2
(high) mode in the spectra corre-

sponding to sample series #3 (i.e., samples grown at RVI/II

constant) have been analyzed. Figure 2(d) shows these rela-

tive intensities as a function of DMZn-TEN flow-rate. As it

FIG. 2. Ratio of intensities of the defects-

related Raman peaks with respect to the

E2
high Raman peak intensity as a function

of (a) N2O flow-rate; (b) DMZn-TEN

flow-rate; (c) precursors flow rate RVI/II;

and (d) DMZn-TEN flow-rate under con-

stant RVI/II.
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can be seen, the relative intensities increase with the flow

rate of zinc precursor until they reach a threshold from which

they saturate. It is known that the variation of the precursor

flow-rate has a direct influence on the growth rate of a

material. Hence, from the observed behavior, we can extract

two fundamental conclusions: (1) low precursor flow-rates

(which give rise to low growth rates) tend to prevent or

reduce the incorporation of ZnI-related defects; (2) there is a

threshold precursor flow-rate (which can be associated with

a threshold growth rate), from which the incorporation of

ZnI-related defects seems to saturate.

The previous study has been carried out exciting arrays

of nanorods. However, a complementary study focused on

individual nanorods offers additional and relevant informa-

tion on these nanostructures. Indeed, Figure 3 shows the

Raman spectra acquired at different positions along the

length of a single ZnO nanorod grown on a bare c-sapphire
substrate. As it can be seen, the Raman spectrum changes

along the nanorod. The intensities of defect-related peaks are

gradually enhanced from bottom to top of the nanorod, sug-

gesting that ZnI-defect complexes are present in higher con-

centration at the nanorod tip. This result will be analyzed in

correlation with the CL characterization.

2. CL characterization

A CL characterization has been made in order to corre-

late the growth conditions of nanorods to their luminescent

properties. Figures 4(a) and 4(b) show CL spectra of samples

of series #1 and #2. Typically, the luminescence spectrum of

ZnO can be separated in three spectral sections: E> 3.33 eV

corresponding to the near band edge (NBE) emission gov-

erned by the excitonic transitions, 3.33 eV>E> 3.00 eV,

which corresponds to free to bound, donor acceptor pair

(DAP) transitions, and phonon replicas, and E< 3.0 eV,

which includes the DLE. The relevance of the different spec-

tral contributions depends on the presence of impurities and

defects.

For all the CL spectra recorded, two main peaks around

3.34 and 3.31 eV are observed. The other peaks, with lower

intensity, correspond to phonon replicas of the 3.31 eV peak.

In wurtzite-type ZnO, the peaks located between 3.32 and

3.36 eV are attributed to bound exciton transitions, being the

most prominent lines labeled as I4, I6, and I9.32 The spectral

resolution of our CL equipment could not resolve adequately

these bound exciton transitions because the spectra were

acquired at 80K, being thus observed a relatively broad band

around 3.34 eV, which includes the different bound excitonic

transitions and the free exciton emission in the high energy

flank. The origin of the peak around 3.31 eV remains contro-

versial. It has been associated with the first LO phonon

replica of the free exciton (1LO-FX);33,34 with a DAP

FIG. 3. (a) Micro-Raman spectra at different spatial positions along the

length of a nanorod grown on bare c-sapphire.

FIG. 4. CL spectra of ZnO nanorod

arrays grown with different RVI/II (a) due

to the variation of DMZn-TEN flow-rate

(series #2); (b) due to the variation of

N2O flow-rate (series #1).
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transition;35 with a free to neutral acceptor (e-A0) band36 and

with an exciton bound to extended defects (dislocations and

staking faults).37

The DLE refers to a broad band extending from 2.8 eV

to 1.5 eV. The nanorods present all of them an unstructured

broad band peaking at around 1.75 eV. The luminescence

emission in the same spectral range has been previously

reported in commercial ZnO bulk crystals, although the ori-

gin of this band is not fully understood.38 This red lumines-

cence is not usually the dominant DLE in ZnO, which

normally presents a broad emission in the green-orange spec-

tral range (�2–2.5 eV). Therefore, the DLE emission cen-

tered at 1.75 eV is really characteristic of our nanorods.

Although an extended debate remains about the origin of

DLE luminescence in ZnO, usually it is admitted that the

green luminescence is associated with oxygen deficiency,

namely, oxygen vacancies (VO),
39 the yellow-orange emis-

sion is usually associated with Zn deficiency, namely, zinc

vacancies (VZn) complexes or oxygen interstitials (OI).
40

ZnO light emission in the red spectral range has been related

to Fe- and N-impurities.41,42 In N-doped ZnO, the 1.9 eV

band has been associated with a shallow donor to deep N

acceptors transition;43 it has been also mentioned that ZnI is
involved in the red emission,44 it could be the shallow donor

of the DAP transition. Recent works have related the red lu-

minescence to VZn defects.10,45 In our nanorod samples, the

presence of ZnI is largely consistent with the Raman results

previously discussed, in which defect related local vibration

modes were tentatively associated with the presence of ZnI-
related defects in the ZnO nanorods.

A relevant aspect to remark is the significant reduction

of the NBE emission in the nanorods grown under high zinc

precursor flow-rate. Following the evolution of the CL spec-

tra with the variation of DMZn-TEN (Figure 4(a)), it can be

observed that the intensity of the NBE emission is reduced

for increasing zinc precursor flow-rate. Meanwhile, the in-

tensity of the NBE emission increases with increasing the

oxygen precursor flow-rate (Figure 4(b)). Nevertheless,

increasing further the VI/II ratio leads to an evolution of the

nanowires morphology towards 2D films.20

Moreover, the panchromatic CL images of the nanorods

show that the nanorod bottom luminescence is bright and is

progressively quenched when approaching the nanorod tip,

Figure 5(a). This image reveals a strong change of the inter-

nal quantum efficiency along the nanorod. Monochromatic

images centered at 3.34 and 1.75 eV of an individual nanorod

and acquired under different acceleration voltages (5 and

15 kV) are shown in Figure 5(b), both bands indistinctly

decrease its intensity along the nanorod, indicating an

increase of the NRRCs from bottom to tip.

NRRCs in ZnO have been related with the presence of

defects such as VZn, which have been commonly invoked to

produce NRRCs in the form of VZn-defect complexes, and/or

surface defects or structural damage on the material.7 In our

ZnO nanorods, the CL efficiency decreased with increasing

DMZn-TEN flow-rate, and increased with increasing the

N2O flow-rate, which suggests that the NRRCs are related to

excess Zn. On the other hand, from the micro-Raman charac-

terization of individual ZnO nanorods, it has been concluded

that ZnI-defect complexes are mainly located at the nano-

rod’s tip. Thus, it can be inferred that the strong reduction of

the luminescence at nanorods tips could be related to the

ZnI-defect complexes, which will be the NRRCs. The other

possibility is the formation of structural defects at the top

part; however, HRTEM measurements did not reveal the

presence of structural defects.46

Figure 6 shows the evolution of the CL spectrum along

the length of two nanorods grown under different DMZn-

TEN flow-rates, 35 and 95 sccm, keeping constant the N2O

flow-rate (300 sccm), Figures 6(a) and 6(b), respectively. A

similar evolution of the luminescence along both nanorods is

observed: the intensity of the NBE emission is strongly

damped at nanorods tips while the relative intensities of CL

peaks are not significantly changed. However, the FWHM of

the peaks and the signal/noise ratio are larger in the spectra

belonging to the bigger nanorod (Figure 6(b)), which was

grown under a higher zinc precursor flow-rate. The emission

profiles along the length of both nanorods demonstrate that

the emission efficiency is strongly reduced when the growth

of these structures is made under high zinc supersaturation

conditions, Figure 6(c).

In a previous work, we have demonstrated that high zinc

supersaturation conditions favor the lateral growth of ZnO

FIG. 5. (a) Panchromatic CL cross images of the ZnO nanorods arrays

grown on bare c-sapphire; (b) SEM image and monochromatic CL images at

3.34 and 1.75 eV of a single ZnO nanorod grown on bare c-sapphire
acquired under 5 and 15 kV.
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nanorods reducing their aspect ratio (length/width).20 In

addition, on nanorods grown on bare sapphire we have

observed that the lateral growth-rate at the nanorod tip is

faster than at the nanorod bottom, giving rise to inverted con-

ical nanorods for high Zn precursor flow-rates (Figure 6(b)),

rather than the typical columnar nanorods (Figure 6(a)). In

this frame, the accumulation of ZnI-related defects at nano-

rods tips seems to be favored in this observed morphology of

inverted cones. In order to go deeper into the correlation

between the morphological evolution of nanorods and the

incorporation of ZnI-defects complex, a CL characterization

of ZnO nanorods arrays synthesized for different growth

times was done.

Figure 7 shows the cross sectional SEM (left) and

panchromatic images (right) of ZnO nanorods grown under

RVI/II� 100 (N2O flow-rate: 300 sccm and DMZn-TEN flow-

rate: 75 sccm) during 2, 5, and 15 min (up to down). The

panchromatic images show remarkable changes on the lumi-

nescence of the ZnO nanorods depending on the growth

time. For low growth time (2min, Figure 7(d)), a homogene-

ous luminescence is observed along the synthesized ZnO

nanorods. When the growth time is increased to 5 min

(Figure 7(e)), some dark nanorods tips can be distinguished,

making evident the incorporation of NRRCs. Finally, under

the larger growth time (15min, Figure 7(f)), the whole en-

semble of grown nanorods exhibits dark tips. Figure 8(a)

shows the CL intensity of the peak around 3.34 eV as a func-

tion of the growth time. This graph reveals that the incorpo-

ration of NRRCs increases along the growth run; because the

NRRCs seem to be related to excess Zn, it could be argued

that there is an effective increase of the Zn flow rate along

the growth run. This is coherent with the observed CL inten-

sity profile along the nanorod for two different DMZn-TEN

flow-rates shown in Figure 6(c); we can observe a CL inten-

sity decrease from bottom to tip, consequence of the

enhanced incorporation of NRRCs, as well as lower CL

intensity along the nanorod for the higher DMZn-TEN flow-

rate. Only in the quenched region close to the tip the inten-

sities are equivalent for the two nanorods. Note that the

change in the effective flow-rate could be a consequence of

the morphologic evolution of the ZnO nanorods during the

growth process. Simultaneously, a decrease of the 3.31 eV

band can be detected, see the spectra along the nanorods in

Figures 6(a) and 6(b), which accounts for the overall defect

presence, in agreement with the decrease of the E2
(high)

Raman band, Figure 3.

The insets in the SEM images, Figures 7(a)–7(c), show

the morphology evolution of nanorods with the growth time.

It can be observed that the evolution of the nanorods diame-

ter is not uniform, i.e., the lateral growth at the nanorod tip is

faster than at the bottom. This behavior demonstrates that

the morphology evolution of the nanorods with respect to the

FIG. 6. CL spectra at different spatial

positions along a nanorod grown on bare

c-sapphire under N2O flow-rate of 300

sccm and DMZn-TEN flow-rates of (a)

35 sccm and (b) 95 sccm. (c) CL inten-

sity profile along the length of these

nanorods.
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growth time is similar to the evolution shown with respect to

the zinc precursor flow-rate. The evolution of the aspect ratio

(length/width) of ZnO nanorods as a function of growth time

is also plotted in Figure 8(a). In this case, only the diameter

of nanorods tips has been taken into account as a reference

for the variation of the nanorods width. The decreasing

aspect ratio as the growth time increases shows that during

the early growth stages (tg� 2min) the growth rate in the

c-plane direction is dominant against the lateral growth.

During this time (2 min), nanorods reach lengths of about

1–2 lm and only small diameters between 80 and 150 nm.

Afterwards, when the growth time is increased, the lateral

growth rate of the nanorod tip acquires more relevance and

after 15 min the nanorods reach a diameter at the tip as large

as 1–1.5 lm, while the length has only increased to 9lm.

Lateral growth is enhanced for long growth times and

seems to be responsible for the formation and accumulation

of ZnI-related defects at nanorods tips. In an attempt to

explain this, the anisotropic growth that gives rise to the for-

mation of nanorods must be considered. In ZnO, longitudinal

growth involves C-plane, and lateral growth, M- (or A-)

plane. Assuming that growth processes, i.e., adsorption of

molecules, mobility and incorporation of atoms, depend on

the surface orientation, a growing M-plane could incorporate

more ZnI defects than a growing C-plane surface, as it can be

the case when doping a semiconductor with an impurity.

Then, a higher level of NRRC can be found at the tip of the

nanorod where lateral growth was predominant.

B. ZnO buffer layer effect

It is commonly admitted that the use of a ZnO buffer

layer in the growth process of ZnO nanorods arrays improves

their morphological and structural properties.47,48 In this sub-

section, we analyze the luminescence properties of ZnO

nanorods arrays grown using a ZnO buffer layer.

Figure 8(b) shows the Raman spectra of ZnO nanorods

arrays grown with and without a ZnO buffer layer during 20

min under N2O flow-rate of 800 sccm and DMZn-TEN of 30

sccm. The spectrum from nanorod arrays grown on the ZnO

buffer layer (buffered sapphire) does not exhibit the defect-

related peaks at 275, 510, 580, and 643 cm�1, while they

FIG. 7. SEM (left) and panchromatic CL (right) cross view images of ZnO

nanorod arrays grown with a RVI=II �100 at different growth times, 2 (a),

(d); 5 (b), (e); and 15 (c), (f) minutes.

FIG. 8. (a) CL intensity of the 3.34 eV

peak and aspect ratio of ZnO nanorod

arrays as a function of growth time; (b)

Raman spectra of ZnO nanorod arrays

grown with and without a ZnO buffer

layer on c-sapphire. CL spectra of ZnO

nanorod arrays grown with a ZnO buffer

layer at (c) 10, (d) 20, and (e) 40 min.
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were present in the spectrum of nanorods grown on bare sap-

phire substrates. This suggests that the use of a ZnO buffer

layer tends to significantly reduce the incorporation of the

defects responsible for these peaks, namely, ZnI-related
defects.

Typical CL spectra of the ZnO nanorods grown on buf-

fered sapphire during 10, 20, and 40 min are shown in Figure

8(c). Similarly to the CL spectra of nanorods grown on bare

sapphire, they exhibit the NBE emission peaks around 3.34

and 3.31 eV with the respective phonon replicas. It is worth

to remark that the 3.31 eV band and its phonon replicas pres-

ent a high intensity, which suggests a lower concentration of

defects.49

Furthermore, the intensity of the DLE luminescence is

much lower than the NBE luminescence, showing a very sig-

nificant reduction in comparison with the DLE luminescence

from ZnO nanorods grown on bare c-sapphire. In addition,

this band denotes a shift towards high energies, from red to

the yellow spectral range (�2.24 eV). A shift of the DLE

bands can be associated with a change in the nature of the

defects responsible for the DLE luminescence. The very low

red emission in nanorods grown on buffered sapphire corrob-

orates the substantial reduction in the incorporation of a Zn

excess, responsible for the formation of ZnI-related defects.

Yellow-orange luminescence has been associated with VZn;
40

however, the low intensity of this band in the spectra from

nanorods grown on buffered sapphire and the high NBE

emission suggest a low incorporation of defects in these

nanorods.

Figure 9 shows SEM images and the CL spectra

obtained along two individual nanorods grown on buffered

sapphire during 10 and 40min, Figures 9(a) and 9(b), respec-

tively. Homogeneous intensity of the NBE emission is

observed along the length of both nanorods. This behavior

suggests a significant suppression of NRRCs. These figures

show that the luminescence is not quenched at the nanorod

tip in comparison with the large volume of quenched lumi-

nescence observed in samples grown on sapphire substrates.

Both Raman and CL spectra point to a substantial reduction

in the incorporation of ZnI-defect complexes; improving thus

the luminescence properties of ZnO nanorods, and the crystal

quality, in terms of defect concentration, as observed from

the intense phonon replicas all along the nanorods.

From the SEM image of Figure 9(b), it is possible to

observe that the morphology of nanorods grown on a ZnO

buffer layer is clearly different from that observed in nano-

rods directly grown on bare sapphire substrates. It is known

that the shape of the ZnO nanostructures strongly depends on

the structural characteristics of the ZnO nucleation/interfa-

cial layer on which they grow. Therefore, the use of a ZnO

buffer layer instead of a bare sapphire substrate during the

synthesis process could substantially modify the growth

mode of ZnO nanorods and consequently reduce the forma-

tion of ZnI-related defects.

IV. SUMMARYAND CONCLUSIONS

A combined characterization of micro-Raman and CL

spectroscopy has been used to investigate the influence of

precursors partial-pressures ratio (RVI/II) and growth time on

the optical properties of ZnO nanorods grown by atmos-

pheric pressure MOCVD. The analysis of the optical meas-

urements made on a large series of ZnO nanorod arrays,

grown under different oxygen- and zinc-rich conditions, has

allowed to conclude that the NRRCs, which substantially

affect the light emission in the visible spectral range of our

nanorods, can be ascribed to ZnI-related defects. Indeed, it

has been shown that Zn supersaturation reduces the lumines-

cence efficiency. The characterization of individual nano-

rods, grown on bare sapphire substrates, has allowed to focus

on the spatial location of these defects that seem to be princi-

pally located at the nanorod tips. The measurement of indi-

vidual nanorods permits to detect inhomogeneities, showing

that the excess ZnI defects accumulate in a region extending

a few micrometers below the tip. The local CL and Raman

spectra reveal the incorporation of defects in that region.

FIG. 9. CL spectra at different spatial

positions along the length of individual

nanorod grown on a ZnO buffer layer

with different growth times (a) 10 and

(b) 40 min.
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The use of a ZnO buffer layer in the growth process has

allowed to change the morphological, luminescent, and

vibrational characteristics of the ZnO nanorods. There is a

substantial improvement of the optical quality of nanorods.

Thus, the use of the ZnO buffer layer has allowed to substan-

tially reduce, even for large growth times, the concentration

of NRRCs, tentatively associated with ZnI-related defects.
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Abstract
We have investigated the cathodoluminescence (CL) emission and the Raman spectra along
individual ZnO nanorods grown by a catalyst-free method. The spatial correlation between the
CL emission and the defect related Raman modes permits establishing a correspondence
between the non-radiative recombination centres (NRRCs) and the defects responsible for the
275 cm−1 Raman band. According to this relation, the NRRCs in these nanorods are
tentatively associated with complexes of zinc interstitials.

(Some figures may appear in colour only in the online journal)

1. Introduction

ZnO is an attractive material for UV optoelectronics, because
of its direct wide band-gap energy (3.37 eV at room
temperature) and large free exciton binding energy (60 meV)
[1]). The free exciton stability at room temperature is very
interesting for light-emitting devices, e.g. coupled polariton
nanolasers [2]. However, the use of ZnO for UV optoelectronic
devices faces several challenges; e.g. the difficulty of achieving
stable p-type doping [3], and the existence of several deep
level emissions (DLEs) in competition with the UV emission
[4, 5], lowering its UV emission efficiency. The luminescence
spectrum of ZnO is dominated by the excitonic UV emission,
and a broad visible band due to recombinations at different
deep levels. An additional source of uncertainty concerning
the use of ZnO for UV optoelectronic devices refers to the
non-radiative recombination centres (NRRCs), which affects
the internal quantum efficiency of ZnO—that is, the ratio of
the radiative electron–hole recombination coefficient to the

total (radiative and non-radiative) recombination coefficient.
Although their impact on the quantum efficiency is crucial,
the physical nature of the NRRCs in ZnO is far from
being understood. Therefore, the improvement of the UV
emission efficiency requires understanding the correlation of
the DLEs with different native defects, and the elucidation
of the nature of the NRRCs. While some progress has
been achieved in relation to the DLE emissions, which
can be controlled by using different treatments [6, 7], little
is yet known about the NRRCs. It is usually assumed
that a high UV/DLE intensity ratio is synonymous with
good optoelectronic material, underestimating the presence of
NRRCs, which contribute in a significant way to reducing the
internal quantum efficiency of both UV and visible emissions;
indeed, there are non negligible differences between samples
prepared with different methods in spite of their equivalent
UV/visible emission ratio.

Chichibu et al [8] argued that the non-radiative
recombination time was governed by the occurrence of
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defect complexes associated with zinc vacancies, rather
than single point defects, which do not seem to act as
NRRCs [9]. Chichibu’s work [8] was based on time-
resolved photoluminescence experiments combined with
positron annihilation spectroscopy. In those experiments it is
not possible to spatially correlate the luminescence emission
to the defect distribution.

ZnO nanorods and nanowire arrays can be grown by
different methods involving either the transport of precursors
in the vapour phase [10], or wet chemistry processes [11].
Metal organic chemical vapour deposition (MOCVD) allows
accurate control of the growth parameters, being suitable
for the synthesis of vertically well-aligned ZnO nanorod
arrays with good structural properties, controllable aspect ratio
(length/width) and high reproducibility [12]. We present
herein a combined analysis of catalyst-free ZnO nanorods
grown by MOCVD using local characterization probes at
the submicrometric scale, cathodoluminescence (CL) and
microRaman spectroscopies, on individual nanorods. Raman
spectroscopy is very sensitive to the defect environment;
therefore, the presence of defect related bands can supply
valuable information about the presence of point defects
or complexes. Our results allow for a reliable spatial
correlation between the distribution of defects revealed by
Raman spectroscopy and the luminescence emission revealed
by CL. The NRRCs in these structures are tentatively related
to Zn interstitials (Zni) complexes.

2. Experimental and samples

Vertically well-aligned ZnO nanorods were grown on
c-sapphire substrates, either with or without a ZnO buffer layer,
using an atmospheric MOCVD reactor. The buffer layer was
grown at 420 ◦C using hydrogen as carrier gas and DMZn-TEN
and t-BuOH as zinc and oxygen precursors, respectively.
ZnO nanorod arrays were synthesized at 800 ◦C using helium
as carrier gas and N2O as oxygen precursor. Morphology
characteristics and details of the growth mechanisms can be
found in a previous work [13].

The Raman spectra were recorded at room temperature
using the 532 nm line of a frequency- doubled Nd–YAG
laser. The scattered light was analysed by means of a Raman
spectrometer (Labram HR800 UV from Horiba-Jobin-Yvon)
equipped with a LN2-cooled charge-coupled device detector.
CL measurements were carried out at 80 K with a Gatan
MonoCL2 system from Gatan UK attached to a field-emission
scanning electron microscope (LEO 1530). The acceleration
voltage of the e-beam was varied between 2 and 20 kV.

We focus here on the comparative analysis of the CL
and Raman signals along individual nanorods grown without
and with a ZnO buffer layer. For this purpose, isolated
nanorods, scratched from the substrate and deposited on a
lacey carbon grid were characterized. Therefore, the results
herein presented are not averaged over a certain number of
nanorods, but are characteristic of individual nanorods, being
representative of each growth process.

Figure 1. Raman spectra of ZnO nanorods; grown directly on
sapphire (a), and grown with a ZnO buffer layer (b).

3. Results and discussion

Wurzite ZnO has C4
6v symmetry with two formula units in

the primitive cell. The optical phonons at the � point of the
Brillouin zone correspond to the irreducible representation:
�opt = A1 + E1 + 2E2 + 2B1 [14, 15]. The polar modes A1 and
E1 are split out into transverse (TO) and longitudinal optical
(LO) phonons, both modes are Raman and infrared active. E2

modes are non polar and are only Raman active. B1 modes are
Raman and infrared silent; for more details see [14, 15].

Typical Raman spectra collected on individual ZnO
nanorods grown with and without a ZnO buffer layer are shown
in figure 1. The peaks at 99 cm−1, 333 cm−1 and 437 cm−1 are
assigned to E

(low)
2 (E2l), multiphonon and E

(high)

2 (E2h) modes,
respectively [14, 15], while the peaks at 275, 510 and 643 cm−1

do not correspond to ZnO normal modes. These peaks are
additional vibrational modes associated with defects [16, 17];
they are only observed in the nanorods grown on sapphire
substrates without the ZnO buffer layer, while they were absent
in the nanorods grown on the ZnO buffer layer. On the other
hand, the peak around 580 cm−1 has been ascribed to the E1

(LO) mode of ZnO [14, 15]. However, some authors have
observed this peak in forbidden scattering geometry in samples
doped with N, being associated with resonantly enhanced LO
phonons due to the Zn–O bond breaking [17].

Typical CL spectra collected on individual nanorods are
shown in figure 2. The luminescence spectrum of ZnO
can be separated in three spectral regimes: E > 3.33 eV
corresponding to the near band edge (NBE) emission governed
by the excitonic transitions, 3.33 eV > E > 3.00 eV, which
corresponds to free to bound, donor–acceptor pairs (DAP)
transitions, and phonon replicas, and 3.0 eV > E, which
includes the DLEs. The occurrence of the different spectral
contributions depends on the presence of impurities and
defects, their incorporation depending on the growth process.

In addition to the UV emission, the DLE in the nanorods
grown directly on the substrate consists of an unstructured

2
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Figure 2. CL spectra of ZnO nanorods; grown directly on the
sapphire substrate (a), and grown with a ZnO buffer layer (b).

band peaking in the red at around 1.8 eV, without noticeable
green and orange emissions. The CL spectrum of nanorods
grown with a buffer layer presents a better defined UV
emission with the phonon replicas, which points to lower
defect presence, a weak orange band, and full absence of
the red band. The red luminescence (RL) emission has
been already reported in commercial ZnO bulk crystals [18],
nevertheless, it is not usually the dominant DLE in ZnO.
Although the origin of the DLEs is still a matter of discussion,
it is usually admitted that the green luminescence is associated
with oxygen deficiency, namely oxygen vacancies (VO) [5],
while the yellow-orange emission is usually associated with Zn
deficiency, namely zinc vacancies (VZn) or interstitial oxygen
(Oi) [19]. Regarding the red emission, it has been related
to Fe- and N-impurities [20, 21]. Nevertheless, some authors
have reported that the luminescence emission around 1.9 eV in
undoped ZnO nanorods is associated with Zni, in particular a
DAP transition between shallow Zni donors and deep acceptors
[22]. According to those authors, the presence of the red band
in our samples would be a finger print of the presence of Zni.

In our case, the CL images of the nanorods grown directly
on the sapphire substrate present a bright to dark CL contrast
from tail to tip; the CL emission appears bright in the tail
and then decreases when approaching the tip, where the
luminescence emission is significantly quenched with respect
to the tail of the nanorod showing a ‘dark’ area extending
over almost one third of the nanorod length, figure 3(a).
Furthermore, this quenching does not specifically concern the
UV emission, but it is the overall luminescence emission that
is quenched, suggesting that there is a significant increase of
the NRRCs density along the nanorod from tail to tip. Instead
of this, the nanorods grown with the buffer layer do not present
such a quenching, but the CL looks homogeneous, figure 3(b).
Furthermore, at equivalent diameter, these nanorods present
CL emission over one order of magnitude higher than that of
the nanorods directly grown on the substrate, which points to

Figure 3. SEM and panchromatic CL images of ZnO nanorods;
grown directly on the sapphire substrate (a), and grown with a ZnO
buffer layer (b).

Figure 4. Profiles of CL intensities (UV and RL bands), and the
relative intensity of the 275 cm−1 Raman band with respect to the
437 cm−1 (E2high) Raman band (I275/I437) along an isolated
nanorod grown on the sapphire substrate without the ZnO buffer
layer.

significantly lower concentration of NRRCs when the buffer
layer was used.

The Raman peaks at 275, 510, 580 and 643 cm−1

were formerly associated with the incorporation of nitrogen
impurities in ZnO thin films and nanostructures [16, 17].
However, later studies have revealed that they can be also
observed in absence of N, e.g. in Fe-, Sb-, Al- and Ga-
doped ZnO samples [23]. Friedrich et al combined Raman
spectroscopy in natural and isotopically pure (68Zn) ZnO layers
grown by pulsed laser deposition, with ab initio calculations,
revealing a paramount role of the Zni in the occurrence of those
vibrational modes [18].

The Raman spectra were recorded along individual
isolated nanorods, showing that the intensity of the defect
related Raman peaks increases from tail to tip. The CL
intensity profiles along the same isolated nanorod, for both
UV and RL, and the intensity of the defect like Raman band
(275 cm−1), normalized to the E2h band, are plotted in figure 4.
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They show a very good spatial anticorrelation, i.e. an increase
of the defect related Raman band is accompanied by a decrease
of both CL (UV and red) emissions.

Furthermore, in growth runs carried out under high Zn
precursor flow rate, a significant reduction of the NBE emission
was observed, see [24] for more details. Under these Zn-rich
conditions an excess of Zn is expected, concomitant with the
reinforcement of the defect related Raman peak at 275 cm−1

associated with Zni complexes [17]. On the other hand, the CL
emission was increased when increasing the O precursor flow
[24], which points in the direction that the reduction of [Zni]
under high N2O flow is responsible for a lower concentration
of NNRCs.

It should be noted that the Raman lineshape of the E2h

band is narrow enough to account for a good crystalline quality
even in the zones with the highest presence of defect-like
Raman bands. It is worth noting that the nanorods grown with
a buffer layer, do not exhibit the defect-related Raman peaks,
or the RL band. This would account for a much lower Zni

incorporation rate in the presence of the ZnO buffer layer. This
has been associated with the different nanorod morphology
with respect to the nanorods grown without the ZnO buffer
layer, see the SEM images in figure 3 [13]; note that the
growth conditions were similar for both processes, with the
buffer layer as the only difference. In addition, we did not
observe substantial changes in the CL response when varying
the e-beam acceleration voltage from 2 to 20 kV, which allows
claiming that the NRRCs cannot be associated with surface
defects in our case.

4. Conclusions

The combined Raman and CL study on individual ZnO
nanorods has permitted us to establish that the NRRCs are
related to the same defects giving the 275 cm−1 defect-like
mode in the Raman spectrum, which in view of the late
interpretation of that Raman mode points to Zni complexes
as the main candidates for NRRCs in MOCVD ZnO nanorods.
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a b s t r a c t

〈1 1 2̄ 0〉 wurtzite ZnO nanowires (NWs) have been obtained by oxidizing in air at 500 ◦C thermally

evaporated Zn metal films deposited onto CdTe substrates. The presence of Cd atoms from the substrate

on the ZnO seeding layer and NWs seems to affect the growth of the NWs. The effects of the oxidation

time on the structural and optical properties of the NWs are described in detail. It is shown that the NWs

density decreases and their length increases when increasing the oxidation time. Thicker Zn layers result

in thinner and longer ZnO NWs. Very long oxidation times also lead to the formation of a new CdO phase

which is related to the partial destruction and quality reduction of the NWs. The possible process for ZnO

NW formation on CdTe substrates is discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Semiconducting ZnO shows interesting physical properties

and represents a promising candidate for the next generation of

electronic, optoelectronic and sensor devices. Amongst these prop-

erties, we can cite its wide bandgap (3.3 eV at room temperature),

high exciton binding energy (60 meV), and chemical stability [1].

ZnO films deposited onto different substrates have received a

great deal of attention because of its applications as transistors

and diodes [2,3]. More recently, strong research efforts have been

addressed towards the study of ZnO based nanoscale structures,

like nanowires and nanorods [4]. This is due to their potential

applications for the fabrication of ultraviolet (UV) lasers [5], nano-

generators [6], highly sensitive photodetectors, optical switches

[7], etc. In addition, ZnO nanostructures are also very interesting

from the fundamental point of view, as they can provide some fun-

damental understanding about basic optoelectronic mechanisms

[8].

Research on ZnO nanostructures has been usually focused on

both nanoscale and self-assembly fabrication techniques [9–11]. In

this dynamic field, other topics like doping and morphology control

of individual nanostructures are also of interest, since nanoscale

structures are supposed to be the building blocks for the future

∗ Corresponding author. Tel.: +34 983 184956; fax: +34 983 184956.

E-mail address: oscar@fmc.uva.es (O. Martínez).

fabrication of advanced devices such as nano-FETs, nano-LEDs, and

nano-lasers [12–14]. In addition, ZnO nanostructures can be used

as sensitive sensor nanodevices. Therefore, it is of primary impor-

tance to explore novel nanowire morphologies as well as their

surface properties, since they have a dramatic impact in sensing

applications [15–17]. Amongst all the available techniques used

for the fabrication of ZnO nanostructures, the most commonly

investigated ones are the metal–organic chemical vapour deposi-

tion (MOCVD), vapour phase epitaxy (VPE), direct carbo-thermal

growth, and pulsed laser deposition (PLD) [18,19]. These techniques

require expensive systems and severe environmental conditions, as

they operate at high temperatures (∼800–1400 ◦C) and low pres-

sures. Therefore, other techniques are currently being explored,

with the aim to produce ZnO nanostructures in a simpler way.

In particular, the hydrothermal synthesis route is an important

method for wet chemistry which has attracted the attention of

many material chemists and has been successfully applied to the

growth of ZnO nanostructures [20–23]. In this technique, an aque-

ous solution including a salt and a surfactant is maintained inside

an autoclave at temperatures as low as 130 ◦C during several hours.

The main advantage of this method is that it is capable to produce

vertical ZnO nanowire arrays on any flat substrate that can sur-

vive heat treatments at 200 ◦C or greater. Nevertheless, despite the

ease in implementing hydrothermal techniques, the growth rate

and the optical quality (as determined by bound exciton linewidths

at low temperatures) of ZnO NWs deposited in this manner is gen-

erally significantly poorer than that of NWs grown by the other

0925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2011.02.063
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techniques [24,25]. In addition, the size and shape of the nanoparti-

cles are difficult to control. For these reasons there exists nowadays

a trend to combine the hydrothermal synthesis with vapour phase

deposition techniques, which can supply high quality optical and

crystalline NWs [26].

In this work, we report on a simple technique for fabricating

high quality ZnO nanowires (NWs) by oxidising in air Zn metal

films deposited onto CdTe substrates. The formation of ZnO micro-

crystals by Zn oxidation is known from the early 50’s. In 1954

Takagi [27] demonstrated for the first time the formation of ZnO

microscopic needles from the oxidation of both brass (Cu 80% and

Zn 20%) and Zn substrates. This technique has recently been used

to grow a variety of ZnO nanostructures [28–31]. However, these

interesting works are mainly based on the analysis of Zn-based sub-

strates, and little research has been devoted to more interesting

substrates like semiconductors. In particular, the combination of

transparent (wide band gap) nanostructured semiconductors like

ZnO NWs arrays working as n-type window layers with inorganic

solar absorber materials such as CdTe provides new routes in the

design of solar cell photovoltaic devices. The use of highly struc-

tured windows produces a surface enlargement and an increase

of the photon path length, allowing the reduction of the absorber

thickness without a loss in light absorption [32]. The association

of nanostructured compounds with well-developed semiconduc-

tor substrates should give rise to cheaper solar cells with higher

conversion efficiencies [33].

However, from our previous work we have concluded that the

nature of the substrate seems to be determinant in order to pro-

mote the growth of the ZnO NWs. In fact, we have observed the

formation of ZnO NWs in the case of using CdTe substrates. On

the other hand, other substrates with the same zinc-blende struc-

ture previously used such as GaSb, did not lead to the growth of

ZnO NWs, even when using similar growth conditions [34]. In this

work we describe a detailed structural and compositional analysis

of the parameters affecting the growth of ZnO NWs on CdTe sub-

strates, a potential candidate for photovoltaic applications [35]. It

also represents a deeper study on some preliminary results pre-

viously reported by our group [36,37]. A model of the mechanism

involved in the NWs formation is also advanced. This methodology

opens new possibilities for cost effective mass production of high

quality ZnO NWs on alternative substrates at low temperatures.

2. Experimental details

[1 1 1] oriented CdTe single crystals were grown by the Bridgman–Stockbacker

method by using a vertical furnace with an oscillation facility. The details of this

technique have been reported elsewhere [38,39]. The growth took place inside

high purity quartz ampoules being 30 cm long and 12 mm inner diameter. High

purity Cd (7N) and Te (7N) were used as raw materials. Several wafers were cut

from the CdTe crystals perpendicular to the growth axis. The wafers were polished

using 0.05 �m alumina powder until mirror-like surfaces were obtained. The final

dimensions of the CdTe substrates used for the growth of the ZnO films were about

12 mm × 6 mm × 1.5 mm.

ZnO films were prepared following two steps: (i) a Zn metal film layer was

evaporated (at a temperature of 800 ◦C) on top of the CdTe substrate. The evaporation

took place inside a quartz ampoule located in a horizontal furnace. Only the Zn (6N)

pellets were heated, keeping the substrate close to room temperature during this

evaporation step. Different deposition times, ranging from 3 to 5 min, were used.

Profilometry measurements of the Zn film thickness gave values ranging from 15 to

30 �m. (ii) A further oxidation step was performed in air at 500 ◦C. More details of

the preparation technique can be found elsewhere [34,36,37].

The effect of the oxidation time on the properties of the films was analysed on

different samples. In particular, three samples, denoted as A1, A2 and A3, were pre-

pared under the same Zn metal film deposition conditions (3 min., 800 ◦C) but with

different oxidation times (1, 18 and 188 h, respectively). Another sample (denoted

as B) was prepared with a thicker Zn film (5 min., 800 ◦C) and further oxidized during

20 h, in order to study also the effect of the Zn metal thickness. Table 1 resumes the

deposition and oxidation parameters for the four studied samples.

High resolution scanning electron microscopy (HRSEM) analyses were carried

out with a Philips SEM-FEG-XL30 microscope. Energy dispersive X-ray (EDX–SEM)

analyses were performed in a SEM (Hitachi S-3000N), with an attached EDX analyser

(Oxford Instruments, model INCAxsight). CL measurements (panchromatic images

as well as CL spectra) were carried out at liquid nitrogen temperature (80 K) with a

XiCLOne system (Gatan UK) attached to a LEO 1530-Carl Zeiss-FESEM microscope.

The luminescence signal was detected with a Peltier cooled CCD. X-ray diffraction

measurements were performed by means of a Siemens D-5000 diffractometer. Con-

ventional and high resolution (HR-) transmission electron microscopy (TEM), as

well as high angle annular dark field (HAADF), EDX and electron energy loss spec-

troscopy (EELS) in scanning-TEM (STEM) mode were carried out in cross section

geometry samples using JEOL 2010F and JEOL 2011 microscopes, both working at

200 kV. For these measurements the NWs were scraped off from the substrate and

then dispersed on a lacey carbon-coated copper grid.

3. Results

ZnO films were previously obtained by using the simple route

of the Zn metal oxidation at atmospheric pressure [34]. In those

cases, the substrates used were GaSb, and we did not observe ZnO

NWs. However, ZnO NWs have been obtained when using CdTe as

a substrate instead of GaSb. Low magnification SEM images of the

growth sequence of sample B are shown in Fig. 1. Fig. 1a shows

the Zn micro-crystals forming the Zn metal film. Fig. 1b shows the

SEM image from the same sample after the oxidation step: the

Zn micro-crystal shape still remains visible, but the crystals now

appear covered by a dense tangle of NWs, the NWs thus appearing

in the surface of the ZnO seeding layer formed after the oxidation

step. The characterization was addressed towards the study of these

NWs, their composition, structure and optical properties; also, a

tentative scenario for the growth of these NWs will be discussed.

3.1. Influence of the growth parameters

Prior to the intensive study of the individual NWs, the influ-

ence of the growth parameters on the morphology and external

shape of the NWs were studied by SEM, EDX and XRD techniques.

Figs. 2 and 3 show the SEM images from the four studied samples.

Samples from series A, with the same Zn deposition conditions (see

Table 1), show different nanostructures as a consequence of the dif-

ferent oxidation times. The early stages of the NW formation are

observed in sample A1, for which shorter oxidation times are used

(Figs. 2a and 3a). They appear as a dense filamentary structure, with

oriented thin (∼60 nm) and short (<1 �m) wires. The crystalline

quality of these NWs is decreased as they show a remarkable gran-

ular external aspect, Fig. 3a. The NWs form parallel straight arrays

although there are flake bright contrasts along all the NWs. As the

oxidation time increases, long NWs (up to several micrometres)

appear. These NWs are found to be around 50–80 nm in diameter

(Figs. 2b,c and 3b,c). The tangle of NWs is denser for intermediate

oxidation times (sample A2, 18 h, Figs. 2b and 3b) than for very

long oxidation times (sample A3, 188 h, Figs. 2c and 3c). In fact,

very long oxidation times (sample A3) do not result in better NWs

formation, but it seems that the NWs vanish under persistent oxida-

tion (Figs. 2c and 3c). On the other hand, the influence of the Zn film

thickness can be addressed from the comparison of samples A2 and

B. Both of them were grown with similar oxidation times but with

different Zn deposition times. Profilometry measurements demon-

strated that the Zn film in sample B (30 �m) was twice as thicker

as that of sample A (15 �m). Figs. 2b and d and 3b and d show

SEM images of both samples, demostrating better NW formation

(longer and thinner NWs) in sample B. Some of the nanostructures

observed in this sample (B) are a few tenths of micrometres long

and 10–20 nm in diameter. This clearly points out to the influence

of the Zn film thickness: thicker Zn films lead to an enhanced devel-

opment of the nanostructures growth during the oxidation process,

at least up to 30 �m thickness.

The results of the SEM–EDX analyses are summarized in Table 1.

It should be noticed that the Cd concentration (and Te) is higher,

for the shortest oxidation time (sample A1). This behaviour can be
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Fig. 1. SEM images from sample B, (a) before, and (b) after the oxidation step.

Fig. 2. SEM images of the ZnO NWs: (a) sample A1, (b) sample A2, (c) sample A3 and (d) sample B.

Fig. 3. Higher magnification SEM images of the ZnO NWs: (a) sample A1, (b) sample A2, (c) sample A3 and (d) sample B.
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Table 1
List of samples with growth parameters and results of the EDX–SEM analyses (concentrations are in atomic %; the standard deviation values are indicated in parenthesis).

Sample Zn metal evap.

time (min.)a

Oxidation time

(h)b

EDX–SEM

analyses

Cd Te O Zn

4.76 0.19 57.22 37.84

Al 3 1 (0.43) (0.14) (0.89) (0.59)

0.13 0.24 50.32 49.32

A2 3 18 (0.18) (0.12) (0.74) (0.67)

1.18 0.77 53.01 45.04

A3 3 188 (0.29) (0.11) (0.31) (0.54)

0.23 0.19 46.90 38.67

B 5 20 (0.13) (0.08) (3.39) (5.22)

a Zn metal evaporation temperature: 800 ◦C.
b Oxidation temperature: 500 ◦C.

understood considering that Cd and Te atoms might be desorbed

from the back-surface of the CdTe substrate during the oxidation

step (at 500 ◦C). They would form a Cd (and Te)-rich atmosphere in

which the oxidation of the Zn film takes place (Fig. 4).

XRD measurements at a glancing angle of 1◦ (GA-XRD) were

also carried out in order to better clarify the presence of Cd and Te

(Fig. 5). It should be noted that at such glancing angle the very top

surface is mainly probed. The Rietveld refinements of the detected

phases have been used to estimate the compositional percentage of

each one (also shown in Fig. 5). The atomic positions and the sym-

metry, used as starting conditions for the refinement of the different

phases, are: ZnO–hexagonal P63mc–(Zn: 0.37, 0.63, 0; O: 0.333,

0.667 and 0.38), CdO–cubic Fm3m–(Cd: 0, 0, 0; O: 0.5, 0.5 and 0.5),

Cd–hexagonal P63/mmc–(0.333, 0.667 and 0.25), Zn–hexagonal

P63/mmc–(0.333, 0.667 and 0.25), CdTe–cubic F-43m–(Cd: 0, 0, 0;

Te:0.25, 0.25 and 0.25) and ZnTe–cubic F-43m–(Zn: 0, 0, 0; Te:0.25,

0.25 and 0.25). Table 2 shows the obtained percentages, as well

as the refined lattice parameters for each phase. The CdTe phase is

detected only in sample A1 (Table 2). For longer oxidation times, the

presence of the CdTe phase on the surface decreases, and finally dis-

appears for the longest oxidation time. It is interesting to note also

the presence of Cd1−xZnxTe secondary phases. This phase consti-

tutes less than 1% in all samples except for sample A1. Calculations

based on the refined lattice parameter-following Vegard’s law –

gives a phase composition x = 0.85: Cd0.15Zn0.85Te. The presence of

this phase indicates the intermixing between Cd and Zn cations.

The formation of this new phase occurred because the free energy

of mixing in CdTe–ZnTe is more negative than that of the ideal

solution, forming a continuous solid solution with no phase sep-

aration [40]. It is worth noting that, according to the XRD data, Cd

appears also as a separate phase for all the samples (except sample

A3), while Te was not detected as a separate phase (see Table 2).

Sublimation in CdTe–ZnTe system is incongruent, and therefore

preferential evaporation of the volatile species is expected [40].

Concerning the elements involved in our case, Cd is more volatile

than Te. The fact that Te is not observed as a separate phase does

not exclude its presence in the CdTe phase, thus connecting the

XRD and EDX data. On the other hand, the presence of the Zn phase

is only detected for sample A1, the one with the shorter oxidation

time (only 1 h) – this phase is not detected or is lower than 1% in

the other samples. This indicates that the oxidation of the deposited

Zn metal film is not led to completion under the shortest oxidation

time. In fact, it is observed that, the higher the ZnO content is, the

lower the Zn metal content is measured. Finally, it was observed

that the sample with the longest oxidation time presents a new

CdO phase. The presence of this new phase is anti-correlated to the

presence of the Cd phase, detected for samples A1, A2 and B, with

much shorter oxidation times.

Fig. 4. Schematic representation of the two step NW growth process. (a) Zn film deposition at 800 ◦C (the temperature near the substrate is close to RT); (b) oxidation step

in air at 500 ◦C, where the desorption of Cd (and in a less extend Te) atoms from the back-surface of the substrate leads to a slightly Cd rich atmosphere.
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Fig. 5. GA-XRD spectra of the ZnO films: (a) sample A1, (b) sample A2, (c) sample A3 and (d) sample B. The Rietveld analysis is also shown.

3.2. Structure of the individual NWs

To confirm the composition and the structure of the NWs, we

have carried out a study of the individual NWs by means of the

HRTEM technique, as well as by HAADF, EDX and EELS analysis in

STEM mode. Fig. 6a shows a TEM image of some NWs in sample B,

scrapped off from the substrate and spread on a lacey carbon film in

a Cu grid. The NWs show a very straight shape with regular diam-

eter between 15 and 25 nm, ending in a more bulky head; there

are no evidences of structural defects such as planar defects [41] or

dislocations inside the NWs, thus displaying a high structural qual-

ity. The entire NWs exhibit a homogeneous contrast, in agreement

with the HAADF analysis. These data indicate that the NWs have

a uniform composition, both in longitudinal and transversal direc-

tions; they also indicate that there is no presence of different phases

or precipitates at the nanometric scale. Furthermore, the EELS and

EDX analyses also show that the NWs are constituted mainly by Zn

and O, although low signals from Cd and Te also appear in the EDX

spectra. In particular, Cd, with a very low atomic percentage com-

position (lower than 2%), becomes visible in the NWs. Cadmium is

found in the root of the NWs and in the bottom lower trunk section,

but not in the top. These data confirm the presence of Cd atoms on

the ZnO seeding layer and its incorporation to the bottom of the

NWs (as indicated also by the XRD data). Cd atoms likely influence

the further development of the ZnO NWs. The role that Cd atoms

might play should be searched beyond of a merely catalyst located

in the end of the NW, since we have not found Cd signal neither in

the head nor in the top of the NWs.

Fig. 6b shows a HRTEM image of a NW (sample B) taken along

the [0 0 0 1] pole. From the images and their Fast Fourier trans-

forms (inset in Fig. 6b), the measured distance between lattice

planes is 0.26 nm, which is unambiguously related to the wurtzite

phase of ZnO. The NWs grow along the [1 1 2̄ 0] direction, being

(0 0 0 1) its top/bottom planes and (0 1̄ 1̄ 0) the lateral ones.

Table 2
Compositional data deduced from GA-XRD Rietveld analysis (the standard deviation values are indicated in parenthesis).

Phases ZnO CdTe CdZnTe CdO Cd Zn

Samples

Al

65(1) % 4.9(1) % 9.7(7) % n.d.a 11.3(2) % 9.7(7) %

a = 3.2542(4) a = 6.4SS(l) a = 6.135(1) a = 2.9800(2) a = 2.6677(9)

c = 5.201(1) c = 5.619S(3) c = 4.934(5)

A2

88.0(7) % <1% <1% 10.3(1) % <1%

a = 3.2541(2) a = 4.700(7) a = 2.980(1) a = 2.6540(9)

c = 5.2089(5) c = 5.6223(4) c = 5.041(5)

A3

92(1) % <1% 7.1(5) % <1% n.d.

a = 3.2541(2) a = 4.700(7) a = 2.980(1)

c = 5.2089(5) c = 5.6223(4)

B

83.1(6) % n.d. <1% 15.6(2) % <1%

a = 3.2524(2) a = 4.697(l) a = 2.9797(l) a = 2.6554(2)

c = 5.2037(4) c = 5.6244(4) c = 5.0218(3)

a n.d., non detected.
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Fig. 6. (a) TEM image and EDX spectrum of a NW from sample B. The NW is mainly set up by ZnO, although Cd appears at low content. (b) HRTEM image of a NW; the inset

shows, for the selected region, the corresponding Fast Fourier transform.

The growth direction can be associated with differences in sur-

face energies amongst (0 0 0 1), {0 1̄ 1̄ 0} and {2 1̄ 1̄ 0}. In fact,

due to the differences in surface energies, freestanding nanowires

of ZnO are usually dominated by the lower energy, non-polar

surfaces, such as {0 1̄ 1̄ 0} and {2 1̄ 1̄ 0}, with growth direc-

tions parallel to [0 0 0 1] [42]. According to our data, our NWs

maximize the polar (0 0 0 1) facets, which can be explained only

by changes in the relative surface activities of the growth facets

under our growth conditions. Thus, we postulate that the Cd inclu-

sion in the ZnO NWs stabilizes the (0 0 0 1) faces, developing into

a three-dimensional object with well-defined, lateral low-index

crystallographic (0 1̄ 1̄ 0) and (0 0 0 1) faces.

3.3. Optical characterization

The samples were analysed by the CL-SEM technique, very suit-

able to study the optical signature of the NWs. Fig. 7a and b shows

SEM and panCL images, respectively, of sample B. The NWs have

distinguishable luminescence, different from the luminescence of

the seeding layer. Fig. 7c shows the CL spectra obtained on a NW and

out of it. The main emission band is located in the UV in both cases,

corresponding to the near band edge (NBE) emission. An important

luminescence enhancement of the UV band in the NWs respect to

the outside is observed, well correlated to the panCL image that

shows bright contrast for the NWs. A broad visible band is only

clearly observed outside the NWs, being its intensity nearly zero

Fig. 7. (a) SEM, (b) panCL images of sample B, showing several NWs and (c) CL

spectra outside and inside a NW (the inset shows an enlarged view of the NBE

spectral range).
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in the NWs. These data indicates the good optical properties of the

ZnO NWs obtained by our growth method.

The NBE band shows three contributions, at ∼3.329, 3.294 and

3.224 eV, the last two being separated by nearly the LO phonon

energy in ZnO (∼72 meV), thus corresponding to a DAP transition

and its phonon replica [43]. The emission at ∼3.329 eV is increased

in the NW, and slightly shifted to the red (see the inset in Fig. 7c).

Recently, surface related transitions around this energy have been

observed in other ZnO NWs [44]. The increase of this emission in

the NWs would be coherent with this assignment. The slightly red

shift in the NWs could be also related to the Cd detected by TEM in

the NWs, which would lead to a CdZnO alloyed NW.

4. Discussion

The fact that ZnO NWs were not formed on GaSb substrates

under the same growth conditions [34] seems to claim for the influ-

ence of the CdTe substrate, and thus on the role of Cd or Te elements,

on the formation of the NWs. The migration of Cd and Te from the

substrate is postulated to happen during the oxidation step, since

during the deposition of the Zn metal film the substrate does not

increase its temperature (see Fig. 4). Moreover, the oxidation tem-

perature of 500 ◦C is higher that the melting point of Zn (419.53 ◦C)

which suggests that Zn liquid phase is involved in the NW nucle-

ation (in fact, we have observed that lower oxidation temperatures

do not lead to NW formation). Thus, one can expect that the oxi-

dation process takes place in a local atmosphere slightly rich in Zn

and Cd (and, to a less extent, in Te, because of its lower volatility).

The formation of a Cd–Te atmosphere is possible specially under

vacuum conditions, a procedure that has been used to grow CdTe

films on mildly heated (200 ◦C) substrates under evaporation tem-

peratures ranging from 400 to 510 ◦C [45]. In our case, the oxidation

is carried out at atmospheric pressure, where the different vapour

pressures for both components (1 kPa for Cd and 100 Pa for Te [46])

at the oxidation temperature of 500 ◦C ensure a slightly higher Cd

enrichment of the local atmosphere.

XRD data and TEM analysis, have demonstrated the presence of

Cd (and Te elements in a very low quantity) in the surface of the ZnO

seeding layer and in the bottom of the NWs. Based on these results

we postulate that Cd have a relevant role in the NW growth. The Cd

hexagonal phase might be beneficial for the NW growth. Moreover,

Cd, as a separate phase, is detected for short and medium oxidation

times, when the NWs grow longer and with a higher density, as

deduced by the SEM images. Nevertheless, after very long oxidation

times (sample A3) Cd is not detected anymore, while a new CdO

phase appears. This indicates that Cd is being oxidized for such long

times. This is coherent with the fact that the more active metal, Zn,

is more easily oxidized, and must oxidize nearly completely before

the less active metal, Cd, does. Therefore, the Zn layer seems to work

as a sacrificial anode layer, protecting Cd from oxidation. The loss

of Cd phase (and/or the presence of CdO) and the destruction and

impoverishment of the quality of the NWs for very long oxidation

times (sample A3) seem to be correlated. This could be also at the

origin of the better NW formation (in terms of longer and thinner

NWs) on sample B if one assumes that a higher Zn thickness would

prevent the Cd from oxidising.

The above data lead us to propose the following growth sce-

nario: for low and intermediate oxidation times, Zn melts at the

surface forming drops that act as seeds in the NW formation. The

presence of hexagonal Cd phases, which migrated from the back-

surface of the substrate, benefits the formation of
〈

1 1 2̄ 0
〉

ZnO

NWs, which further developed as the oxidation time increases. That

growth takes place through a vapour–solid (VS) mechanism, in

which the liquid phase is involved only in the nucleation and the

vapour feeds the growth [47]. Inner Zn metal partially melts and

vaporizes, forming a Zn atmosphere. During this stage, Zn works

as a sacrificial anode layer protecting the Cd metal for oxidation.

For very long oxidation times, all the Zn metal is exhausted, the Zn

vapour pressure drops and the role of the Zn layer as a sacrificial

anode ends. Cd atoms start to be also oxidized, forming a new cubic

CdO phase. The formation of a CdO phase implies the collapse of Zn

metal supplies and the end of the NW growth. The lower quality of

the ZnO NWs could be just due to the aggregation and accumulation

of the ZnO NWs for very long oxidation times, a fact that could be

stimulated by the presence of the new cubic CdO phase. The exact

role of the Cd element in the ZnO growth is difficult to be ascer-

tained at the present, but it could be related to the nucleation and

the stabilization of the (0 0 0 1) faces observed in the NWs. Further

work is being developed to understand this point.

Finally, the method supposes a novel tool for the production of〈
1 1 2̄ 0

〉
ZnO NWs on CdTe substrates. While the conventional

synthesis methods require expensive systems and rigid environ-

mental conditions, especially high temperatures (∼800–1400 ◦C)

and low pressures, the described methodology lies in the low range

of temperatures and is carried out at atmospheric pressures. The

luminescence of our NWs indicates that they are promising candi-

dates for optoelectronic nanodevices. The very small amount of Cd

detected in the NWs could have a doping effect on them. In fact, a

slightly red shift in the luminescence emission has been detected

in the NWs. Some other effects on the optical and electrical prop-

erties could not be excluded. This is a matter of further study. In

fact, we are at the beginning of the understanding of the growth

formation mechanism, with many parameters which still have to

be optimized. Further work is now in progress to clarify both the

driving force for the growth of the NWs, and the influence that the

Cd and CdO phases have on the ZnO NWs growth.

5. Conclusions

〈
1 1 2̄ 0

〉
ZnO NWs have been grown by means of a very sim-

ple method consisting on depositing a Zn metal film on top of a

CdTe substrate and a further oxidation step in air at 500 ◦C. The NW

growth occurs through a vapour–solid mechanism although the Cd

migration from the substrate is postulated to be beneficial for the

growth of the NWs. The growth parameters have been shown to

affect both the dimensions and characteristics of the NWs. Thick

Zn films and intermediate oxidation times of ∼20 h lead to the best

formation of the NWs, with dimensions of 10–30 nm in width an

some tens of �m in length. Very long oxidation times lead to the for-

mation of a new CdO phase affecting the good structural quality of

the NWs. The NWs exhibit distinguishable optical signatures, with

an enhanced UV band and reduced visible emissions with respect

to the background ZnO layer.
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Abstract

The effects of low-energy (≤2 kV) Ar+ irradiation on the optical and structural properties of zinc oxide (ZnO)
nanowires (NWs) grown by a simple and cost-effective low-temperature technique were investigated. Both
photoluminescence spectra from ZnO NW-coated films and cathodoluminescence analysis of individual ZnO NWs
demonstrated obvious evidences of ultraviolet/visible luminescent enhancement with respect to irradiation fluence.
Annihilation of the thinner ZnO NWs after the ion bombardment was appreciated by means of high-resolution
scanning electron microscopy and transmission electron microscopy (TEM), which results in an increasing NW mean
diameter for increasing irradiation fluences. Corresponding structural analysis by TEM pointed out not only
significant changes in the morphology but also in the microstructure of these NWs, revealing certain
radiation-sensitive behavior. The possible mechanisms accounting for the decrease of the deep-level emissions in
the NWs with the increasing irradiation fluences are discussed according to their structural modifications.

Keywords: Irradiation, ZnO, Nanowires

PACS: 81.07.Gf nanowires, 68.37.Lp transmission electron microscopy, 61.80.Lj irradiation effects, 78.66.Jg optical
properties, 81.40.Vw structural properties of materials.

Background
The outstanding and novel physical properties deter-
mined in zinc oxide (ZnO) nanowire (NW) special
shapes and structures are the reason for which nanoscale
one-dimensional semiconductor materials have attracted
much attention in recent years [1]. ZnO NWs are very
promising as a consequence of their direct bandgap of
3.37 eV (at room temperature) and an exciton binding
energy, 60 meV, larger than their thermal energy at room
temperature (RT) that enables the observation of exci-
tonic emission at RT. Because of this, they can be used
for a wide range of applications such as ultraviolet (UV)
light-emitting devices [2], nanogenerators [3], rectifying
diodes [4], sensors [5], and electron emitters [6].
Many techniques offer the possibility to obtain ZnO

NWs, such as metal-organic chemical vapor deposition,
vapor phase epitaxy, direct carbo-thermal growth, and

pulsed laser deposition [7,8]. However, all these tech-
niques require low pressures and high operating tempe-
ratures (800°C to 1,400°C). Recently, the hydrothermal
synthesis route has been successfully applied to the
growth of ZnO nanostructures at lower temperature
[9-12]. However, despite its easy implementation, the
growth rate [13] and the optical quality of the resultant
as-grown ZnO nanostructures are generally poorer than
those grown by the other techniques, and the technique
offers low reproducibility (size and shape control)
[14,15]. Our group and other researchers have already
reported on the successful growth of high-quality ZnO
NWs using a simple technique consisting in the oxida-
tion of Zn metal films in ambient conditions [16-22].
The simplicity of the process, the low temperature re-
quired (close to 500°C), as well as the good quality of
the obtained NWs make this method attractive for fu-
ture nanodevice applications.
It is noteworthy that many reports on the optical

properties of ZnO nanorods and NWs point out to
the apparition of a deep-level emission (DLE) band in
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the visible, together with the near-band edge emission
(NBE) in the UV. In this sense, to change their optical
properties, several studies on emission tailoring of ZnO
NWs exposed to an irradiation source have already been
developed [23-25] but with contradictory outcomes. In
particular, with regard to the optical response, Krishna
and co-workers reported the occurrence of several bands
in the visible region which were identified in the PL
spectra of 15-keV energy Ar+-irradiated thin films. They
indicated a strong detraction of the visible signal with
respect to the UV emission [26], and similar optical re-
sults were confirmed by Liao and co-authors in the case
of 5 to 10 kV Ti-implanted ZnO NWs [27]. Besides the
modification of the UV/visible intensity ratio, UV signal
blueshift was found by Panigrahy for 2- to 5-keV Ar+-
irradiated ZnO nanorods [28]. The UV blueshift was
also detected in the cathodoluminescence (CL) spectra
of ZnO NWs irradiated with 30-keV Ti+ ions. Neverthe-
less, in this case, the visible emission did not suffered
changes with the implantation doses [29], contrary to
the behavior observed by Wang et al. [30] who reported
a complete disappearance of the visible emission from
ZnO NWs irradiated with 2-keV H+ ions. Hence, the
modification of the luminescence properties of ZnO af-
ter irradiation experiments is still not clearly understood
and, even less, after low energy irradiation experiments.
In any case, it would be desired to tailor the ZnO NW
emission by minimizing the visible emission and there-
fore improving the UV luminescence. This would be par-
ticularly important in the case of cost-effective growth
procedures, for which the obtained ZnO NWs could
present some important emissions in this spectral range.
In this work, we present the results of exposing ZnO

NWs to a low-energy (≤2 kV) Ar+ ion irradiation. These
experiments require a relatively simple experimental set-
up where only a small high-vacuum chamber and an ion
gun are needed. Our experimental results show that the
irradiation gives rise to an increase of the UV emission
with respect to the visible one. We base the explanation
of these effects on the structural analysis performed on
individual NWs. From these results, we conclude that
low-energy Ar+ ion irradiation is a promising method to
tailor the luminescent properties of ZnO NWs.

Methods
For the growth of the ZnO NWs, LiNbO3 (LN) sub-
strates were chosen, motivated first by the absence of
interaction between the substrate (LN) and the ZnO
films, demonstrated in our previous unpublished experi-
ments, and second, the suitability of the LN/ZnO system
for the development of various applications such as
surface acoustic wave gas sensor devices [31,32]. The
c-axis-oriented LN substrates used in this work were
grown in our laboratory by the standard Czochralski

technique. LN substrates of about 1 mm thick were
cut perpendicular to the c-axis. A Zn metal film was
evaporated at 800°C on top of the LN substrates. The
evaporation took place for 5 min inside a quartz am-
poule located in a horizontal furnace. Only the Zn (6N),
0.5755 g, pellets were heated, keeping the LN substrate
close to RT during this evaporation step. A further oxi-
dation step was performed in air at 500°C. This process
was stopped after about 23 h, when the Zn film thick-
ness reached values near to 30 μm, as deduced by means
of profilometry measurements. This technique has al-
ready been successfully used to grow high-quality ZnO
NWs on other substrates such as CdTe [18]. The ob-
tained NWs grow on top of the ZnO films formed by
the oxidation of the Zn film evaporated layer. More details
of the preparation technique can be found elsewhere [18].
After confirming the formation of a quite homogenous
NW cover layer on the sample, several areas were inde-
pendently irradiated with different Ar+ ion beam fluences.
The Ar+ irradiation took place inside a home-made high-
vacuum (10−6 mbar) chamber system equipped with a
Specs IQE-11 broad beam ion gun (Berlin, Germany).
Irradiation energies of 500 and 2,000 V were used, which
result in fluences of 1.5 × 1016 cm−2 and 1017 cm−2, res-
pectively (the irradiation time was always 1 h).
High-resolution scanning electron microscopy (HR-

SEM) analyses were carried out by using a Philips SEM-
FEG-XL30 microscope (Amsterdam, the Netherlands).
Energy-dispersive X-ray in SEM mode (EDX-SEM) ana-
lysis was performed in a SEM microscope (Hitachi
S-3000 N, Chiyoda, Tokyo, Japan), with an attached
EDX analyzer (Oxford Instruments, model INCAxsight,
Abingdon, Oxfordshire, UK). CL measurements were
carried out at liquid nitrogen temperature (80 K) using a
XiCLone (Gatan, UK) module attached to a LEO 1530-
Carl Zeiss-FESEM microscope (Oberkochen, Germany).
The luminescence signal was detected with a Peltier-
cooled CCD (Photometrics Ltd., Tucson, AZ, USA).
Micro-photoluminescence (μPL) measurements at RT
were obtained with a HRLabRam spectrometer (HORIBA
Jobin Yvon Inc., Edison, NJ, USA) attached to a metal-
lographic microscope. The excitation was done with a
He-Cd laser line at 325 nm, through a ×40 microscope ob-
jective, which also collected the scattered light. Conven-
tional transmission electron microscopy (CTEM) and
high-resolution transmission electron microscopy (HR-
TEM), as well as EDX spectroscopy in scanning trans-
mission electron microscopy (TEM) mode, were realized
using a JEOL 1200 EX (JEOL Ltd., Akishima, Tokyo,
Japan) and a 2010 F microscope operating at 120 and 200
kV, respectively. The latter is equipped with an Oxford In-
struments’ EDX detector. For these measurements, the
NWs were scraped from the substrate and dispersed on a
lacey carbon-coated copper grid.
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Results and discussion
Just after growing the NWs and before performing any
irradiation, EDX-SEM analysis (not shown here, see
Additional file 1) confirmed that the ZnO film compos-
ition was very close to the stoichiometric one (O 50.50%,
Zn 49.5%). In order to determine if the irradiation could
affect the ZnO NW morphology, HR-SEM analyses were
performed. Figure 1a,b shows the SEM images from as-
grown unirradiated NWs, with the presence of a quite
homogeneous ZnO NW cover layer on top of the ZnO
film. Noticeable morphology changes can be observed
on the surfaces of the films after irradiation (Figure 1c,d)
where the images evidence a reduction of the thinner
ZnO NW population, and only relatively thicker NWs
can be observed. This is still more evident for the
highest fluence (Figure 1e,f ). Thus, it can be concluded
that, at least for the fluences used in this work, the
thinner NWs (diameter (d) < 200 nm) do not survive
the irradiation process, especially at higher fluences
(1017 cm−2). In addition, the remaining NWs seem in-
creasingly thicker when the irradiation fluence increases.
Before any structural or optical characterization, the

irradiated areas were observed by the naked eye when il-
luminating under UV light (at 365 and 254 nm). A clear
color change was detected with respect to the unirra-
diated areas; the irradiated ones appear black (not shown
here, see Additional file 2). This was the first evidence of
an important change in the optical emission properties
of the samples, which motivated a detailed optical
characterization of the irradiated structures.

For a more in-depth study, μPL measurements were
performed at RT on both the unirradiated and irradiated
areas (Figure 2). The two typical emissions of ZnO were
always observed, a strong NBE UV emission (approxi-
mately 3.26 eV) due to the direct recombination of
photogenerated charge carriers or excitons [33] and a
broad visible emission band (approximately 2.25 eV)
involving deep levels. It is proposed that the visible
emission (DLE) in ZnO originates from the contribu-
tion of at least three subbands, i.e., the so-called green
band (green luminescence (GL), at approximately 2.4 eV
(approximately 515 nm)), the yellow band (yellow lumi-
nescence (YL), at approximately 2.1 eV (approximately
590 nm)), and the orange luminescence (OL)-red lumi-
nescence (RL) (at approximately 1.9 to 2.0 eV (620 to
652 nm) and 1.8 to 1.9 eV (652 to 690 nm), respectively).
The relative intensity of these bands depends on the
sample preparation method. The GL has been mainly
associated with oxygen vacancies, VO [34-38]. Zn defi-
ciency-related defects (zinc vacancies, VZn, oxygen in
Zn positions or antisites, OZn, or oxygen interstitials,
Oi) have been proposed as the origin of the yellow
and orange-red luminescence emissions [39,40], while
impurities (mainly Fe) have been claimed as responsible
for the RL [41]. However, there are important discrepan-
cies in the assignation of the origin of the visible contribu-
tions, being still a matter of high controversy [42].
The deconvolution of the visible bands gives two main

contributions at 2.05 and 2.30 eV - a residual contribu-
tion at 1.83 eV is also observed - being 2.30 eV as the

Figure 1 High-resolution SEM images. Showing the morphology of unirradiated ZnO NWs (a, b) and irradiated NWs with fluences of
1.5 × 1016 cm−2 (c, d) and 1017 cm−2 (e, f). Note the disappearance of the thinner NWs as the irradiation fluence increases.
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predominant one (see Figure 2). The spectral position of
these bands would indicate a contribution from both the
GL and the YL emissions. As we can see in the figure,
the irradiation seems to affect mainly the GL emissions
with a strong reduction of this contribution with the
increase of the fluence. Consequently, a tiny redshift is
observed in the broad band of the visible emission.
Normalizing the NBE emission band, it is observed that
the ratio between the NBE and visible emissions increa-
ses in the irradiated areas, the increase being more pro-
nounced when the irradiation fluence increases. Thus,
the low-energy (≤2 kV) Ar+ irradiation brings about a
rearrangement of the ZnO lattice with a reduction of
the DLE and a relative increase of the NBE transition
(excitons).
To study the specific properties of individual ZnO

NWs, CL measurements with high spatial resolution
of individual NWs with similar dimensions were also
performed on both unirradiated and irradiated areas
(Figure 3). It is observed that a rebalance between the

NBE and visible emissions on the NWs with the increase
of the irradiation fluence occurs. The intensity ratio
NBE/DLE is amplified (see the inset) changing from a
value of approximately 0.3 in the unirradiated areas to a
value of approximately 4 for the sample irradiated with a
fluence of 1017 cm−2. This is clear evidence that the ir-
radiation with Ar+ ions (even with low energies, ≤2 kV)
influences the emission behavior of the ZnO NWs.
Comparing these data with the μPL outcomes, some
differences can be detected, in particular concerning the
visible emission at higher energies. Two predominant
emissions at approximately 2.05 and approximately 2.2 eV
are observed after deconvoluting the CL luminescence
bands. The position of the deconvoluted CL luminescence
bands slightly changes with the irradiation. The two main
contributions are situated at 2.06 and 2.21 eV for the NR

Figure 2 μPL spectra. Unirradiated (NR) and irradiated areas with
fluences of 1.5 × 1016 cm−2 and 1017 cm−2. The spectra, normalized
to the band-to-band recombination, show the diminution of the
visible band intensity as the irradiation energy increases. Gaussian
deconvolution bands are also shown. The inset shows the intensity
ratio INBE/IDLE as a function of the irradiation fluence.

Figure 3 Normalized CL spectra collected on individual NWs.
Unirradiated (NR) and irradiated areas with fluences of 1.5 × 1016 cm−2

and 1017 cm−2. An increase of the NBE emission with respect to the
visible band as the irradiation fluence increases is observed (see the
inset). Gaussian deconvolution bands are also shown.
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sample, at 2.01 and 2.13 eV for the sample irradiated with
an intermediate fluence, and at 2.05 and 2.17 eV for the
sample irradiated with the highest one. As mentioned,
there is an important diminution of the whole visible band
with respect to the NBE emission with the irradiation
process, especially the diminution of the 2.05 eV contribu-
tion. A residual additional band at 1.96 eV, deduced from
the convolution process, remains nearly without changes.
The differences in the observed luminescence bands

between μPL and CL spectra can be a consequence of
the different excitation conditions used in both kinds of
measurements. Indeed, some authors have reported no-
ticeable differences in the shape of the visible band in
ZnO NWs depending on the PL excitation conditions
[43]. Since the relative intensity of the defect emission
bands can be significantly affected by the excitation
power conditions and taking into account the controver-
sial results reported in the literature for the different
contributions (GL, YL, and RL) [42], caution needs to be
taken to assign an exact origin for the DLEs in our NWs
as well as to explain the changes observed between the
μPL and CL results. From all these considerations, the
main conclusion from our analysis is the diminution of
the DLE with respect to the NBE in the NWs with the
increase of the irradiation fluence.
Characterization by suitable techniques to understand

the correlation between structural and optical properties
is of particular interest. For this purpose, morphological
and structural measurements of individual ZnO NWs
have been performed by CTEM and HR-TEM tech-
niques and compared with the optical results. Figure 4a,
b shows TEM images of two representative ZnO NWs
extracted from an unirradiated and 2-kV irradiated area,
respectively. Due to their common origin, any morpho-
logical changes between them must be related to the ir-
radiation process (assuming a similar morphology of as-
grown NWs, according to the observed NWs in the
unirradiated areas). From the CTEM images, the NWs
from the unirradiated areas seem to be formed by two

regions with different diameters: a relatively conical base
which sharpens up to a certain height and over it a top
section with relatively constant radius. However, most of
the 2-kV irradiated wires seem to lose the upper thinner
region exhibiting a conical shape with a homogeneous
but strong diameter decrease (see Figure 4b). A statis-
tical study of the diameters of the ZnO NWs was per-
formed in order to determine differences in the NW
population due to irradiation. The plot in Figure 5 dis-
plays the histogram of the NW base diameter for both
cases. It highlights the loss of thinner NW families (with
diameters lower than 200 nm) as a consequence of Ar+

irradiation, and revealed a better resistance of wider
ZnO NWs to the irradiation as a consequence of their
lower surface/volume ratio. As a consequence, we no-
ticed an increase of the thicker irradiated NW frequency
(d > 200 nm) compared to the unirradiated ones, which
was in agreement with HR-SEM observations. Similar
behavior occurs with regard to the NW length. All the
morphological changes can be explained considering the
effect of the Ar+ ion impinging on the NWs and the pro-
gressive annihilation of thinner ZnO NWs, an effect that
is reinforced as the irradiation fluence is increased. Dur-
ing the irradiation, the upper parts of the NWs suffer
more morphological changes than the lower shadowed
parts and in some cases even disappear. The additional
formation of ‘pencil-like’ (inset of Figure 4b) tip shapes,
only observed in irradiated wires, confirms these later
ideas.
It is well known that the damage level expected for an

irradiation process in nanometric materials is much
higher than in the bulk due to a larger surface-to-vol-
ume ratio, which can induce surface modifications and
defect cluster formation. However, despite the irradi-
ation process, TEM micrographs of our NWs indicate
that the amorphization degree for most irradiated areas
is minimal, and the ZnO NWs generally preserve their
good crystalline quality. Figure 6a is an example of HR-
TEM image corresponding to one scraped NW from the

Figure 4 CTEM images showing two representative ZnO NWs (a, b). Extracted from unirradiated and irradiated (fluence = 1017 cm−2) areas,
respectively. The insets of both figures show the nanowire tip details; note that the irradiated NW tip is faceted as a consequence of the strike by
Ar+ energetic particles.
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area irradiated with the highest fluence (1017 cm−2),
which reveals the single-crystalline nature of the NW
grown along the [11-20] direction that is one of the
three types of fast growth directions in the ZnO NW
generation [44]. The inset shows its corresponding fast
Fourier transform (FFT), which is consistent with the
wurtzite structure of ZnO observed along the [0001]
zone axis. Although the high crystalline quality is ob-
vious here and well-defined atomic columns are
clearly visible, some ZnO NWs however display stack-
ing faults and dislocations, as well as no well-defined
boundaries when observing the wire surface. Such
structural modifications are results of preferential
bombardment in determined areas of the wires, as
can be observed in the NW tip presented in Figure 6b.
Regarding the irradiation effect, the ion energies used
here are much lower compared to those reported in
the bibliography [45]. However, structural changes in

ZnO NWs are induced, and the sensibility of some of
their properties to low-energy ion irradiation is re-
vealed. The defects found here can be considered as a
result of the precipitation of point defects generated
during the irradiation. Although defect formation and
surface roughness are usual in the irradiated NWs,
some NWs undergo higher modifications induced by
the Ar+ irradiation. Thus, HR-TEM studies revealed
that some of the irradiated ZnO NWs were
surrounded by a degraded sheath with the same crys-
talline orientation of the NW core (Figure 7a). Spots
shown in the FFT images from these superficial struc-
tures were correlated with the inter-planar distances
of ZnO. In the extreme case, other irradiated ZnO
NWs are surrounded by crystalline nanoparticles with
the same ZnO structure but with different orienta-
tions with respect to the core (Figure 7b,c), causing
the formation of moiré fringes generated by the over-
lapping of the nanoparticle and NW lattices. In
addition, the compositional analysis carried out by
EDX spectroscopy (not shown here, see Additional
file 3) confirmed that the superficial structures were
made up of ZnO. The origin of this sheath is unclear,
but it could be the after effect of the sputtering
process due to the Ar+ impingement. Taking into ac-
count all the above data, it can be concluded that the
ZnO removed from near the surface of the NWs or
even from the annihilation of thinner NWs could
sublimate and finally be re-deposited on the re-
maining NWs giving rise to a core/shell structure of
a single ZnO crystal NW core surrounded by a ZnO
polycrystalline shell. In addition, the possibility of zinc
segregation in our irradiated samples cannot be
excluded either. The formation of adatoms on the
surface after the irradiation is possible [46], and this
surface can grow by the agglomeration of the

Figure 5 Diameter distribution in the lower part of nanowires.
Scraped from both the unirradiated and irradiated (fluence = 1017 cm−2)
areas. The NW diameter NW frequency increases for the latter case.

Figure 6 HR-TEM images of ZnO NW. (a) HR-TEM image recorded on an irradiated ZnO NW (fluence = 1017 cm−2) confirming the high
crystalline quality of the nanowire; the inset shows the corresponding FFT recorded along the [0001] zone axis. (b) HR-TEM micrograph of one
individual irradiated ZnO NW (fluence = 1017 cm−2) faceted tip. The inset corresponds to the small squared region of the tip, showing the
appearance of one extra plane (edge dislocation).
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engendered adatoms during the early stages of
bombardment.
Taking into account the above structural results, the

following possible scenario to account for the effect of
the irradiation process on our ZnO NWs can be pro-
posed: Firstly, the ion impinging on the NWs seem to
eliminate the thinner NWs, giving rise to an increase of
the thicker (d > 200 nm) irradiated NW frequency com-
pared to the unirradiated ones (erosion effect due to Ar+

ions impinging in the sample). This modification of the
NW diameter distribution affects the luminescence
properties of the ZnO NWs changing the contribution
of the surface luminescence regarding the band edge
emission. Shalish et al. [47] observed that the relative
intensity of the UV photoluminescence peak was stron-
ger, and the visible luminescence becomes relatively
weak as the size of ZnO NWs increases. They explained
this size effect in terms of bulk-related to surface-related
material-volume ratio, assuming a surface layer thick-
ness, t, wherein the surface recombination probability is
1 [47]. The intensity ratio defined by Shalish is as
follows:

INBE
IDLE

¼ C r � tð Þ2
t 2r � tð Þ ; ð1Þ

where C is a fitting parameter accounting for the effi-
ciency of the bulk-related emission process relative to
the surface and r is the wire radius. The UV-visible lumi-
nescence intensity ratios (INBE/IDLE) calculated in our sam-
ples from the PL curves of Figure 2 are presented in
Figure 8 as a function of the average wire radius (deduced
from the C-TEM statistical analysis). In our case, the best
fit is obtained with C = 5.8 and t = 30 nm, and Figure 8
also includes data from Shalish et al. using C = 2.3 and t =
30 nm. The trend in both is very similar with the same sur-
face layer thickness, i.e. an intensification of the UV/visible
ratio as the wire diameter increases. The ratio exhibits a
clear escalation for thicker NWs (6.6 and 9 for the irradi-
ated NWs with fluences of 1.5 × 1016 cm−2 and 1017 cm−2,

respectively). The differences of the C parameter (between
our results and those of Shalish) only mean that the effi-
ciency of the bulk-related emission process regarding the
surface is higher in our case. Those discrepancies can be
explained by the fact that the compared NWs have been
grown by different methods and undergone different treat-
ments, and therefore, it is expected that they initially
present different luminescence characteristics since sur-
face state densities are notorious for their great variability.
Nevertheless, if the visible emission is supposed to be

mainly originated from defects related to the surface,
other factors apart from the annihilation of the thinnest
NWs might also be considered. Both μPL and CL data
reveal an enhancement of the UV/visible ratio with the
increase of the irradiation fluence. Certainly, a reduction
of the point defect density in the surface would also re-
sult in the UV emission enhancement as a consequence
of a net reduction of the visible emission. Perhaps, sur-
face diffusion and annealing effects due to a temperature
increase induced during the irradiation process could
favor it in some way [48]. However, it is important to

Figure 7 HR-TEM micrographs of ZnO nanowires irradiated with a fluence of 1017 cm−2. Showing (a) an example of the etched surface
(in this case, the removed material layer depth is about 10 nm). In (b, c), redeposited crystalline particles, with different orientations in the
cross-sectional surface and the inner region of the wire, respectively, are observed.

Figure 8 Experimental luminescence peak intensity INBE/IDLE as
a function of the average wire radius. Values predicted by
Shalish’s data are also included.
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mention that the thermal changes near the sample sur-
face were measured during the irradiation processes by a
thermocouple installed in the sample holder inside the
irradiation chamber. The temperature of the sample only
increase up to 60°C during the irradiation, so it is not
expected that thermal changes deeply affect to the point
defect removal.
It is more likely that the irradiation process can ac-

tivate a point defect movement, giving rise to a close
pair recombination by point defect migration. These
diffusion processes have also been known to have im-
portant effects on the surface structure, even inducing
nanopatterning after low-energy ion irradiation
[49,50]. Hence, the effect of the Ar+ ions can cause
the displacement of Zn atoms from their sites either
when they are located as native interstitials or in their
equilibrium positions inside the ZnO lattice. This is
due to their lower displacement energy compared to
that of the oxygen atoms (energy displacement of Zn
and O are 18.5 and 41.4 eV, respectively) [51]. Add-
itionally, part of the Zn removed would subsequently
segregate towards the surface, favored by their high
mobility even at RT [52,53], contributing to the shell
structure observed in the HR-TEM images. Indeed,
other authors have also reported such Zn segregation
to the surface due to the irradiation process, accom-
panied by a color change [54]; the latter is in agree-
ment with our observations with the naked eye under
UV illumination. In our case, we have not detected
the presence of metallic Zn even if the color change
was evident; these results may not be too surprising
taking into account the strong Zn tendency to form
oxides when in contact with oxygen, avoiding its
TEM observation. Besides, the proposed Zn migration
due to the irradiation process can result in a
restructuration/reduction of many existing defects,
which can effectively passivate deep-level intrinsic de-
fects in the ZnO NWs and consequently decreases
the DLE intensity with respect to the NBE emission
of the individual NWs. This could explain the in-
crease of the intensity UV/visible ratio showed in the
CL spectra where the NWs analyzed (irradiated or
not) presented different CL spectra being dimension-
ally comparable.
Both mechanisms, the annihilation of the thinner NWs

and the reduction of defect concentration with the in-
crease of the irradiation fluence, would support the found
increase of the intensity ratio between the NBE and the
visible emission. Both can work in cooperation and also
would explain the good fitting of Shalish’s size-dependent
rule and the increase of the C parameter. However, fur-
ther works are needed to clarify the effects of low-energy
(≤2 kV) Ar+ irradiation on the optical and structural pro-
perties of ZnO nanowires.

Conclusions
Micro-photoluminescence and cathodoluminescence
measurements have shown that the irradiation of ZnO
NWs with low-energy (≤2 kV) Ar+ ions enhances the
UV/visible intensity ratio. TEM analysis demonstrated
significant changes in the morphology as well as in
the microstructure of these NWs, revealing a certain
radiation-susceptible nature. HR-TEM studies revealed
the loss of thinner NW families and the existence of
NWs with surface modifications due to the irradiation
with low-energy Ar+ ions. We postulate that Ar+ ion
irradiation would annihilate the thinner ZnO NWs as
well as activate Zn diffusion, leading to a restructuration/
reduction of many native defects. We attribute the attenu-
ation of the visible emission both to Zn diffusion effect
and to the reduction of surface-related volume responsible
for the deep-level luminescence. This work demonstrates
that an inexpensive technique can improve the lumines-
cent behavior of ZnO NWs grown by a cost-effective tech-
nique based on Zn oxidation under low temperature in
ambient conditions.

Additional files

Additional file 1: EDX-SEM analysis of ZnO nanowires before the
irradiation process. This file displays a SEM image at low magnification
showing the initial sample just after growing the nanowires. On the right
of the SEM image, an EDX spectrum is presented with a table containing
the quantitative analysis and confirming that the composition was very
close to the stoichiometric one.

Additional file 2: Color change detected in ZnO irradiated areas.
This file shows samples irradiated with different energies. As can be seen,
a clear color change is observed in the irradiated area by the naked eye
when illuminating under UV light. The irradiated areas appear black.

Additional file 3: Compositional analysis carried out by EDX
spectroscopy of the superficial particles. This file presents an EDX
spectrum carried out in the superficial particles. The quantitative analysis
shown in the table confirms that the superficial particles are made
up of ZnO.
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Abstract— InP ridge waveguides with different dimensions, 
height and width, were fabricated by inductively coupled plasma 
etching. The InP raw material was provided of nine buried InAsP 
quantum wells with variable composition and at different depths, 
in order to study the damage produced in the structure by the 
dry etching process. The etched guides were studied by spectrally 
resolved cathodoluminescence. The changes induced in the 
quantum wells by different etching chemistries were analyzed.  
Other parameters as the etching time, and guide dimensions were 
considered. 

Keywords—Cathodoluminescence, quantum well intermixing, 
inductive coupled plasma, etching  

I. INTRODUCTION 

Microstructures of InP and related ternary and quaternary 
compound semiconductors have become increasingly 
important for near infrared photonic devices, including 
photodetectors, amplifiers, filters and lasers [1]. InP-based 
devices are naturally used in transmitters and receivers 
operating in the 1.3 Ym-1.6 Ym spectral window. Also they 
offer a variety of choices for passive waveguide circuitry used 
to make photonic integrated circuits [2]. Dry etching using ion-
assisted techniques is a common tool for the fabrication of 
semiconductor microstructures, widely used in the 
manufacturing of microelectronic and optoelectronic devices. 
Formerly, the dry etching of InP-based materials was done by 
using reactive ion etching (RIE). Relatively good results were 
attained using this method, but it is time consuming when 
relatively deep structures are done [3]. However, using the 
inductively coupled plasma (ICP) technique, the etching time 
of InP-based materials is substantially reduced, improving the 
aspect ratio of the structures. On the other hand, the ICP 
etching presents other advantages, e.g. reproducibility of the 
mask pattern transfer to the substrate, fabrication of structures 
with high aspect ratios, low damage, high etching rates and low 
production costs.  

Usually, the analysis of the processed structures is 
addressed to the morphology aspects, such as the aspect ratio 
and the surface roughness, neglecting the influence of the 
etching process in the generation of defects with electro-optic 
signature. In this work, we focus on the defects generated by 
ICP using different gas chemistries for the fabrication of 

waveguides with different dimensions. The etched raw InP 
material was provided of nine buried InAsP quantum wells 
(QWs) with variable composition, Fig.1. The etched structures 
are studied by cathodoluminescence (CL) revealing significant 
changes in the structure of the QWs, which is due to 
intermixing processes assisted by point defect generation 
during the etching process. Guides of different dimension are 
studied showing that the guide width is critical with respect to 
the structure of the QWs during the ICP processing. 

II. SAMPLES AND EXPERIMENTAL SETUP

Ridge waveguides of different dimensions were fabricated 
by ICP etching using chlorine-based gases, SiCl4/H2 and 
Cl2/N2, on InP based heterostructures. The raw substrate was 
composed by nine InAsxP1-x QWs, with different 
concentrations of As, separated by 100 nm thick InP spacer 
layers, grown by metalorganic chemical vapour deposition 
(MOCVD) on a bulk InP (100) substrate, Fig.1. The first step 
of the waveguides manufacturing consists of defining stripes in 
a positive resist layer by standard optical lithography. The 
following step is to transfer the structures on the mask layer by 
a RIE process using SF6/CHF3/O2, thereafter the resist layer 
was removed by O2 plasma, followed by a deep etching by ICP 
resulting on the geometrical features defined by the mask, Fig. 
2 [4]. 

Figure 1. Schematic structure of InAsP/InP QWs grown on InP substrate. 
The As content of each QW is varied in order to obtain increasing wavelength 

emissions. 
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Figure 2. Scanning  electron images (SEM)  images of  ICP guides for 
different widths. 

In previous works we analyzed the stress induced by the 
mask, either SiOx or SiNx [5] in pure InP raw substrate. In this 
work, we have only used SiNx. The etching time was varied, 1, 
3, and 10 min, in order to fabricate structures with different 
heights, resulting in different rectangular guide sections, for 
different stripe widths defined by the masks.  

The waveguides were studied by spatially and spectrally 
resolved CL. The measurements were performed at 80 K with a 
Gatan MonoCL2 system attached to a field emission scanning 
electron microscope (FESEM) (Leo 1530).  A liquid nitrogen 
cooled InGaAs array detector was used for recording spectrum 
images. 

III. RESULTS ANS DISCUSSIONS

First, the morphology of the guides was studied in the 
SEM. One observes that the guides etched with SiCl4/H2 are 
higher than those etched with Cl2/N2 at equivalent etching 
times. It means that the etching rate with the SiCl4/H2 mixture 
is faster than with the Cl2/N2 one. Taking account of the etching 
depth all the QWs are removed in the etched floor after 10 min. 
of SiCl4/H2 etching, while the deepest QW was not removed 
after 10 min. of Cl2/N2 etching.  

A. Quantum Wells  
The study of the QW emissions is useful for understanding 

the consequences of the etching processes on the material 
properties. The CL spectra of a bare reference sample and 20 
μm wide guides etched 10 min. with either SiCl4/H2 or Cl2/N2

gas mixtures are shown in Fig.3. These spectra were measured 
in top view with 20 keV e-energy in order to probe the full 
structure. Only eight QW emissions are observed in the 
reference sample. This is probably a consequence of the fact 
that the ninth QW is close to the critical composition, and 
dislocations can be generated quenching the luminescence 
emission. This hypothesis needs to be corroborated by 
transmission electron microscopy (TEM). 

One observes  that the QWs have evolved during the 
etching processes. When compared to  the  reference  the QWs 
emissions   are  shifted  to  the  blue  for  both  gas  chemistries,  
pointing to intermixing phenomena  [6]. The other relevant  

Figure 3. CL spectra at 80 K for SiCl4/H2 mixture , Cl2/N2 mixture, and 
reference sample with 20 keV e-energy .  

difference concerns the broad band around 1370 nm, which 
was absent in the reference, but peaks up after etching. This 
band is apparently composed of two or more components. It is 
also noticeable that the QWs are very well resolved after 
etching, as compared to the reference. 

Fig.4 summarizes the results obtained for different guide 
widths for the two processes. The top view spectra were 
obtained in the center of 20 Ym and 1.5 Ym wide guides 
respectively, and different etching times for the two processes. 
It should be noted that the evolution of the QW emissions 
during etching is determined by the time of etching and the 
width of the guides. One can observe shifts of the QW 
emission; see the inset of fig.4d, where one follows the first 
QW emission for different etching times. One observes that it 
shifts to the blue with respect to the reference, for 1 min. to 3 
min etching, while it shifts down to the red for 10 min. The 
blue shift illustrates intermixing, while the red shift observed at 
long etching times is rather probably due to QW thickness 
increase. It should be noticed that even after 10 min. etching 
the peak emission is blue shifted with respect to the reference. 
This is also consistent with the full width at half maximum 
(FWHM) of the CL peaks, which is broadened for increasing 
etching time. The spectra also show that for broad guides all 
the QW emissions are observed; while for narrow guides some 
of the bands associated with the deeper QWs disappear. This 
might be due to the damage induced by the ion bombardment 
on the side walls of the guide. The intermixing mechanisms 
can be induced by point defects generated during the etching 
process. These defects can be originated at the interface 
between the sample and the mask; depending on the mask type 
these defects can be either interstitials or vacancies; the 
diffusion of these defects would assist the intermixing of the 
QWs. It should be noted that this is observed in the center of 
the wide guides, where the influence of the side walls can be 
neglected [7]. Another source of defects can be the sidewalls, 
as observed in narrow guides and also in the edges of the wide 
guides. 
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Figure 4. CL spectra at 80 K for different  etching times: SiCl4/H2 process 
for a a) 20 Ym guide, and c) 1.5 Ym guide, Cl2/N2 process for a b) 20 Ym 

guide and  d)1.5 Ym guide. The inset of c) and d) shows the blue  and red shift 
of  the QW1. 

This kind of damage seems more severe and deeply disturbs 
the QWs structure. It has been claimed that persistent ion 
bombardment can generate macrodefects which could account 
for the severe damage of the QWs observed in narrow guides 
[8]. 

B. 1370 nm CL band 
The broad 1370 nm CL band is absent in the reference 

sample, but it peaks after etching. It is observed for both 
chemistries, although it is more intense for CL2/N2 etching, 
Fig.4. This band is significantly broader than the bands 
associated with the QWs, and it is complex showing more than 
one contribution. 

It is observed close to the nominal spectral position of the 
ninth QW, which was not observed in the reference sample. In 
order to determine where is spatially located, depth resolved 
spectra were recorded, by varying the acceleration voltage of 
the e-beam, Fig. 5. One clearly observes that it is generated in 
the deep part of the structure.  At the present time one cannot 
give a conclusive explanation about the origin of this band; 
although seems to be associated with the ninth QW. Future 
work will be devoted to the analysis of this activation process; 
which can be tentatively related to defect assisted diffusion 
mechanisms, similar to those responsible for intermixing. 

C. Dependence of the CL spectrum with temperature 
The CL spectra of the reference sample and of two guides 3 

Ym wide fabricated with the two etching processes were 
recorded for increasing temperatures with 30 keV e-energy. 
One observes all the QW emissions for the reference sample  

Figure 5. CL spectra at 80 K for differents aceleration voltages for Cl2/N2

process.  

over the full temperature range, Fig.6c. They are also observed 
for the SiCl4/H2 etching, including the 1370 nm broad band, 
fig.6a. The results are different for the Cl2/N2 process, fig.6b, 
for which one observes the higher energy QW emissions to 
disappear with the increase of temperature. Note that the 
thermal quenching of the QWs follows the order of 
confinement, first the one with the lower barrier, and 
successively the others. This cannot be due to a simple thermal 
emptying effect of the QWs, because one did not observe the 
same thermal quenching for the other two samples. The 
anomalous behavior of this band could be related to QW 
emptying through out the sidewalls, which points to more 
damaged walls when using Cl2/N2 chemistry. 

Figure 6. CL  spectra recorder at different temperatures. a) SiCl4/H2 process , 
b) Cl2/N2 process, and c) reference sample. 
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IV. CONCLUSIONS

ICP dry etching of InAsP/InP multiple QW structures were 
investigated using the SiCl4/H2 and Cl2/N2 chemistries. The CL 
study revealed the influence of etching times and waveguide 
structures dimensions. Intermixing phenomena induced by the 
ICP process were revealed by the blue shift in the CL peaks 
associated with the different QW emissions. This indicates 
defect formation on QW structures after ICP process for both 
SiCl4/H2 and Cl2/N2 chemistries. A red shift with respect to 
shorter etching times was seen for 10 min. etching, associated 
with a QW thickness increase. A broad band around 1370 nm 
was seen after the ICP process, probably related with the 
deepest QW emission. 
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Short-Abstract—We have investigated the effects of reactive gases 
used during the deep reactive ion etching process of InP-based 
photonic structures in an inductively-coupled plasma (ICP) 
reactor. Samples with a specific structure, including 9 InAsP/InP 
quantum wells (QW) with graded As/P composition, were 
designed. Different chlorine-based gas chemistries were tested. 
Characterization was performed using cathodo-luminescence 
(CL) and photo-luminescence (PL) at different temperatures, and 
secondary ion mass spectrometry (SIMS). The luminescence lines 
display a blue shift upon exposure to the reactive gases, and a 
strong spectral sharpening. We discuss the influence of Cl 
diffusion and thermal processes during etching on these 
modifications.

I. INTRODUCTION

Reactive ion etching is commonly used as a micro- or nano-
technology tool in most clean room facilities involved in 
photonics, in particular in InP-based materials. In particular, 
using ICP reactors, it is possible with adequate chemistries to 
reach etch rates in the range of microns per minute, which is 
favorable for the fabrication of devices involving structures 
with depths up to several microns, where the shape, orientation 
of the walls, aspect ratio, … play dominant roles in device 
performance [1]. However, these processes may induce defects 
of many different kinds in the materials [2]. In this work, we 
address this issue, by investigating the changes in the 
luminescence spectral properties on samples which have been 
designed for such purpose, and exposed to the dry etching flux 
of an ICP reactor, operating under different Cl-based 
conditions. 

II. EXPERIMENTS

A. Samples 
Fig. 1 illustrates the sample structure, which was grown by 

gas-source molecular beam epitaxy. The InAsxP1-x QWs were 
fabricated with a constant thickness of 7.2 nm, and a gradual 
As/P composition such that the QW with largest energy band 

gap is located closest to the surface. For the dry etching 
processes, two commercial ICP reactors were used to vary the 
composition of the reactive gases between SiCl4/H2/Ar and 
Cl2/N2. Powers of the excitation source and sample bias were 
optimized for each chemistry. We performed two kinds of 
etching processes: 1) Exposure of large area samples either 
directly or protected by a SiNx hard mask to the etching gas; 2) 
Standard etching processes with rectangular waveguide 
structures defined by optical lithography. 

B. Characterizations 
For the investigations on large area samples, we used both 

spectral imaging CL at room temperature and 80 K, PL at 15 
K, and SIMS. For the investigations on ridge waveguide 
structures, we used spectral imaging CL at room temperature 
and 80 K, under top view and cross-section configurations. 

Figure 1. Sample structure. 

III. RESULTS AND DISCUSSION

Fig. 2 shows the SIMS profiles measured on both the 
reference sample (after epitaxial growth), and a large area 
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sample exposed directly to the Cl2/N2 etching process (i.e. 
without mask layer). 

Figure 2. SIMS profiles obtained with a Cs+ source on the un-etched 
reference sample (a) and the sample etched 3 mins with Cl2/N2 (b). The signals 

at masses 31 (P2), 35 (Cl) and 75 (As) were recorded. 

 The main observation is the presence of a Cl profile 
extending below the surface after etching started. After 3 mins. 
etching under the conditions used in this case, the InP cap layer 
has been almost etched, and the Cl penetrates up to the 3rd QW. 

The PL spectra measured at 15 K on different large area 
samples are shown on fig. 3. The two main observations are: 

1) a blue-shift of all the QW related luminescence lines upon 
exposure to the etching gas, up to 5 meV for the SiCl4/H2/Ar – 
2 mins exposure 

2) a strong narrowing of the luminescence lines, from 8 meV 
FWHM for the ref. sample to 5 meV for the SiCl4/H2/Ar – 2 
min exposure, in average. 

We also studied the evolution of the intensity of all the 
individual luminescence lines as a function of excitation power 
density. A quasi-linear dependence was observed, indicating 
that the nature of the excitonic transition remains unchanged. 
We can assume from this observation that the changes 
observed on the luminescence lines in the etched samples are 
not related to impurity bound excitons.. 

From these observations, one can tentatively argue that 
exposure to etching gases in our conditions induces a diffusion 
of Cl atoms, which might modify the composition profiles in 
the structures in a sense that increases the confinement energy 
of the QW transitions, and strongly sharpens them. A model for 
this modification will be presented. 

Figure 3. (a) PL spectra measured at 15 K with 1064 nm laser on the 
different samples. (b) Average energy shift of the 9 QWs (�) and spectral 

narrowing (�)
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Orientation-patterned (OP) GaAs crystals are very promising for their use in
nonlinear optical applications. In particular, mid-infrared and terahertz lasers
can be generated by frequency conversion from shorter-wavelength sources.
However, the quality of the crystals is crucial for high conversion efficiency, as
the presence of defects with electrooptical signatures can contribute to optical
losses. The study of these defects is a step toward the improvement of
OP-GaAs crystals. We present here a spectroscopic cathodoluminescence
study of the distribution of the main defects. Tentative relations between
defects and the optical propagation losses are discussed.

Key words: GaAs, nonlinear optics, quasi phase matching,
orientation-patterned crystals, cathodoluminescence,
antiphase boundaries

INTRODUCTION

Infrared (IR) and terahertz (THz) frequency
generation presents a high potential for applications
in IR spectroscopy, remote gas sensing, IR counter-
measures for aircraft protection, and THz imaging.
For these purposes one needs compact and efficient
tunable laser sources operating at room tempera-
ture. These specifications can be met by using non-
linear optical materials for frequency conversion. In
particular, GaAs presents a high potential because
of several properties, such as its large second-order
optical susceptibility, high transparency in a broad
IR range (0.9 lm to 18 lm), and excellent thermal
properties. However, GaAs is not birefringent, so
phase matching is not possible. Instead, one can
build up structures by alternating the sign of the
second-order optical susceptibility to produce IR and
THz sources based on the principle of quasi phase
matching (QPM).1 These structures can be prepared
by growing a grating of GaAs crystals with alter-
nating orientation, so-called orientation-patterned
GaAs crystals (OP-GaAs),2,3 which are periodic

gratings of inversion domains separated by anti-
phase boundaries (APBs). The domain widths range
from 20 lm to 2 mm, depending on the pump and
signal frequencies.2–4 These crystals are inserted
into an optical parametric oscillator (OPO), gener-
ating laser sources with wavelengths ranging from
2 lm to the THz range. The signal wavelength
range is determined by the choice of the pump laser
wavelength and the period of the OP-GaAs grating.
To accommodate the pump and signal beams the OP
crystal must have thickness>500 lm. To meet this
requirement, it is desirable to achieve very fast
growth rates for the periodic 001½ �� 00�1

� �
-oriented

GaAs domain structure.4 Hydride vapor-phase epi-
taxy (HVPE) is a technique fulfilling the require-
ments for growing thick layers suitable for QPM.
The bottlenecks to achieving high conversion effi-
ciency are fabrication of high-quality crystals in
order to minimize optical losses, and preservation of
the grating period all over the crystal to maintain
the efficiency of the nonlinear interaction. In addi-
tion to the purely geometric aspects concerning the
gratings, such as the vertical (110) APBs formed by
As-As and Ga-Ga antibonds, the crystal thickness,
the preservation of the grating period, or the
merging of domains with increasing thickness, one
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Journal of ELECTRONIC MATERIALS, Vol. 39, No. 6, 2010

DOI: 10.1007/s11664-010-1106-7
� 2010 TMS

805



also needs to control the presence of defects with
electrooptical signature,5 either point defects or
extended defects. These can have detrimental con-
sequences for the conversion efficiency. We present
here a cathodoluminescence (CL) study of OP-GaAs
crystals, aiming to reveal the main defects and how
they are distributed inside the OP-GaAs crystals.
Possible contributions to the optical losses are
discussed.

EXPERIMENTAL PROCEDURES

Epitaxial growth of OP semiconductor layers
suitable for bulk QPM nonlinear optics requires
templates with crystallographic orientation modu-
lation.2–5 Orientation-patterned templates can be
epitaxially fabricated using molecular-beam epitaxy
(MBE).2–4 First, a Ge layer is deposited on a vicinal
GaAs substrate (tilted 4� towards {111}B); then, a
GaAs layer crystallographically inverted with
respect to the GaAs substrate is deposited. This
GaAs 001ð Þ=Ge=GaAsð00�1Þ structure is lithographi-
cally etched, creating a periodic template of
001ð Þ substrateð Þ and ð00�1Þ (epitaxial layer) ori-
ented GaAs seeds. Thick OP-GaAs crystals were
regrown on those templates by low-pressure HVPE
in a custom-built reactor at the US Air Force Lab-
oratory Hanscom Research Site.6 The use of a
low-pressure reactor, instead of an atmospheric-
pressure reactor, allows more efficient use of the
reactant gases at high velocity and high partial
pressure. The system consists of a horizontal quartz
tube, heated by a three-zone furnace and sealed to
allow low-pressure operation in the range of 1 Torr
to 5 Torr. HCl vapor passing over a liquid Ga source
reacts to form GaCl, which is transported onto the
substrate. The arsenic source consists of arsine
(AsH3), which decomposes on the surface. Rapid
growth rates (up to 200 lm/h) can be attained using
low-pressure HVPE; therefore, layers with thick-
ness exceeding 1 mm can be grown in a single run of
10 h to 12 h of continuous growth.4 The uniformity
of the crystals is very important; one should con-
sider that, during such long growth runs, parasitic
nucleation of GaAs on the quartz reactor walls can
occur. The formation of these parasitic crystals has
the practical consequence of depleting the supply of
nutrients, slowing the growth rate, and altering the
growth conditions, with corresponding changes in
the crystal properties, as well as affecting growth
faceting, which can disturb the homogeneity of the
domain grating. Some samples were annealed at
950�C in order to study the nature of the main
defects present in the OP-GaAs crystals.

The characterization of the OP-GaAs crystals was
carried out by spectrally resolved CL measurements
using a XiCLOne (Gatan UK) CL system attached to
a LEO 1530 (Carl-Zeiss) field-emission scanning
electron microscope (FESEM). The luminescence
signal was detected with a Peltier-cooled charge-
coupled device (CCD) camera allowing the acquisition

of the full spectrum at each probed pixel. Spectrum
imaging (SI) analysis consists of the overall treat-
ment of the spectra, converting the acquired CL
images to the distribution images of the different
spectral parameters [intensity, peak wavelength,
and full-width at half-maximum (FWHM), relative
intensity of the bands, etc.] of the different lumi-
nescence band emissions. The measurements were
carried out at 80 K.

RESULTS AND DISCUSSION

The samples were cleaved in order to expose the
lateral facet of the OP-GaAs crystal. This cleaved
surface consists of the ð1�10Þ=ð�110Þ planes of the
alternating ½001�=½00�1� domain orientations, as
shown in Fig. 1. This figure shows a low-resolution
CL image of a cleaved surface, where the OP grating
is revealed by the CL contrast. The CL images show
the inhomogeneity of the samples in terms of light
emission efficiency. The contrast of these images is
determined by the ratio between radiative and non-
radiative recombination paths, which yields infor-
mation about the distribution of nonradiative
recombination centers. The two domain orientations
show different CL brightness; in general the 00�1

� �

domains look brighter than the [001] domains as a
consequence of the different incorporation rate of
defects in the two domains, because of their different
faceting.5 While [001] domains present low-index
faceting, i.e., {001}, 00�1

� �
domains are faceted by

high-index planes, i.e., {111}B; these facets have also
been indicated in Fig. 1. In undoped GaAs, even for
slightly substoichiometric [As]/[Ga] ratio, the main
nonradiative defect is the As antisite, AsGa, which is
related to the main deep level in GaAs, the so-called
EL2 level.7 The {111}B facets incorporate less As

Fig. 1. Large-area panchromatic CL image of the ð1�10Þ=ð�110Þ
cleaved plane of a 60-lm-period grating OP-GaAs crystal. An
intensity profile along a transverse scanning line is superimposed.
The growth facets are also indicated.
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than the {001} facets, which would account for the
lower emission efficiency of the [001] domains.

The CL image shows local areas of dark contrast
inside the domains in the regions close to the tem-
plate; these regions of reduced emission are associ-
ated with extended defects, probably dislocations.
This kind of defect can be observed within a region
extending a few tens of micrometers from the
template. In this region, there is not a significant
difference between the two domain orientations,
because the contrast of the CL image is mainly
dominated by the dark defects, which are probably
gathering a part of the excess As. Dislocations are
probably generated by the mismatch between the
HVPE layer and the template.8 Away from the dis-
location-rich region, the individual domains become
more homogeneous in terms of luminescence emis-
sion, observing the above-mentioned brighter CL
emission in the 00�1

� �
domains. It is also interesting

to note the presence of a slightly shadowed trace
along the center of the 00�1

� �
domains, following the

growth trajectory of the ridge formed by the two
{111}B facets forming the growth front of these
domains (Fig. 1), which indicates easier incorpora-
tion of As along this crystallographic direction
compared with the {111}B facets.

Figure 2 shows a typical case where one observes
the 00�1

� �
domains broadening at the expense of the

[001] domains. Different causes can contribute to
this poor geometry, e.g., the planar template orien-
tation, the growth temperature, and the parasitic
nucleation that can severely modify the effective
[As]/[Ga] flow ratio along the growth run.4

The domain walls appear dark in the CL images,
with a marked decrease of the CL intensity relative
to the domain cores (see the intensity profile along a
transverse scanning line in Fig. 1); the quenching of
the domain walls can attain a factor of three to four

compared with the domains, depending on the
sample and the domain orientation. On the other
hand, the lateral extension of the shadow area
around the domain walls is around 2 lm to 3 lm on
each side, which is the result of the diffusion of the
minority carriers towards the APBs; the antibonds
As-As and Ga-Ga are active nonradiative recombi-
nation centers.9 Nevertheless, the quenching of the
CL at the domain walls is less intense than expected
for the activity of the antibonds. On the other hand,
the dark area surrounding the APBs revealed by CL
is not uniform, suggesting an irregular domain wall
recombinative atmosphere; this suggests that the
domain walls are gathering defects which partially
suppress the antibonds, with corresponding fluctu-
ations in the nonradiative recombination activity
along the domain walls.

Typical CL spectra recorded in different charac-
teristic zones of the OP-GaAs crystals are shown in
Fig. 3. These spectra are characteristic of undoped
GaAs. The near-bandgap (NBG) emission consists of
an asymmetric band peaking at 822 nm (1.508 eV),
which corresponds to a bound exciton, and the high-
energy-side overlapping band-to-band transition.9

Several defect-related bands are observed, at 890 nm
(1.39 eV), 910 nm (1.36 eV), 927 nm (1.337 eV), and

Fig. 2. Large-area panchromatic CL image of an OP-GaAs crystal
growing with nonvertical walls.

Fig. 3. Typical CL spectra obtained at selected regions of the
OP-GaAs crystals: (a) selected zones of the domain wall, (b) general
spectrum inside the domains and at the domain walls in zones
different from those giving spectrum (a), (c) close to the template.
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950 nm (1.31 eV). The band at 890 nm is exclusively
observed at the interface between the GaAs layer
and the template. This band has been related to
SiGa–GaAs complexes10; in our case, its appearance
close to the template suggests that it could be due to
a similar complex, involving Ge instead of Si. Nev-
ertheless, its relevance is very reduced, because it is
only observed in a very narrow region. The band at
910 nm is the main defect-related band. It has been
associated with Ga vacancy complexes (VGa com-
plexes)11 in undoped GaAs. The shoulder peaking at
927 nm always accompanies the 910-nm band, and
can be tentatively associated with a phonon replica
of the acceptor transition related to the 910-nm
band. The 910-nm band provides very useful infor-
mation, since we observed a correlation between the
intensity of this band and the free hole concentra-
tion in control samples grown under different HCl
flows, which inhibits the incorporation of Si arising
from the reactor walls (Fig. 4). Therefore, the pres-
ence of an intense 910-nm emission suggests that
the material is p-type.

The spatial distribution of the different spectral
parameters was extracted from the spectrum ima-
ges and is presented in Fig. 5, together with the
profiles along a transverse scan line. The mono-
chromatic (822-nm) emission intensity of the exci-
tonic band (Fig. 5a) and the monochromatic
(910-nm) emission intensity of the VGa-related defect
band (Fig. 5b) present similar contrast. The domain
walls appear dark for both emissions because of the
nonradiative recombination activity of the walls. In
order to reveal the distribution of the VGa-related
centers, without the influence of the nonradiative
recombination centers, we generated an image of
the relative intensity of the defect-related emission
(I910 nm/I822 nm), which is shown in Fig. 5c. In this
figure, local enhancement of the [VGa] is observed,
surrounded by a depleted area at both sides of the
walls, the depletion being deeper in the 00�1

� �

domain side. This is consistent with our previous
discussion of higher incorporation of excess As in
the [001]-oriented domains, favoring the formation
of typical As-rich defects as VGa. This behavior is
also consistent with our hypothesis of the gathering
of defects by the domain walls. An accumulation of
Si at the APBs in Si-doped GaAs was reported in
Ref. 12, evidencing the defect decoration of the APBs.

The band peaking at 950 nm is only observed in
selected regions of the domain walls, its appearance
being very irregular. The origin of this band is a
matter of controversy. A band peaking around this
energy was related to the GaAs acceptor

13; however,
our samples are grown under As-rich conditions,
which do not favor the creation of GaAs antisite
defects, even if the region surrounding the domain
wall can constitute local conditions favoring the
formation of GaAs-like defects. On the other hand,
this band was not observed in samples grown under
Ga-rich conditions. This observation makes very
improbable the relation between the 950-nm band
and the GaAs defect. Furthermore, under our
growth conditions it was only observed at the very
early growth stages, close to the template. At the
present time, we have not been able to establish a
relation between the growth conditions and the

Fig. 4. Plot of the relative CL intensity of the 910-nm (VGa-related)
band versus the free carrier concentration. The data were obtained
on substrates grown in the same reactor where the OP crystals were
grown, varying the conditions to change the free carrier concentra-
tion. Note that negative values on the x-axis indicate a change of free
carrier type.

Fig. 5. Monochromatic images and transverse profiles: (a) 822-nm band amplitude, (b) 910-nm band amplitude, (c) relative amplitude of the
910-nm band (I910 nm/I822 nm).
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creation of the defects responsible for this band.
Nevertheless, the fact that it is only observed close
to the template suggests that it is generated under
the high nutrient fluxes before parasitic nucleation
induces effective nutrient depletion. In annealed
(950�C) OP crystals one observes the 950-nm band
along the walls over the full thickness of the OP
crystal (Fig. 6), which means that it is being created
during the annealing step. One should consider the
role of the domain walls in the redistribution/
formation of point defects; in fact, one could a priori
expect that the domain walls are sinks for diffusing
defects. The analysis of the spectrum images in the
annealed OP-GaAs crystals is shown in Fig. 6. It is
observed that the emission at 950 nm is limited to
the domain walls (Fig. 6b), showing that the defects
responsible for this band are being gathered by the
APBs, which reduce their nonradiative recombina-
tion activity. On the other hand there is also a clear
anticorrelation between the 950-nm band and the
910-nm band (Fig. 6b–c), which suggests that the
defects responsible for the 950-nm band inhibit
the formation of the VGa defects. One could argue
about the formation of defects on Ga sites, e.g.,
AsGa-related defects; why this defect emits at
950 nm and with so a narrow band (full-width at
half-maximum � 5.2 meV) needs further study;
also one could discuss the properties of such anti-
sites in an APB environment. Anyway, the above
results demonstrate that the domain walls are
active centers for defect gathering. This is consis-
tent with the fact that the luminescence intensity at
the domain walls is not as strongly quenched as
expected for APBs.9

Regarding the possible sources of optical losses,
one has to distinguish between pumping light losses
and signal losses. The wavelength of the pumping
light is typically longer than 2 lm to avoid two-
photon absorption; therefore, the main causes of
losses can be absorption by deep levels or light
scattering by extended defects or microprecipitates.
Note that saturation of the defects decorating the
domain walls could result in the formation of those
microprecipitates, which could act as light scatter-
ing centers,14 with subsequent importance for opti-
cal losses. If one assumes that the main deep center
is relate to EL2, the position of the Fermi level can
be very relevant for the absorption of the pumping
light. In n-type material, the Fermi level is pinned
above the EL2(0/+) level; therefore, the absorption

of wavelengths longer than 2 lm is almost
negligible.15 In p-type material the Fermi level is
pinned below the EL2(0/+) level; therefore, part of
the EL2 levels are empty, EL2(+/++), and these
levels can absorb the pumping light.15 Regarding
signal losses, light absorption by free electrons is
probably the main source.16

CONCLUSIONS

Orientation-patterned (OP) GaAs crystals have
been studied by spectrum image CL. The contrast
between the two domain orientations and the domain
walls is mainly governed by the distribution of non-
radiative recombination centers. The distribution of
themain defects has been revealed, showing that the
domain walls are decorated by defects. The possible
influence that these defects can have on the optical
losses has been discussed. Understanding the nature
of the defects present in OP-GaAs crystals and their
distribution is critical for control of the growth con-
ditions in order to reduce optical losses. CL is a
powerful tool for studying these crystals.
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 © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

p s s
current topics in solid state physics

c

st
a
tu

s

so
li

d
i

www.pss-c.comp
h

y
si

caPhys. Status Solidi C 9, No. 7, 1674–1676 (2012) / DOI 10.1002/pssc.201100544 

Spectrally resolved cathodo- 
luminescence imaging study of  
periodic [001]/[00-1] GaAs structures 
for nonlinear optical conversion 
V. Hortelano1, O. Martínez1, J. Jiménez*1, C. Lynch2, M. Snure2, and D. Bliss2 

1 GdS Optronlab., Univ. de Valladolid, Paseo de Belén 1, 47011 Valladolid, Spain 
2 Air Force Research Laboratory, Sensors Directorate, Hanscom AFB, MA 01731, USA 

Received 7 September 2011, accepted 13 February 2012 
Published online 21 May 2012 

Keywords cathodoluminescence, OP-GaAs, mid infrared 
                               
* Corresponding author: e-mail jimenez@fmc.uva.es, Phone: +34 983 423191, Fax: +34 983 184956,  
* web: alba.eis.uva.es 
 

Orientation patterned (OP)-GaAs crystals are very prom-
ising as nonlinear optical materials. They are suitable for 
mid-infrared and terahertz laser sources, by frequency 
conversion of shorter wavelength pump sources. OP-
GaAs crystals must contain low concentrations of defects 
and must be homogeneous to reduce fluctuations, in the 

refractive index and the concomitant optical propagation 
losses. Understanding of the defects with electrooptic 
signature is crucial to improve the growth conditions for 
reducing their presence. Spectrally resolved cathodolu-
minescence imaging is used to study the main defects and 
how they are distributed throughout the OP-GaAs crystal. 

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  

1 General Mid infrared (mid-IR) and terahertz (THz) 
frequency sources have a great potential for IR spectros-
copy for remote gas sensing, IR countermeasures for air-
craft protection, and THz imaging. Therefore, a great effort 
is devoted to the fabrication of such laser sources. In the 
last years, the nonlinear optical conversion by quasi-phase 
matching (QPM) using alternate oriented GaAs crystals 
has received a great deal of attention [1,2]. GaAs presents 
excellent properties as a mid-IR material, because of its 
very large nonlinear optical coefficient (�100 pm/V), 
transparency in the spectral window of interest (0.9-17 
�m), excellent thermal conductivity, high laser power 
damage threshold, and well developed wafer process tech-
nology. However, it cannot be used for nonlinear optics 
because it is isotropic; therefore, structures with modulated 
non-linear optical coefficient have to be prepared. Gratings 
formed by domains with alternating signs of the second or-
der optical susceptibility have to be fabricated. This can be 
achieved by reversing the crystal orientation, forming the 
so-called orientation patterned GaAs crystals (OP-GaAs), 
which are periodic structures of [001] and [00-1] oriented 
GaAs crystals. These crystals are pumped by a laser beam 
inside an optical parametric oscillator (OPO), giving wave-

length conversion from 2 �m to the THz range. The thick-
ness of the periodic grating must be high enough for set-
ting up the pumping laser beam (>300 �m). These thick 
crystals demand fast growth rates. The crystal growth is 
carried out by hydride vapour phase epitaxy (HVPE) on 
patterned templates. High quality materials, free of defects, 
and uniform grating periods over the full crystal thickness 
are required for attaining high conversion efficiencies. 
Spectrally Resolved Cathodoluminescence Imaging 
(SRCLI) is a powerful tool for studying these structures 
[3,4], because it allows identifying the main defects with 
electro-optical signature and their spatial distribution. We 
present herein a CL characterization of these crystals. 
 

2 Experimental and samples Epitaxial growth of 
thick OP-GaAs crystals suitable for QPM conversion is 
done on patterned template seeds with crystallographic ori-
entation modulation [2,5,6]. The templates are prepared by 
molecular beam epitaxy (MBE) [1,2,5] using a nonpolar 
semiconductor (Ge) layer deposited on a vicinal GaAs (po-
lar semiconductor) substrate (tilted 4º towards {111}B 
face); thereafter, a GaAs layer is deposited by MBE under 
selected deposition conditions, in order to obtain the GaAs 
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layer with crystal orientation reversed with respect to the 
GaAs substrate. This GaAs (001)/Ge/GaAs(00-1) structure 
is lithographically etched preparing a periodic template of 
(001) (substrate) and (00-1) (epitaxial layer) oriented GaAs 
seeds. Thick OP-GaAs crystals are regrown on those tem-
plates by low pressure HVPE in a custom-built reactor at 
the Air Force Hanscom Research Site [2,7]. The low pres-
sure reactor allows an improved use of the reactant gases at 
high velocity and high partial pressure. The reactor con-
sists of a horizontal quartz tube, heated by a three-zone 
furnace and sealed to allow low pressure operation in the 
range of 1 to 5 torr. HCl vapor passing over a liquid Ga 
source reacts to form GaCl, which is transported onto the 
substrate. The arsenic source consists of arsine (AsH3), 
which decomposes on the sample surface.  Fast growth rate, 
200 �m/hr, can be achieved in this reactor, allowing the 
growth of layers with thickness up to 1 mm in a single 
growth run [4]. Most of the defects concentrate in the walls 
between the two domain orientations. 

The OP-GaAs crystals were studied by spectrally re-
solved CL measurements using a XiCLOne (Gatan UK) 
CL system attached to a LEO 1530 (Carl-Zeiss) field emis-
sion scanning electron microscope (FESEM). The CL sig-
nal was detected with either a Peltier cooled charge cou-
pled device (CCD) camera, or a liquid nitrogen cooled In-
GaAs array. The measurements were carried out at 80 K. 

 
3 Results and discussion A typical CL image of 

the cleaved surface exposing the (1-10) planes of the alter-
nated [001]/[00-1] GaAs orientations is shown in Fig. 1. 
The [00-1] domains show brighter CL contrast than the 
[001] domains, which is the consequence of the higher in-
corporation of nonradiative recombination centers in [001] 
domains with respect to the [00-1] domains. This is the 
consequence of the differing faceting of the two growth 
fronts [5, 6]; {001} for [001] domains, and high index 
planes, {111}B, for [00-1] domains. The contrast between 
the two domains is interpreted in terms of the different in-
corporation of nonradiative recombination centers 
(NRRCs) in [001] domains with respect to [00-1] domains. 
NRRCs are associated with excess arsenic in undoped 
GaAs; because there was no emission around 0.6-0.8 eV, 
the NRRCs are arsenic antisite related defects (AADRs); 
which are formed by the absorption of As2 molecules on 
Ga sites [8]. 

The walls between the two domains look dark-
contrasted in the CL images. The antibonds As-As and Ga-
Ga, are active nonradiative recombination centers [9]; 
however, the quenching of the CL at the domain walls is 
less intense than expected for the activity of the antibonds.  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 PanCL image showing the contrast between the two 
domains and the walls. The white plot is the intensity profile 
across the white line crossing the domain grating. (T = 80 K, Eb = 
15 kV).  
 

Typical CL spectra of the OP-GaAs crystals are shown 
in Fig. 2. Spectrum b for undoped GaAs, with  the near 
band edge (NBE) emission consisting of an asymmetric 
band peaking at 822 nm (1.508 eV), which corresponds to 
a bound exciton, and the high energy side overlapping 
band to band transition [10]. Several defect related bands 
are observed, 910 nm (1.36 eV), 927 nm (1.337 eV) and 
950 nm (1.31 eV). The band at 910 nm is associated with 
Ga vacancy complexes (VGa

- complexes) [11] in undoped 
and lightly n-type doped GaAs. The band at 927 nm al-
ways accompanies the 910 nm band, it can be associated 
with a phonon replica of the acceptor transition related 910 
nm band. The band at 950 nm is only observed in selected 
zone of the walls, Fig. 2a; its origin is not well understood, 
since a band with such characteristics is not documented, 
the closest band reported is associated with GaAs point de-
fects [12]. The defects responsible for this band are exclu-
sively formed along the walls. This defect could be exclu-
sive of the domain wall environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 CL spectra corresponding to different zones, a) wall, b) 
domain body (T = 80 K, Eb = 15 kV). 
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CL images of the walls, (011) planes, were acquired on 
samples where the wall plane was revealed by polishing 
along a low angle (5º) bevel. CL images of the domain 
wall shows the presence of cluster like distributions of cen-
ters emitting at 950 nm. The presence of the defects re-
sponsible for this emission along the domain wall supports 
the inhibition of the antibonds along the walls, which 
should account for the partial quenching of the lumines-
cence at the walls, instead of the almost full quenching due 
to the presence of antibonds [9]. Figure 3 presents mono-
chromatic images, normalized to the total luminescence in-
tensity, of the NBE, the 910 nm, and the 950 nm bands at 
the domain wall.  

 
  
   
Figure 3 Monochromatic images (normalized to the total lumi-
nescence emission) of the domain wall: NBE emission (a), 910 
nm band (b), and 950 nm band (c) (T = 80 K, Eb = 15 kV).  
 
The NBE emission is anticorrelated with the 950 nm emis-
sion, evidencing competition between the two recombina-
tion processes. The 910 nm band is anticorrelated with the 
950 nm band at the wall, it is enhanced in the zones of the 
wall where the band 950 nm is weak, with respect to the 
zones far away the wall, upper part of the images. This be-
haviour evidences the role of the domain walls as gettering 
zones for point defects.  
If one looks the walls at the monochromatic images on the 
(1-10) planes, one observes a contrast similar to that re-
ported in Fig. 3 for the normalized monochromatic images, 
Fig. 4. 
 

 
 
Figure 4 Monochromatic images (normalized to the total lumi-
nescence emission) of the (0-11)/(-110) planes: NBE emission 
(a), 910 nm band (b), and 950 nm band (c) (T = 80 K, Eb = 15 
kV). 
 

The distribution of the three emissions are similar to the 
ones observed in the (011) planes, Fig. 3. The use of the 
monochromatic images normalized to the total emission 
permits neglecting the NRRCs contribution, allowing the 
assessment of the distribution of the point defects around 
the domain walls. 
 

4 Conclusion Point defects are mainly concen-
trated around the domain walls of the OP-GaAS crystals. 
Those defects are mainly VGa related complexes, and other 
unknown defects, which could be tentatively associated 
with gallium antisites. The presence of these defects in the 
domain walls, suppresses the nonradiative recombination, 
dominant in the regions of the walls where the emission 
associated with those defects is not observed. 
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ABSTRACT 

         Orientation patterned (OP)-GaAs crystals are attractive materiasl for mid-infrared 
and terahertz lasers sources, using non linear optics frequency conversion from shorter 
wavelength sources. The optical propagation losses are critical to the fabrication of 
these sources; among the causes of optical losses the generation of defects and the 
incorporation of impurities must play a relevant role. The control of the incorporation of 
impurities and defects is, therefore, crucial to improve the performance of the OP-GaAs 
crystals as non linear optical materials. We present herein a cathodoluminescence 
analysis of OP-GaAS crystals intentionally doped with Si, in order to understand the 
incorporation paths of Si in the OP-GaAs crystals.  

 

INTRODUCTION 

Mid infrared (mid-IR) and terahertz (THz) frequency sources are very important 
for IR spectroscopy for remote gas sensing, IR countermeasures for aircraft protection, 
and THz imaging. In spite of this technological interest, mid-IR laser sources are 
scarcely available. Among the more attractive candidates for those laser sources, the 
non linear optical conversion by quasi-phase matching (QPM) with GaAs crystals is 
taking a significant role (1, 2). The high non linear optical coefficient of GaAs makes it 
an ideal candidate as a mid-IR material, as it is transparent in the spectral window of 
interest (0.9-17 �m). Nevertheless; GaAs is an isotropic material, and therefore one 
cannot periodically pole it for modulating the non linear optical coefficient. The 
alternative to this is the fabrication of gratings with periodical alternation of the non 
linear optic coefficient. This can be done by periodically reversing the crystal 
orientation, forming the so-called orientation patterned GaAs crystals (OP-GaAs), 
which are periodic gratings of [001] and [00-1] oriented crystals. The epitaxial 
fabrication of OP-GaAs crystals has demonstrated second harmonic generation, optical 
parametric generation, amplification and oscillation in the spectral window of 1 to 12 
μm [3]. 
 

These crystals are inserted in an optical parametric oscillator (OPO), allowing 
laser sources with wavelengths ranging from 2 �m to the THz range. Fast growth of the 
periodic GaAs structures is achieved by hydride vapour phase epitaxy (HVPE) (4-6). To 
reach sufficient conversion efficiency, the optical propagation losses must be 
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minimized, which demands a material free of defects. The understanding of the 
incorporation of defects is essential to improve the growth method. The study of 
structures intentionally doped with Si is very useful for that purpose. We present herein 
a spectrally resolved cathodoluminescence (SRCL) analysis of Si-doped OP GaAs 
crystals. 
 
EXPERIMENTAL AND SAMPLES 

 
OP GaAs crystals for QPM nonlinear optics devices are done on template seeds 

with crystallographic orientation modulation (2, 4-7). Orientation-patterned templates 
are prepared by molecular beam epitaxy (MBE) (2, 8). A Ge (non polar semiconductor) 
layer is deposited on a vicinal GaAs (polar semiconductor) substrate (tilted 4º towards 
the {111}B face); a GaAs layer is then deposited by MBE under selective growth 
deposition conditions, in order to deposit a GaAs layer with reversed orientation with 
respect to the GaAs substrate. This substrate [GaAs (001)]/Ge/epilayer[GaAs(00-1)] 
structure is lithographically etched preparing a periodic template of (001) (substrate) 
and (00-1) (epitaxial layer) oriented GaAs seeds. Epitaxial growth of GaAs and OP-
GaAs was performed using a custom built HVPE reactor at Hanscom AFB (4, 6). HCl 
vapor passing over a liquid Ga source reacts to form GaCl, which is transported onto the 
substrate. The use of a low pressure reactor, instead of an atmospheric reactor, allows a 
more efficient use of the reactant gases at high velocity and high partial pressure. The 
system consists of a horizontal quartz tube, heated by a three-zone furnace (allowing the 
control of the GaCl source temperature, mixing temperature and substrate temperature, 
repectively (9, 10), and sealed to allow low pressure operation in the range of 1 to 5 torr.   
The arsenic source consists of arsine (AsH3), which decomposes on the sample surface; 
while, the Si doping source was the chlorosilane formed in situ by the reaction between 
HCl and Si. Fast growth rates, up to 200 �m/hr, can be reached in this reactor, allowing 
the growth of layers with thickness up to 1 mm in a single growth run (4). 
 

Cathodoluminescence (CL) was used to study the presence of defects related to 
Si, and their distribution in the OP-Gas structure. The measurements were carried out at 
80K. The CL set-up (Gatan mono-CL2) was attached to a field emission scanning 
electron microscope (FESEM-Carl-Zeiss LEO 1530). The luminescence detection was 
done by either a photomultiplier (PM) for panchromatic CL imaging, or a liquid 
nitrogen cooled InGaAs array for the SRCL analysis.  

 
RESULTS AND DISCUSSION 
 
 The CL spectrum of the Si-doped OP-GaAs crystals is shown in Fig.1 together 

with the CL spectrum of the undoped GaAs crystals. The spectrum of the undoped  OP-
GaAs crystal presents  the near band edge (NBE) emission consisting of an asymmetric 
band peaking at 822 nm (1.508 eV), which corresponds to a bound exciton, and the high 
energy side overlapping band to band transition (11). Two defect related bands are 
observed, 910 nm (1.36 eV), 927 nm (1.337 eV). These bands have been associated 
with Ga vacancy complexes (VGa

- complexes) (12) in undoped and lightly n-type doped 
GaAs.  
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Figure.1. CL spectra of undoped (dashed line) , and Si doped (solid line) OP-GaAs 
samples. The insert shows the broad band at �1200 nm (1.03 eV) in Si-doped sample. 
 

The spectrum of the Si-doped sample shows broadening, and blue shift of the 
NBE band, which can be associated with band filling effect (Burstein Moss) (13). It 
presents three bands peaking at 901.8 nm (1.37 eV), which can be associated with VAs 
acceptor complexes (14), a broad band peaking at � 1010 nm (1.22 eV) henceforth 
labelled 1000 nm band, related to VGa-SiGa complex (15), and a second broad band 
peaking � 1200 nm (1.03 eV) henceforth labelled 1200 nm band, this band is only 
observed in Si-doped samples, it is usually related to a complex involving Si impurities, 
SiGa-SiAs (16). In ref. 10 it was shown that the SiGa concentration cannot explain the 
changes in carrier concentration and type observed in samples grown under different 
conditions, indicating the formation of other compensating defects. 
    

The spectrum images permit to follow the distribution of the different bands and 
thereafter the incorporation of the Si related defects over the OP-GaAs structure. Fig.2 
shows the spectrum images representing the NBE emission amplitude, the amplitudes of 
the 1000 nm, and 1200 nm bands normalized to the NBE amplitude, the peak 
wavelength, �max, and the full width at half maximum, FWHM, of the the NBE 
emission. The line plots are profiles obtained along a horizontal line. The NBE emission 
amplitude shows the typical behaviour of OP GaAs crystals, showing partial quenching 
at the domain wall, and higher emission intensity in the [00-1] domains than in the 
[001] domains; which is due to the higher incorporation of As in the [001] domains than 
in the [00-1] domains. The excess arsenic results in the formation of AsGa related 
defects, though in the case of Si-doped material it is in competition with the formation 
of SiGa donors. In bulk crystals these defects are usually labelled EL2; however, in the 
case of epitaxial layers the structure of the defect is not forcely the same; therefore, we 
will label them arsenic antisite related defects (AADR); which are formed by the 
absorption of As2 molecules on Ga sites (17). 

 
On the other hand, the peak wavelength and the FWHM of the NBE band show 

anticorrelation, higher �peak, and lower FWHM in [00-1] domain with respect to the 
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[001] domain. Due to the Burstein- Moss effect (13) the �max and the FWHM of the 
NBE emission are sensitive to the concentration of free electrons; the two parameters 
evidence a strong contrast between the two domains, which is due to the much higher 
incorporation rate of Si in the [001] domain with respect to the [00-1] domain. The wall 
appears as a transition region between the two domains in terms of Si incorporation, in 
contrast to the gettering effect with respect to other defects as revealed by the 
distribution of defect related bands. Therefore, one can argue that the concentration of 
free electrons is higher in the [001] domains; which can be interpreted in two ways; 
there is a higher concentration of Si donors, SiGa, or the compensation ratio is lower, 
which can be explained by the lower formation of SiAs acceptor in the [001] domains as 
a consequence of the excess of As in this domain with respect to the [00-1] domain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure.2. Panchromatic CL image (left). Spectrum images taken on the red area and 
superposed horizontal profiles of  (from top to bottom) NBE amplitude emission, 
relative amplitude of the 1000 nm band, relative amplitude of the 1200 nm band, �max, 
and FWHM of the NBE band. 
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The band peaking at 1000 nm associated with SiGa-VGa complexes (15), follows 
a similar distribution to the VGa related band peaking at 910 nm (1.36 eV) in undoped 
OP-GaAs crystals (9), in particular, it shows similar enhancement at the domain wall, 
which is consistent with the presence of the VGa defects in the complex responsible for 
this emission. The distribution of the 1200 nm band around the domain wall is different, 
it is not symmetric at both sides of the wall, because it is related to the SiAs-SiGa 
complex (16), which the distribution is probably governed by SiAs; one expects a higher 
concentration of SiAs in the [00-1] domain because of the lower [As] in that domain 
orientation. This is particularly clear around the domain wall, where one observes an 
increase of the emission in the [00-1] domain and a decrease in the [001] domain. The 
higher concentration of SiAs defects in the [00-1] domains is also consistent with the 
distribution of the �max and FWHM parameters of the NBE emission, because the 
presence of SiAs produces self compensation, with the concomitant reduction of the free 
electron concentration in the [00-1] domains, as deduced from the redshift of the NBE 
peak in the [00-1] domain with respect to the [001] domain.  
 
CONCLUSION 
 

Intentionally Si-doped OP GaAs crystals have been studied by SRCL in order to 
understand the incorporation of Si impurities, which is one of the main contamination 
sources in these crystals. The CL spectrum images reveal that Si is incorporated as both 
a donor, SiGa, and an acceptor, SiAs, forming complexes, which are identified by the 
corresponding defect related bands. The incorporation of Si is shown to be different in 
the two domain orientations, being partially determined by the incorporation of As and 
Ga to the two domains. The [001] domain reveals a higher concentration of free 
electrons, with respect to the [00-1] domain, which is characterizaed by a high degree of 
selfcompensation because of the formation of SiAs  defects. The role of the domain walls 
is also described through the distribution of the different spectral parameters. 
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a b s t r a c t

Orientation-patterned GaAs (OP-GaAs) has shown promise as an efficient frequency-shifted laser

source over the range of 2–12 mm. In order to make OP-GaAs a viable source, efficiency and output

power must be significantly increased, which requires minimizing major sources of loss. Low pressure

HVPE has been adopted as the most suitable technique for regrowth of thick high quality GaAs layers on

OP templates. We have explored process parameters in bulk and OP material to identify and control the

sources of point defects, a key contributor to optical losses. Growth on OP templates with periodic [001]

and [00�1] domains results in domain specific surface orientation, which should have inhomogeneous

defect incorporation. Hall measurements, SIMS depth profiling, and cathodoluminescence (CL) were

used to identify point defects in bulk and OP-GaAs. It was found that Si impurities are the primary

source of donors, while VGa were identified as the primary source of acceptors. In order to study the

incorporation of impurities in OP-GaAs samples, we intentionally doped samples with Si to increase CL

and SIMS detectability. Spatially resolved CL and SIMS revealed regions with significant differences in

the defect concentration, which can affect device output.

Published by Elsevier B.V.

1. Introduction

High power, tunable laser sources of near-infrared (NIR) to
THz radiation are important for IR countermeasures, spectro-
scopy, gas detection, and imaging applications. However, such
lasers are scarcely available. Frequency shifted lasers based on
NIR pumped orientation patterned (OP) GaAs crystals have shown
great potential as efficient room temperature sources of radiation
from 2 to 12 mm [1–4].

Gallium arsenide is a well known non-linear optical material
with a high non-linear coefficient (d14¼94 pm/V), broad IR
transparency, high damage threshold, and high thermal conduc-
tivity making it ideal for application in the NIR to THz range. In
spite of these promising qualities, GaAs is optically isotropic
causing dispersion between the pump and signal greatly limiting
output efficiency. Dispersion can be minimized with quasi-phase
matching (QPM), which in GaAs is done by periodically inverting
the crystallographic orientation and therefore the sign of the non-
linear coefficient [5]. The most viable process to produce QPM
GaAs is to epitaxially grow OP-GaAs crystals with alternating

[001]/[00�1] domains connected by anti-phase boundaries [6,7].
Crystals greater than 800 mm thick, which are required for device
operation, are grown by a low pressure hydride vapor phase
epitaxy (LP-HVPE) process directly on OP-GaAs templates (see
Refs. 8-10 for information on template fabrication).

HVPE is an ideally suited technique for epitaxial growth of
thick GaAs on OP-GaAs templates, which combines high growth
rates, selective and planar growth, and low background doping
concentrations [11]. Early reports on background doping identi-
fied Si as the primary impurity, which is formed from chlorosi-
lanes when HCl reacts with the quartz reactor [12–15]. This
process is known to be kinetically limited with small changes in
the substrate temperature significantly changing the free carrier
concentration [12]. In the most comprehensive work, Dilorenzo [13]
concluded that GaAs with the lowest free carrier concentration and
highest mobility was grown on (001) substrates with low (o51)
misorientation and low substrate temperatures (o700 1C).

In order to achieve efficient device operation the major sources
of loss need to be minimized. These include imperfect phase
matching (i.e. missing domain reversals and non-symmetric
domains) and material losses [16]. Phase matching losses can be
minimized by selecting the proper template orientation, growing
at lower temperature, and careful template fabrication [7]. The
source and severity of material related losses have not yet been
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determined. In this paper we discuss the incorporation of point
defects, namely Si, in LP-HVPE grown GaAs and OP-GaAs, as
revealed by Hall, SIMS, and cathodoluminescence characteriza-
tion techniques. To understand the effect these point defects have
on device performance we must first determine their concentra-
tions and how they are distributed throughout these engineered
structures.

2. Experimental

Epitaxial growth of GaAs and OP-GaAs was performed using a
custom built HVPE reactor at Hanscom AFB. The reactor was
designed to operate at low pressure (1–10 Torr) and has three
independent heating zones for controlling the GaCl source tem-
perature, mixing temperature, and substrate temperature. Details
of the reactor have been previously reported [6,7]. All samples
were grown under the same conditions with a III/V of 0.5 and
total pressure around 5 Torr; only the substrate temperature was
changed in the range of 823–1023 K. One hour growth runs were
used to study the effect of substrate temperature on defect
incorporation in bulk GaAs grown on (001) and (001) misoriented
41 towards (111)B wafers. Wafer orientations were selected
because OP-templates fabricated by wafer fusion [9] and MBE
[10] processes use (001) and (001) misoriented 41 towards (111)B
wafers, respectively. Undoped and Si doped OP-GaAs were grown
on OP-templates grown by the MBE process with periodic [001]/
[00�1] domains to study defect incorporation throughout these
engineered structures. Templates with 28 mm wide domains were
used in this study. A substrate temperature of �960 K was
selected as the best for growth of OP-GaAs [7]. Chlorosilanes
formed in situ by reacting HCl and Si were used as the Si doping
source.

Sample thickness was measured by Nomarski contrast micro-
scopy and scanning electron microscopy (SEM) of cleaved and
etch-stained cross sections. Carrier concentration was determined
by Hall measurement at room temperature using a Van der Pauw
configuration. Secondary-ion mass spectroscopy (SIMS) depth
profiling was used to measure the impurity concentration in bulk
and OP-GaAs. Cathodoluminescence (CL) was used to spatially
resolve the defects in bulk and OP-GaAs crystals at 80 K. CL was
performed using a XiCLOne (Gatan UK) CL system attached to a
LEO 1530 (Carl-Zeiss) field emission scanning electron micro-
scope (FESEM). The CL signal was detected with a Peltier cooled
charge coupled device (CCD) camera allowing the acquisition of
the full spectrum at each probed pixel.

3. Results and discussion

Fig. 1a shows the room temperature carrier concentration of
unintentionally doped bulk GaAs grown on semi-insulating (001)
and (001) misoriented 41 towards (111)B wafers at temperatures
between 823 and 1023 K. Results show the carrier type and
concentration depend sensitively on the substrate temperature
and that samples were found to change from p to n-type as
the temperature was increased. This transition takes place at
between 925 K and 970 K in samples grown on (001) and around
970 K in samples grown on (001) misoriented 41 towards (111)B
wafers. Samples grown on (001) misoriented 41 towards (111)B
wafers tend to have a higher NA–ND (NA is the acceptor concen-
tration and ND the donor concentration) at a given substrate
temperature. SIMS profiling was done on 5 samples grown on
(001) wafers at substrate temperatures between 823 and 1023 K.
Fig. 1b shows measured C, O, Si, and Ge concentrations averaged
from 0.5 to 5 mm deep. The C, O, and Ge concentrations all remain

below or near the detection limit (DL) in samples grown at
temperatures up to 977 K. Samples grown at 1023 K have mea-
sured C, O, and Ge concentrations of 3�1016, 4�1016, and
8�1015 atoms/cm3, respectively. The measured Si concentration
shows a distinct trend of increasing with substrate temperature
over the entire temperature range. The Si concentration increased
from oDL (1�1015 atoms/cm3) in samples grown at 823 K to
3�1016 atoms/cm3 in samples grown at 1023 K. This trend of
increasing Si concentration with substrate temperature is in
agreement with the kinetically limited chlorosilane model used by
Kupper et al. [14] and Nakanisi and Kasiwagi [17]. In GaAs Si forms
the shallow donor SiGa at concentrations o1�1019 atoms/cm�3

[18]. However, comparison of Hall data and SIMS data in Fig. 1a and
b shows that changes in SiGa concentration alone cannot explain the
dramatic changes in carrier concentration and type, indicating there
must be a source of acceptors.

To identify other point defects CL spectra taken from n and
p-type GaAs are shown in Fig. 2. The emission spectrum consists
of an asymmetric band at 822 nm (1.508 eV), which corresponds
to a bound exciton and the high energy band to band transition
[19], this is the near band edge (NBE). Accompanying the NBE are
defect related bands observed at 910 nm (1.36 eV) and 927 nm
(1.337 eV). The band at 910 nm is associated with Ga vacancy [20]
and the band at 927 nm is a phonon replica of this band.

Fig. 1. Variation of room temperature carrier concentration with substrate tem-

perature for GaAs grown on (001) and (001) misoriented 41-(111)B ((001) 41.)
(a) and SIMS measured O, C, Ge, and Si concentration of GaAs grown on (001)

substrates with the detection limit (DL) added as a reference. The line plotting Si

concentration vs. temperature is a guide to eye (b).
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The primary difference between the n and p-type spectra is the
presence of the 910 and 927 nm bands in the p-type sample. The
presence of these bands indicates a higher VGa concentration in
the p-type material, which is expected since VGa is a common
native acceptor. Increasing the substrate temperature causes a
decrease in the supersaturation of arsenic species in the vapor,
which is commensurate with the VGa concentration. Therefore,
strong temperature dependence of carrier concentration can be
explained by the combined effects of increased Si concentration
and decreased VGa concentration with temperature.

Growth experiments on unpatterned wafers were used to
understand bulk defect incorporation; however, it is not expected
that defect incorporation will be uniform throughout OP-GaAs
structures. The templates used to grown OP-GaAs consist of
neighboring domains with alternating (001) and (00–1) surfaces.
Fig. 3a shows the SEM cross section of an HVPE grown OP-GaAs
sample. Note the difference in surface faceting between the two
different domain orientations. Growth on the [001] domain leads
to a flat (001) surface, while growth on the [00–1] domain forms a
knife blade facet bound by (111)B planes. In bulk GaAs Si was
identified as the primary source of un-intentional impurities, with
typical concentrations o1016 atoms/cm3. At such concentrations
small changes in the Si concentration may be difficult to distin-
guish. Therefore, to study impurity incorporation in OP-GaAs Si
doping was used to boost the related SIMS and CL signals so they
could be spatially resolved. Fig. 3b shows CL scans of the NBE
emission intensity (INBE), NBE FWHM, and the peak emission
wavelength (lmax) across the domain wall of Si doped GaAs. 2D
maps of the INBE, FWHM, and lmax signals across an area near an
inversion domain are shown on the left side of Fig. 3b. The sharp
dip in the INBE signal at the domain wall is due the anti-phase
boundary that makes up the domain wall. The As–As and Ga–Ga
antisites are non-radiative centers partially quenching CL emis-
sion from this area [21,22]. In the region on the [00–1] side of
the domain wall there is an area with a striking difference in
contrast. This region appears to widen from 5 to 8 mm as the layer
grows thicker covering nearly 25% of the total domain thickness.
The accompanying line scans show the INBE and lmax are higher in
the [00–1] domain, and the FWHM is lower. The INBE and NBE
FWHM are strong indicators of the relative defect concentration
[23]. A higher INBE corresponds to fewer non-radiative and sub-
band gap recombination centers, while a narrower FWHM indi-
cates a lower electron concentration. From this data we can
conclude that the total defect concentration is lower in part of

the [00–1] domain, but it does not give us information on which
defect species are lower.

To determine how the C, O, Si, and Ge concentration correlated to
the CL line scans, a Si doped OP-GaAs sample was polished parallel
to the domain walls to within 12 mm of an inversion domain. Then
SIMS depth profiling was performed to a depth of 18 mm starting on
the [001] domain, passing through the domain wall, and into the
[00–1] domain. This allowed an accurate measurement of the Si, O,
C, and Ge concentration across an inversion domain. The O, C, and
Ge concentrations were below or near the detection limit and

Fig. 2. Cathodoeluminescence emission spectra from n and p-type HVPE grown GaAs.

Fig. 3. SEM cross section of cleaved OP-GaAs sample (a) and CL scan across an

OP-GaAs inversion domain of the NBE peak wavelength (lmax), FWHM, and

emission amplitude (b).
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showed no change with depth. Fig. 4 shows the measured
Si concentration as a function of depth. In the [001] domain the
Si concentration is highest with an average concentration of 7.4�
1017 atoms/cm3. As the profile passes through the domain wall the
Si concentration decreases sharply to 4�1017 atoms/cm3 for 3 mm
and then sharply increases to 6.6�1017 atoms/cm3 in the bulk of
the [00–1] domain. The spatial profile of the Si concentration
matches the CL line scans well, showing that the [00–1] domain
wall has a slightly lower Si incorporation rate than the [001]
domain. Moreover, the few micron region on the [00–1] side of
the domain wall has a much lower Si incorporation rate, corre-
sponding to the region of highest NBE intensity and lowest NBE
FWHM seen in the CL scan.

To explain the non-uniformity in Si incorporation we consider
the difference in bonding on (001) and (111)B surfaces. From Fig. 3a
(111)B and (001) planes were found to selectively grow on [00–1]
and [001] domains, respectively. In MOCVD grown GaAs Kondo et al.
[24] used a simple model to explain orientation-dependent impurity
incorporation based on the bonding geometry. For impurities that
incorporate on Ga sites, like Si, the available absorption sites on the
(111)B surface are weaker than on a (001) surface. If Si is adsorbed
on the Ga site of a (111)B surface it forms one bond with a
neighboring As, while a Si adsorbed on the Ga site of a (001) will
form 2 bonds with neighboring As. This makes desorption of Si from
the (001) surface less likely. Based on this model a GaAs (001)
surface will incorporate more Si than a (111)B surface. We observe a
few micron wide region of low Si concentration near the domain
edge where the (111)B facet begins to form, which widens as the
layer grows. It is also interesting to note that the low Si concentra-
tion region near the domain edge widens as the layer grows thicker.
This low Si region follows the size of the (111)B facet, which
increase as the layer grows; therefore, it is expected that in thick
samples we will see the low Si region become the full width of the
domain.

4. Conclusion

The incorporation of point defects in LP-HVPE grown GaAs and
OP-GaAs was studied to determine the type, concentration, and

relative distribution throughout the material. From electrical, che-
mical, and optical characterization, Si was identified as the primary
donor source and VGa the primary acceptor source. The concentra-
tion of these defects was found to be quite temperature sensitive,
and the carrier type changed from p to n-type between 925 and
970 K. Si doping was used to study impurity incorporation in
OP-GaAs. Spatial profiling correlating CL to SIMS found that defect
incorporation is not uniform throughout the patterned material,
which can be explained by domain specific surface faceting. Material
properties like the refractive index are altered by point defects,
which can change absorption, scattering, and reflection. Moreover,
if these defects are not homogenously distributed throughout the
OP-GaAs crystal it may lead to phase matching losses, which is the
subject of current research.
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LASER & PHOTONICS
REVIEWS

Abstract The propagation of defect networks in failed 980 nm
emitting high-power diode lasers is analyzed. This is accom-
plished ex post facto by electron-beam based techniques ap-
plied without device preparation and in situ by thermographic mi-
croscopy with 1 μs time resolution. Moreover, an iterative model
is established, which allows for describing both the shape of the
observed defect networks as well as the kinetics of their spread.
This concerted approach allows the clear assignment of starting
points of extended defect systems as well as analysis of their
evolution kinetics. Eventually this knowledge may help in making
devices more resistive against defect creation and extension.

Top view to the front part of a diode laser. Electron beam in-
duced current (gray scale) and thermocamera data (red circles)
reveal defect propagation in a diode laser. While the first was
taken ex post facto, the thermocamera data are taken in situ
and illustrate the kinetics of defect growth from the facet. The
temporal resolution (the interval between two circles) is one μs.

A
R

TIC
LE

Time-resolved reconstruction of defect creation sequences in
diode lasers
Martin Hempel1,*, Jens W. Tomm1, Vanesa Hortelano2, Nicolas Michel3, Juan Jiménez2,
Michel Krakowski3, and Thomas Elsaesser1

Failure analysis represents an important part of device
physics and manufacturing. Electron-beam based techniques
such as Scanning Electron Microscopy (SEM) and Electron
Beam Induced Current (EBIC) are frequently applied in
concert with preparative means in order to reveal the origins
of degradation, e. g., in diode lasers [1–9]. Failed devices,
however, typically lack key pieces of information, namely
the details about the sequence of events of defect forma-
tion. In some cases it seems obvious how defect networks
have been accumulated. In other cases this is not obvious
and also not accessible by any available means. And there
are also cases, where the ‘natural’ assignment of a starting
point is, as we will show, simply wrong. Thus there is a
need for additional information about the kinetics, i. e., the
spatio-temporal dynamics of the creation of the defects, to
the ‘static’ defect inspection by SEM or EBIC.

In this Letter, we show how thermographic microscopy
[10,11] provides information about the kinetics of the catas-
trophic optical damage (COD) in diode lasers [12–14]. This
allows for revealing the starting point of degradation in the
spatial volume. Defect propagation and the resulting cre-
ation of defect patterns are modeled, providing direction
of further reliability improvements. Moreover, a classifica-
tion of the COD mechanisms improves physical insight and
helps building up overarching models.

Nine devices were incorporated in this study. The
GaInAs quantum well (QW) based broad-area diode lasers
emit at 975 nm. The devices are from three batches, struc-
tural details are given elsewhere [15]. The emitter stripe has
a width of 100 μm, defined by the contacts and additional
etch steps in the top cladding layer, a length of 2 mm and
is mounted p-up, i. e., the substrate is soldered to the heat-
sink. The devices have a standard 3% anti-reflection and
a 95% high-reflection coating at the front and rear facets,
respectively. In operation the devices are thermoelectrically
stabilized to (23.0 ± 0.2) °C.

Figure 1a depicts the setup used to provoke and monitor
the COD process in situ. The diode laser, being directly
soldered to a PicoLas LDP-V50-100 V3 current source, is
placed between two gold mirrors tilted 45◦ with respect to
the facets. The Thermosensorik CMT384 thermocamera,
equipped with a 3.5–6 μm band pass filter, which ensures
the detection of purely thermal radiation, looks directly on
the side of the resonator cavity. The thermal signals of the
front and rear facets are directed into the thermocamera
microscope objective via the mirrors. The laser radiation
emitted from the front facet is separated from the thermal
signal by using a 45◦ tilted dichroic mirror (DM) and is
directed to a fast photodiode (PD) ThorLabs DET10A/M
(1 ns rise time), which is read out by a fast oscilloscope

1 Max-Born-Institut, Max-Born-Str. 2A, 12489 Berlin, Germany 2 GdS Optronlab, Universidad de Valladolid, Parque Cientı́fico, Paseo de Belén, 1,
47011 Valladolid, Spain 3 Alcatel-Thales III-V Lab, Route De Nozay, Marcoussis, 91460, France
* Corresponding author: e-mail: hempel@mbi-berlin.de
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Figure 1 (online color at: www.lpr-journal.org) (a) Scheme of the
thermocamera based setup (DM-dichroic mirror, PD-photodiode).
(b) A section of a thermocamera image showing the front facet
and the side of the laser cavity. The background (grayscale) is
taken with a long integration time of 1 ms, the geometry of the
sample appears due to the materials emissivity contrast. Bond-
wires can be seen on top of the device. The position of the mirror
edge is indicated by a dashed line. The thermal signal measured
with 10 μs integration time is overlayed in red. (c–e) EBIC images
measured through the top contact: (c) at the front facet (on the
left side of sub-figure), (d) inside the cavity (∼400 μm from front
facet), and (e) at the rear facet (on the left side of sub-figure). The
appearance of bond wires in the foreground is indicated.

(Agilent Infiniium, 2 GHz). The PD is used to detect device
degradation by monitoring the optical output power. This
setup is used to perform step tests, where we apply sin-
gle current pulses of 1 μs length, starting with a current of
I = 2 A, which is far below the damage threshold for these
devices. The time between the applied pulses is in the range
of several minutes. Therefore they are completely indepen-
dent from the thermal point of view. The 1 μs laser pulse
is synchronized with and centered in the 10 μs integration
window of the thermocamera. In each subsequent pulse the
current is increased by 1 A. Details about this experimental
strategy, which represents a kind of accelerated aging test,
are given in [11]. The tests are stopped when no further laser
and/or COD-related thermal emission is detected. Typical
data obtained are shown in Fig. 1b.

Notice, that our accelerated aging test incorporates a
significant overstress of the devices compared to its regular
usage. However, the important question is if we address the
same degradation regime in both cases. As demonstrated
in [11] , the resulting damage pattern of a step test is the
same as obtained under cw testing. Moreover, the data pre-
sented there indicates both cw tests as step tests are based on
thermal heating effects. Nevertheless, in particular devices
such an extreme-accelerated life test can favor different de-
fect mechanism. Therefore it is crucial to compare the defect
kinetics of different samples from a batch.

Estimates of temperature from thermal images as moni-
tored by us are complicated, because of a number of experi-
mental uncertainties:
– In the applied operation mode, a short integration time is

essential. For the used 10 μs integration window our ther-
mocamera has a noise equivalent temperature of ∼ 40 K.

– Spatial averaging (hot spot area vs. camera pixel size)
increases this value by a factor of about ten.

– Since the observation wavelength exceeds the hot spot
area size by a factor of 5 diffraction matters.

– The actual thermal transient during the integration time
is not known in detail. Thus assumptions must be made,
as described in [12].

– Since the hot spot is located inside the cavity, one has to
incorporate a cavity-enhancement of the thermal signal,
as described in [16].

– Especially for the data obtained from the side, the focal
depth (cf. [15]) has to be taken into account.

– The emissivity of the emitting volume is unknown and
a calibration cannot be done, because this would require
an exclusive heating of the later observed volume to a
controlled temperature.

– Light propagation effects make the determination of a
temperature difficult, see [17].

A publication including an estimate of the hot spot temper-
ature from thermocamera data is [18]. There temperatures
around the melting point of GaAs (∼ 1240 °C) are reported.
In the present report however, the thermocamera is used as
a tool to detect the COD and its location only, because it is
known that high temperatures are involved. A determination
of the hot spot temperature itself would call for an additional
study and is beyond the scope of this work.

The time in which the thermal diffusion takes place is
∼ 5 μs, because the 1 μs pulse is centered in the 10 μs in-
tegration window of the thermocamera. However, there is
a strong interplay of thermal diffusion in the material and
propagation of the thermal radiation through the material as
mentioned above. The on-going development of the dam-
age during the 5 μs effective integration time has indeed an
impact on the thermal image. However, as shown in [11],
the usage of the center of gravity of the extended thermal
signal is a convenient way to analyze the spatio-temporal
evolution of defects.

After COD events were monitored following the de-
scribed strategy, the resulting structural defects were inves-
tigated by EBIC. The EBIC measurements were carried out
in a field emission scanning electron microscope (FESEM-
Carl Zeiss LEO 1530), with a typical e-beam acceleration
voltage of 30 kV, and the EBIC signal is collected with a low
noise current amplifier (FEMTO Messtechnik GmbH model
DLPCA-200). The p-up mounting of the samples and a thin
top-contact metallization of ∼ 400 nm allows the electron-
beam to well penetrate across the metallization and the laser
structure and allows a sufficient electron hole generation
to image the defective region. The spatial resolution in the
QW plane, which is expected to become poor under such
experimental conditions, is analyzed with the help of the
free software CASINO [19] (Version 2.4.8) and estimated to
be 1.3 μm (width of Gaussian fit to distribution of deposed
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energy in QW plane). Figure 1c–e show typical results of
EBIC measurements in the case of c COD starting at a single
location at the front facet, d COD with an internal starting
point, and e rear facet COD. Defect networks within the
QW plane are well resolved.

The following discussion is focused on one device rep-
resenting a typical result with rather complex defect pattern.
After the first COD event occurred at ∼ 5 A, 42 additional
pulses, each 1 μs long and sequentially stepped up by 1 A,
were applied to it, resulting in ∼ 43 μs time available to dam-
age growth. This example has been chosen, because it makes
clear how important the knowledge about the sequence of
events in the degradation pattern generation is. Figure 2a
shows a SEM top-view image of the diode laser chip. The
two rows of bond-wires are clearly visible; the emitter stripe
is located in between them. The surface of the chip on top of
the active region has absolutely no features. Figure 2b gives
the result from EBIC scans of this device. The emitter stripe
can be seen clearly as dark gray rectangle. The areas next
to the emitter stripe are light gray1. Inside the active device
part the defect pattern appears as a black structure (reduced
EBIC signal). The defect sites act as recombination centers
reducing in this way the steady-state non-equilibrium carrier

Figure 2 (online color at: www.lpr-journal.org) (a) SEM image
of the top contact (p-side) of the diode laser. Notice that the
damage at the first and fourth bond wire from the left in the
top row occurred after the step test was finished right before
SEM and EBIC analysis were done. (b) EBIC image of the same
image section. The rear facet is on the left side of the image. The
colored rectangles indicate the positions of the center of gravity
(‘hot spots’) summarized for all consecutive pulses as seen from
the rear side in case of magenta and cyan and from the side for
red, orange, and green. (c,d) Temporal evolution of the hot spot
motion. The same color scheme is used as in (b) and also the
same notation for width and length.

1 It might be surprising that the structure beside the emitter

stripe appears in a lighter color. But here, the distance from the top

surface to the pn-junction is reduced with respect to the emitter

stripe due to the etch step leading to an increased EBIC current.

concentration, and reduces therefore creation of an EBIC
signal in the pn-junction potential gradient. The defect net-
work discussed here is located at the rear facet. The question
of whether COD starts at front, rear or both facets depends
strongly on the material system and coating technology, as
discussed in [15]. During each step of the single-pulse test
the device is monitored by the thermocamera from two sides
simultaneously. The summary of all hot spots obtained dur-
ing the 43 pulses are shown as lines of colored squares in
Fig. 2b. Those shown in the bottom line come from side
view observation, while those at the left side are detected
from the rear facet, different colors point to different regions
of increased temperature. The same color scheme is used in
Figs. 2c and d where the temporal evolution of the hot spots
along the particular direction of observation is shown, so the
lines of rectangles in Fig. 2b represent the projection of the
data in c and d onto their abscissa. Figure 2c contains the
temporal evolution of the thermal signal obtained from the
side. In case of the signal seen at the rear facet a first COD
site occurs at ∼ 80 μm doing a zig-zag motion with a slight
tendency to the middle of the active region at the end, while
a second COD site appears at around 10 μs at ∼ 20 μm. The
latter one shows also a motion towards the emitter center.
At ∼ 28 μs the entire width of the stripe is affected by COD;
see also Fig. 2b.

The comparison of the thermal in situ signal, Figs. 2c,d,
and the defect pattern obtained by EBIC in Fig. 2b shows
remarkable agreement and provides the sequence of pattern
creation. The depth, with respect to the resonator axis, and
also the structure of the internal damage pattern, seen in the
EBIC image are well reproduced by the measured hot spots,
while taking the observation volume of the thermocamera
into account. This means that the in situ thermography gives
us a sufficient data base to determine the structure of the
internal damage and additionally its kinetics. The latter is of
importance, in particular if the defect propagation direction
is not intuitive: In Fig. 2b, e. g., without information on the
kinetics, one could have assumed that the left defect has
started at the single point in the cavity (at ∼ 300 μm) and
finalizes at the facet (right to left), however, Figs. 2c,d, prove
the opposite to be right.

In order to understand the formation of the complex
defect pattern seen in EBIC, Fig. 2b, we use a numerical
model which is an extension of the steady-state analysis
presented in [11]. The model is based on the iterative filling
of an initially empty 2-dimensional macroscopic grid with
fixed dimensions, representing a region of the QW near one
of the facets, with damage. The third dimension (growth
direction) is essential for the heat transport and incorporated
into a parameter of the model.

The basic ideas of this phenomenological approach are:
– The energy source for the damage process is the laser

light field. It collects energy by stimulated emission in
the cavity and transports it towards the facets. In this way,
in a region close to the facets, the energy input can be
seen as unidirectional.

– The ratio of absorbed to transmitted energy for one grid
cell depends on the present damage level. Up to a certain
level DL the material is fully transparent, as desirable for

www.lpr-journal.org © 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a waveguide, above this the absorption increases linearly
up to full absorption at a damage level denoted as CD.

– Absorbed energy is converted into damage of the grid
cell. This directly equates absorbed and deposited energy
with the damage caused by them. The part of energy not
absorbed passes the cell and can be absorbed in the fol-
lowing cells along the column according to their degree of
damage. The energy not absorbed on the way passing all
cells in a column reaches the facet, this energy represents
the laser light output.

– After the damage level CD has been reached at a location,
a percentage ξ of the damage in the grid cell is distributed
isotropically, in contrast to the unidirectional energy input
by the laser field, to the surrounding material/grid cells.
This represents the thermal ‘runaway effect’ [14] and an
energy re-distribution via thermal energy.

– A completely, i. e., above CD level, damaged location
prevents light from passing along the laser axis, this leads
to shadowing effects and can result in undamaged areas
surrounded be damaged ones.

– The number of iterations is identified with the time
of propagation.

– A minimal energy Emin is available in each column, as
result of spontaneous emission.

The energy available in total is scaled according to the un-
damaged resonator width, as described in [11]. In presence
of a defect with wide lateral spread it is additionally neces-
sary, and from a physical point of view reasonable, to add a
small constant energy term Emin, representing the amplified
spontaneous emission from the undamaged active material.
If this term would be neglected the damage growth stops
when the defect pattern covers the entire width of the active
stripe which is not what we see in real devices.

The assumption of the position of initial damage sites
gives the possibility to model specific damage patterns. Here
the term ‘initial damage site’ means a cell that has an absorp-
tion, averaged over all atoms in this cell, above the DL level.
While we have already demonstrated this for the static case,
i. e. the comparison of the fully expressed defect state with
the model, it is now possible to reconstruct the defect dynam-
ics for the first time. In order to model the damage visible in
Fig. 2b we identify 1 μs with 20594 iterations. The optical
energy available in the model equals 10 energy units per
μm, which corresponds to ∼ 150 mW/μm optical power for
the device under investigation. The value for Emin is set to 1
energy unit per μm. Other input parameters for the model
are chosen, also in accordance with [11], to be: ξ =85%, 10
pixels in the grid represent 1 μm in the QW, a cell is fully
transparent up to a damage level of 10% of CD value which
is set to CD = 10 energy units. The simulation result is
shown in Fig. 3. The locations of initial damage sites which
are the starting locations of damage growth are indicated
in Fig. 3a–c as green squares. Furthermore, the time delays
between the appearance of these starting points in the simu-
lation grid are given in the figure caption. While Figs. 3a–c
give the modeled damage for different times, Fig. 3d shows
a comparison between the final damage detected by EBIC
and the final model result. The shape of the damage is re-
produced very well. The remaining small differences can be

Figure 3 (online color at: www.lpr-journal.org) (a–d) Simulation
results of the defect pattern for different times after COD initiation
(a: 9 μs; b: 15 μs; c: 29 μs; d: 43 μs, as indicated). Points of initial
defects are marked by green rectangles in (a–c). The damage at
zero length, i. e. the rear facet, have zero time delay, while 14 μs
at ∼250 μm and 22 μs at ∼470 μm are applied. Sub-figure (d)
shows an overlay of the simulation results for the complete degra-
dation time (red, semi-transparent) with the EBIC map (gray scale)
of the real damage after the same time. (e) Comparison of the
measured thermocamera signal (same color scheme as in Fig. 2b)
with simulated one (black dots).

assigned to the simple nature of the model and, in particular,
to not taking into account small material inhomogeneities
which are always present in real diode lasers and can change
the defect spread a little. However, it is proven by many real-
izations that the chosen set of parameters has a rather small
influence on the results, as long as the parameters are in
a realistic range for the particular device. This shows the
robustness of the main ideas - unidirectional energy feeding,
isotropic thermal defect distribution and shadowing - of the
model. The major differences between the results obtained
in several simulation runs with varied parameters arise from
the positions of the pre-damaged cells and the time they
occur. This strong dependence of the result on the starting
points is what enables the model to reconstruct the initial
damage sites with just the completely expressed damage
pattern as input.

In situ defect maps have been taken from the model each
μs as shown in Figs. 3a–d. In this way it is possible to get
a simulated thermal signal of the growing damage pattern.
Under the assumption that the defect spread is governed
by thermal energy transfer, it is the damage that is added
to the defect pattern during 1 μs in the range of the focus
depth of the camera. The result of this analysis can now
be compared with the real thermocamera in situ measure-
ment, as shown in Fig. 3e. The modeled data reproduce the
existence of three moving hot spots (indicated by the three
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different colors of the measured data) very well. The main
deviation between the two data sets can be found close to the
facet (length = 0). Here the real defect formation is slower
than the simulated one. This indicates a rather lateral defect
spread along the facet during the first ∼ 20 μs which can
be also seen as the zig-zag motion in Fig. 2d. The existing
differences between the simulation and measured data could
be reduced by adjusting the level of damage in the initial
cells and by using a slightly non-linear conversion curve
between absorbed energy and damage. This would make the
model more complex while giving the same main results, as
we have seen by testing modifications of the model. How-
ever, the good agreement of the two data sets assures the
usage of the model in dynamic reconstructions.

The modeling confirms that the complex damage struc-
ture seen in Fig. 2b is simply a result of shadowing the unidi-
rectional energy flow by a damage site that is located further
away from the facet. With this knowledge we can identify
the starting points of COD representing the bottlenecks of
this particular device structure. As one can see in Fig. 3a
damage sites at the rear facet that cover a significant part of
the active region model the defect evolution reasonably well.
This means that the degradation took place at the rear facet
at an early stage. Furthermore, two more damage starting
points which are delayed with respect to the one near the
facet [actual times are 14 μs at ∼ 250 μm corresponding to
∼ 18 A current and 22 μs at ∼ 470 μm at ∼ 26 A, see Fig. 3c]
have to be incorporated. These are located at the edge of
the emitter stripe and are most likely related to the etch step.
However, this is just an example showing the possibility of
reconstruction of the real damage and its kinetics with the
presented model. This analysis is also applied successfully
to other samples where the same set of data is available and
always gives results comparable to those shown above.

In conclusion, we verified that in situ thermography is
able to monitor the spatio-temporal defect dynamics leading
to the results obtained ex post facto with EBIC, without any
additional preparation of the diode laser under investigation.
Moreover, we present a novel model that successfully ex-
plains complex damage structures. A comparison between
in situ thermocamera data and time-calibrated data from the
iterative model confirmed also the ability to re-produce the
defect kinetics. Eventually, the starting points of the defect
can be uncovered and therefore the weak points of the laser
architectures under investigation.
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a b s t r a c t

Degradation of high power laser diodes is related to defect formation in the active parts of the laser.
Extended defects can develop both at the facets, and inside the cavity. Their characterization is necessary
for understanding the mechanisms driving the degradation. Cathodoluminescence is very useful for
studying defects in degraded lasers. The main degradation mechanisms are discussed, supported by a
thermomechanical model.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Improving the reliability of high power laser diodes is a crucial
issue for enlarging the optical power and the field of applications of
those devices. The understanding of the mechanisms driving the
degradation of high power laser diodes is necessary to increase
their power and lifetime [1–3]. It requires of the investigation of
the main defects generated during the laser operation, and the
set-up of models describing the degradation process. Therefore,
the identification of the defect signatures in the degraded devices
is crucial to establish reliable degradation scenarios. Electron beam
excited techniques, e.g. cathodoluminescence (CL), and electron
beam induced current (EBIC), are unique tools suitable to identify
the main defects generated by the device degradation process.
First, the defect signatures of the degradation have to be observed
in order to establish a comprehensive degradation scenario; there-
fore, a defect characterization of the degraded devices is necessary
prior to establish degradation hypothesis in order to build up a
physical model providing the main clues of the laser degradation
[4].

We present herein a spectrally resolved CL study of the defects
generated during either rapid or catastrophic degradation in differ-
ent types of high power laser diodes, e.g. AlGaAs/GaAs and InGaAs/
AlGaAs quantum well (QW) based laser diodes. In view of the nat-
ure of the revealed defects, a thermomechanical model accounting
for the laser degradation is proposed.

2. Failure modes

The failure of lasers can be classified in three different modes,
gradual, rapid and catastrophic [5]. The defect signature of each

degradation mode differs from each other. The gradual degradation
deals with the formation of point defects, which slightly, but pro-
gressively, degrade the laser parameters over long periods of oper-
ation. Rapid and catastrophic degradations are characterized by the
formation of extended defects, with similar signature, but taking
place in different time scales. Rapid degradation corresponds to
the infant mortality, which can be easily screened by burn-in tests;
while, catastrophic degradation corresponds to a sudden loss of
operation after normal life service. The defect signatures of both
processes are similar, in the sense that the defects observed once
the laser is degraded present similar features. However, the optical
power vs aging time plots of the two degradation modes are very
different, suggesting very different degradation dynamics, and dif-
ferent raw sources for such defects. In particular, the CL images of
the degraded devices reveal the presence of regions with low, or
fully quenched, radiative recombination activity, which are associ-
ated with the presence of extended defects in the active layers of
the laser structure, in both the facets and the inner cavity [6].
How these extended defects are generated and propagate during
the laser operation is the key question to understand the mecha-
nisms behind the laser degradation. One can argue that extended
defects were already present in the devices exhibiting the infant
mortality, and they grow during laser operation, while the genera-
tion and propagation of defects occurs in the course of operation in
the lasers that degrade catastrophically.

3. Laser structures and experimental set up

Different high power edge emitter lasers were studied: on one
side, broad area emitter QW AlGaAs/GaAs graded-index separate-
confinement-heterostructures emitting at 808 nm laser bars with
output powers up to a few tens of watts, and on the other side sin-
gle ridge waveguide InGaAs/AlGaAs QW pump lasers (980 nm).
The broad area lasers are the so-called cm bars, where the emitters
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are separated by optically and electrically isolated injection chan-
nels, with a period between emitters of 400 lm. The bars are
130 lm thick, 1 cm wide, and the cavity length is 1200 lm. The ac-
tive part of each single emitter has a width of 200 lm and is di-
vided into 20 injection channels separated by dielectric stripes
with a period of 10 lm. The laser bars are soldered p-side down
on a CuW heat sink using AuSn as a solder. The InGaAs QW in
the single mode lasers was strained. The optical power in the broad
area lasers can scale up to 100W, in the devices studied herein,
this power was �30–50W which corresponds to a near field laser
output power density of �6–10 MW cm�2 while the optical power
in the single mode lasers was about 0.5–0.8 W, which corresponds
to a near field optical power density of �50 MW cm�2. Therefore,
the power density is almost one order of magnitude higher in
the single mode lasers, which have waveguide widths of a few
micrometers, as compared to the mms emitter front of the broad
area multiemitter lasers. The lasers underwent aging processes
carried out under the typical parameters used for these tests with
this kind of lasers.

The CL measurements were done with a Gatan monoCL2 system
attached to a field emission scanning electron microscope (FESEM)
(LEO 1530). The CL detection was done in single channel mode for
the acquisition of the panchromatic CL images, with either a pho-
tomultiplier (PM) up to 900 nm, or an InGaAs photodiode for wave-
lengths longer than 800 nm reaching an upper wavelength limit of
1800 nm. For the spectrum analysis, a Peltier cooled Si CCD camera
(200–1100 nm spectral range) was used. The laser structures were
planarised removing the metal overlayers, in order to have access
to the laser cavity with the e-beam. The penetration depth of the
e-beam depends on the acceleration voltage of the electrons;
therefore, by using 20–25 kV electrons the full laser structure can
be studied, which permits to localize the damage inside the multi-
layer laser structure. Typical acceleration voltages of our measure-
ments range from 5 to 25 kV. The measurements were done at 80 K
in order to improve the signal to noise ratio.

Thermomechanical simulations were carried out by finite ele-
ment methods (fem) using commercial software COMSOL.

4. Defect signatures of laser degradation

The rapid and catastrophic degradation modes of the laser
diodes are associated with the presence of extended defects in
the active parts of the lasers with null or very low radiative recom-
bination efficiency. The extended defects arise from the generation
and propagation of dislocations during the laser operation. The dis-
locations can be already present in the active region of the laser,
which is generally associated with the rapid degradation, or they
can be generated during the laser operation; which is the cause
of the catastrophic degradation. Once the device has been de-
graded the panchromatic CL images reveal regions with dark

contrast, associated with the defects generated during the laser
degradation process.

Normally the areas with dark CL contrast adopt the form of dark
lines, dark line defects (DLDs), or dark spots, dark spot defects
(DSDs) [7,8]. The DLDs appear oriented along crystallographic
directions, either parallel or perpendicular to the cavity (h110i
and (h1–10i), or forming 45� with the cavity (h100i) (see Fig. 1).
These DLDs are constituted by networks of dislocations, which
propagate during the laser operation. When one observes the front
facet, one can appreciate dark contrasted zones in the QW emis-
sion, which are associated with defects in the facet. For broad area
emitters the facet defects are distributed over the front facet, with
regions of different dark/bright CL contrast, which correspond to
different stages of degradation (see Fig. 2). Contrarily to a single
mode laser where a facet defect avoids further laser emission, a
broad area emitter laser can still lase when local facet defects are
formed.

When the QW is fully dark one can infer that it was destroyed;
generally, fully dark QW areas can be associated with melting and
subsequent recrystallization, which points to very high local tem-
peratures attained during the laser operation; the DLDs associated
with melting are usually aligned along the cavity, because the
propagation of the melting front is driven by the optical load. Note
that the temperature necessary for starting the degradation, is sig-
nificantly low, about 150–200 �C [9–11]. The progression of the
DLDs along the cavity is driven by light self absorption, which ends
by the thermal run away, in which melting of the QW is achieved.
The DLDs extending out of the laser waveguide, oriented either
along h100i or h1–10i crystal directions, see Fig. 1, are driven by
stress, since they propagate out of the optically loaded region.
The propagation follows different mechanisms for the two types

Fig. 1. Panchromatic CL images showing h100i (left) and h1–10i (right) DLDs in an InGaAs/AlGaAs single mode laser.

Fig. 2. Panchromatic CL image of the front facet of an AlGaAs/GaAs broad emitter
laser. One observes several defects in the QW emission. Some of the defects present
the associate dark lines constituting the V-defects, which enter deeply into the
substrate; while other QW dark contrasted defects do not have associated V-
defects.
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of DLDs; h1–10i DLDs propagation is driven by a gliding mecha-
nism, which does not involve point defects, while the h100i DLDs
propagation is driven by a climb mechanism, which involves point
defects [12].

A peculiar case among the defects propagating without the
influence of the optical load is the so-called V defect observed
in the front facet of laser bars, (see Fig. 2), [11]; some defects ap-
pear as dark spots in the QW, but some of them show two arms
propagating from the QW defect into the substrate, forming an
angle of 54� with the (100) epitaxial plane, which means that
they follow the intersection of (110) and (111) crystal planes.
These defects (so-called V-defects) are often observed once the
catastrophic degradation of these devices occurs [13]. They can
cross the full laser structure from the p-side to the back n contact.
Interestingly, the V defects are only associated with front facet
defects which generate h110i DLDs propagating along the cavity,
while the other dark defects observed in the front facet, with dark
contrast in the CL images, but still emitting, do not have associ-
ated h110i DLDs. The DLDs propagating along the cavity from a
facet defect are zones heavily damaged, as a consequence of melt-
ing and recrystallization of the active zone of the laser. This mor-
phology suggests the existence of local areas of the facet reaching
very high temperatures. The local overheating results in thermal
stresses [10,12], which combined with the bonding induced stress
can expand the stress field, which can drive the macroscopic dis-
location motion along the (111) gliding plane; once the defect
grows in size, the optical absorption is enhanced with the con-
comitant increase of the local temperature, which enlarges the
stress field around it. Note that one can even observe surface
steps at the branches of the largest V-defects. This scenario is
supported by the results shown in Fig. 3; in this CL image of
the facet one observes three defect zones in the QW, one of them
has an associated V defect, while the two other have not devel-
oped associated V defects.

The QW in the V defect was fully dark, in the sense that it did
not emit any CL. This corresponds to a region without radiative
recombination activity, because of the very high disorder. Mean-
while, the other dark CL contrasted defects present still CL emis-
sion, weak but not negligible. Certainly, these defects are in an
early stage of degradation with respect to the facet defects with
V arms; therefore, one can expect that further laser operation

would end by facet melting at those defects and the subsequent
formation of V defects. In other words, the facet defects still emit-
ting have not yet reached the size and the amount of laser light self
absorption necessary for locally increasing the temperature up to
the threshold necessary to induce the extended thermal stress field
responsible for the dislocation gliding along the (111) planes. Note
that in the very early stage of dislocation generation, which trig-
gers the degradation, the effect is very local, as compared to the
stage of dislocation propagation, for which one needs much higher
temperature in the active region in order to broaden the stress field
far away from the waveguide. When the local temperature ap-
proaches melting and the size of the high temperature region in-
creases one can expect to reach the thermal stress necessary for
driving the dislocation gliding along the (111) crystal planes.
When melting is close to be reached, one can expect that the ther-
mal stress field extend far away from the waveguide allowing for
the dislocation motion in spite of the absence of optical load in
the region along which the dislocation propagates. It is interesting
to note that the V defects are only observed in laser bars, which
points to a non-negligible additive contribution of the bonding
stress [10].

Spectrally resolved CL permits to get information about the
physical mechanisms of degradation in stages previous to the cat-
astrophic degradation of the laser diode. The CL spectra can be ac-
quired in regions degraded but still emitting. The QW CL emission
band can be monitored in the degraded zones. In particular several
spectra acquired in the front facet of AlGaAs/GaAs laser facets are
shown in Fig. 4.

One observes fully quenched QW emission in the facet defects
associated with V defects (sp#1), which accounts for local melting
and recrystallization; however, in the defects without associated V
defect the CL spectrum is only partially quenched and slightly
shifted to the red (sp#2). The undamaged spectrum taken as a con-
trol reference is also added (sp#3). The slight red shift of the QW
emission is probably due to the formation of dislocations resulting
in local stress relaxation, or cation segregation [15]. It is
worth-noting to comment about other mechanisms, as the QW
intermixing, in which case one should expect a blue shift of the
QW emission [16]. This is very infrequent, only in severely de-
graded areas one can observe such an effect, see spectrum #4 in
Fig. 4, which was taken very close to a V defect. One can argue that

Fig. 3. Panchromatic CL image of the front facet of a broad emitter AlGaAs/GaAs
laser, showing the V defect branches extending across the laser structure, including
the substrate, it can fully cross the substrate. Superposed is a high resolution
spectrum image of the QW; defects #1 and #2 in the QW have not associated V
defect, while the V defect starts from defect #3.

Fig. 4. Several CL spectra obtained in the front facet of degraded AlGaAs/GaAs laser,
showing different spectral signatures depending on the stage of degradation (see
the text).
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intermixing is a final product of advanced degradation, but it is not
a cause of the degradation itself, which seems to be more a ther-
momechanical problem than a point defect problem [10,14], even
if point defects might play a relevant role as the root source of
the degradation, since local regions with non-radiative recombina-
tion appear necessary to start the process. It is interesting to note
that the same spectral behaviour is observed in InGaAs/AlGaAs la-
sers. A spectrum image of a damaged cavity acquired in top view is
shown in Fig. 5. Both, the QW emission amplitude image (see
Fig. 5a), and the QW emission peak wavelength (see Fig. 5b), are
shown. These images are correlated, in the sense that the dark pat-
tern in Fig. 5a, corresponding to the degraded part of the ridge, is
replicated in Fig. 5b as a shift towards the long wavelengths, sim-
ilar to the red shift observed in AlGaAs/GaAs lasers, Fig. 4.

5. Thermomechanical approach

The defect signatures described above reveal that catastrophic
degradation involves the formation of extended defects, and that
high local temperatures are reached. Taking account of the laser
structure, which consists of a multilayer structure formed by dis-
similar materials, the existence of large temperature gradients
are susceptible of introducing stresses reaching the threshold shear
stress for the formation of dislocations; therefore, the beginning of
the degradation can be driven by thermal stresses; in other words,
we are dealing with a thermomechanical phenomenon.

One can assume that during laser operation local hot spots can
occur in the active zone of the laser. Because of the dissimilar ther-
mal expansion coefficients of the different layers forming the
structure, and the limitations of the thermal conductivity across
the interfaces, very abrupt thermal gradients will occur [14]. These
gradients generate thermal stresses; one should look at the condi-
tions under which such stresses can overcome the yield strength of
the materials forming the laser structure, specially the active parts,
with the corresponding formation of the dislocations, which will
start the thermal runaway process leading to the catastrophic deg-
radation. The thermomechanical problem can be solved by finite
element method (fem) modeling. A local heat source is introduced
in the active part of the laser, in this case in the front facet, with
dimensions 0.1 lm � 10 nm. These dimensions can be modified
according to the specific characteristics of the active zone; how-
ever, because the origin of the heat source is tightly related to
the thickness of the QW (�10 nm), and the heated extension
around a defective zone (�0.1 lm) in the other axis, the figures

proposed seem to be realistic. The heat equation is solved using
boundary conditions of two different types: specified temperature
and specified heat flux. The former is of Dirichlet type and pre-
scribes the temperature at a boundary, in this case the heat sink,
while the latter is of Neumann type and specifies the inward heat
flux at the front facet.

Once the temperature distribution is solved, one proceeds to
solve the mechanical equation. The boundary conditions for the
mechanical model are free displacements in all the external faces
except for the bottom face of the heatsink, which is fixed.

The solution of the mechanical problem permits to establish the
conditions for the generation of dislocations during the laser oper-
ation. Fig. 6 shows the temperature gradient across the QW, and
the thermal stress generated. The calculated shear stress is repre-
sented in Fig. 7 as a function of temperature, and compared to
the yield strength of GaAs [17,18]. For a temperature of around
200 �C the yield strength can be reached, which is in good agree-
ment with the temperature usually reported for the starting of
the thermal run away (�160 �C) [10–12]. In fact, this mechanism
is the very beginning of the catastrophic degradation. After the dis-
location is generated, the laser self absorption is enhanced, with
the corresponding temperature increase, and the enlargement of
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Fig. 5. Spectrum images of the amplitude of the QW CL emission (a) and QW peak
wavelength (b) in an InGaAs/AlGaAs single mode laser.

Fig. 6. Temperature distribution across the active zone of the laser, QW and guides.
Thermal shear stress (Tresca) across the laser structure (the simulation is done for a
heat power density of 8 MW cm�2).

Fig. 7. Yield strength of GaAs (line separating the two sectors with different gray
contrast (color on line), drawn from the data of Refs. [17,18]), and shear stress
(symbols) calculated for an AlGaAs/GaAs laser for different power densities
(ranging from 6 to 10 MW cm�2) and defect area size (ranging from 480 to
2880 nm2). The damage threshold is reached when the symbols line crosses the
yield strength line, which occurs at �200 �C. The shear stress increases with heat
power and defect size. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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the stress field; which generates new dislocations, and drives the
propagation of the generated dislocations, forming the DLDs illus-
trated by the CL images of the degraded devices. The process leads
to local melting and to the end of lasing. Note that in lasers show-
ing infant mortality, the laser structure was sensitized, probably
because of the presence of dislocations in the active parts, induced
at any of the stages of the fabrication process; meanwhile, in cata-
strophic degradation the dislocation is generated during the laser
operation according to the thermomechanical mechanism de-
scribed herewith.

A similar mechanism can be considered inside the cavity; how-
ever, the heat source must be higher than in the front facet because
of the better heat dissipation conditions inside the cavity with re-
spect to the front facet.

This model permits to establish the degradation scenario in
agreement with the defect signatures described in previous para-
graphs. It endorses the relevance of the different technological
parameters, as the bonding stress, the quality of the interfaces in
terms of the thermal transport, the presence of defects produced
during the technological processes, and the role of point defects
generated during the laser wear out [10,14]. In fact, the local heat
source is the result of one or all of the following phenomena: non-
radiative recombination at point defect rich region of the active
zone, suppressed thermal conductivity across a degraded interface,
an injection current peak in a region with reduced resistance due
to the presence of a high concentration of point defects. Even
though these mechanisms demand further analysis; the combina-
tion of thermomechanical modeling with the experimental obser-
vation of the degradation signatures constitutes a step forward to
the understanding of the high power laser degradation.

6. Conclusion

CL is a powerful tool for revealing defect signatures in degraded
high power lasers. Different defects responsible for heavy laser

damage have been revealed and described. Indications about the
mechanisms driven the formation of these defects have been pre-
sented in view of the recent degradation models presented by the
authors.
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Abstract— Rapid and catastrophic degradation of high power laser 
diodes occur because of the generation of extended defects inside 
the active parts of the laser structure during the laser operation. 
Local hot spots play a major role as actuators of the driven force 
leading to the formation of extended crystal defects. The laser 
power threshold for degradation is very sensitive to the packaging 
induced stress, and the thermal conductivity of the multilayer 
structure. The thermal conductivity of the QW and the barriers is 
suppressed by the low dimensionality but also by the quality of the 
interfaces being a major actor of the laser diode degradation. 
Modelling the thermal stresses induced by the hot spots in the 
active region of the diode permits to describe the degradation 
mechanisms of high power laser diodes.

.  
Keywords-Laser diodes, degradation, thermal conductivity, thermal 
stresses 

I. INTRODUCTION  

To get insight about the degradation mechanisms of high power 
laser diodes is a step forward to the improvement of the laser 
power and the field of applications of laser diodes. The 
degradation of laser diodes is due to the generation of defects in 
the active parts of the laser structure during the laser operation 
(1,2). The main failure modes are known as rapid, catastrophic 
and gradual, depending on the scale of time they occur. The 
rapid and catastrophic degradations represent serious troubles 
for both the customers and the laser makers. The rapid 
degradation is an infant mortality event which occurs during the 
laser screening tests. The catastrophic degradation is a very 
harmful failure, which occurs suddenly after many hours of 
normal operation (3).  These two degradation mechanisms are 
associated with the generation of extended defects in the active 
zone of the laser (4).  
         The generation of dislocations in the active zone of the 
laser leads to irreversible damage, usually described by a 
thermal run away process (1-3). Extended defects generated 
during the laser fabrication are responsible for infant mortality. 
However, the extended defects leading to catastrophic 
degradation are generated during the normal operation of the 
laser, being very hazardous, because of the difficult to screen 
them. The study of the defect signatures and the understanding 
of the mechanisms driving the formation of extended defects 
during the normal operation of the laser is a step forward to the 
improvement of the laser diode reliability. We present herein a 
description of the main defect signatures revealed by 
cathodoluminescence (CL) imaging. On the other hand we 

develop a thermomechanical model accounting for the 
formation of extended defects during the laser operation, and 
supplying a realistic scenario for the catastrophic degradation of 
high power laser diodes. Using this model one can determine 
the conditions under which dislocation generation and motion 
takes place in the active part of the laser, leading to the thermal 
runaway process of the laser (5,6). Some acceleration factors are 
considered, in particular, the packaging stress, and the thermal 
resistance of the laser structure, which are demonstrated to 
lower the laser power threshold for catastrophic degradation. In 
our model, we search for the conditions of operation under 
which the critical shear stress of the laser structure can be 
reached, allowing thus the formation of dislocations. 

II. EXPERIMENTAL 

 

The lasers studied herein are broad area 
AlGaAs/GaAs graded-index separate confinement 
heterostructures (GRINSCH) emitting at 808 nm laser bars 
with output powers up to a few tens of watts. Each bar consists 
of 25 emitters separated by optically and electrically isolated 
channels, with a period between emitters of 400 ]m. The bars 
are 130 ]m thick, 1 cm wide, and the cavity length is 1200 
]m. The p-type dopant is carbon, while the n-type dopant is 
Si. The active part of each single emitter has a width of 
200 ]m, and is divided into 20 injection channels separated by 
dielectric stripes with a period of 10 ]m. The laser bars are 
soldered p-side down on a CuW heat sink using AuSn as a 
solder. The multilayer structure is described in Fig.1.  

 

 
Fig.1. Laser diode structure 

309



The lasers were aged during 180 hours (burn-in tests) at a 
constant optical output power of 30 W and a temperature of 30 
ºC. After aging, the metal contact layer on the p-side was 
removed, in order to open the laser cavity to the electron beam 
for CL characterization.  

The CL measurements were carried out with a Gatan 
XiClone system attached to a scanning electron microscope 
(SEM) (Carl Zeiss LEO 1530). Both panchromatic and 
spectrally resolved measurements were carried out. The 
spectrally resolved measurements were carried out at 80 K to 
improve the signal-noise ratio. Both, top view, and front facet 
CL images were recorded.  

 

III. DEFECTS IN THE ACTIVE LAYERS 

 
The defects generated in the active layers, quantum well (QW) 
and barriers are shown in Fig.1. Dark spot defects (DSDs) are 
observed inside the cavity, Fig.2a, and also in the front facet, 
not shown here, additionally, dark line defects (DLDs) along 
the cavity, <110> crystal axis, are also observed, Fig.2b. 
These defects are zones with strong non radiative 
recombination activity, corresponding to arrays of dislocations 
generated and propagated during the laser operation (4,7).  
 
 

      
                  (a)                                            (b) 
 
Fig.2. Typical top view CL panchromatic images revealing 
DSDs (left) and DLDs (right) inside the laser cavity. The 
quenched luminescence emission is localized in the QW.  
 
 
       The beginning of the degradation consists of the 
generation of dislocations in the active parts of the laser. Note 
that some of the DSDs exhibit QW intermixing, which is a 
consequence of the degradation, but not the mechanism 
driving the degradation (8). One can imagine a degradation 
scenario as follows: it would be initiated by non radiative 
recombination at facet defects, or at clusters of point defects 
inside the cavity; these defects are generated during the 
normal wear out of the laser; also, they might be associated 
with the materials quality, inherent to the growth process, or 
they can also be induced during the successive technological 
processes followed for the laser fabrication.  
Non radiative recombination at these defects during the laser 
operation can transfer can transfer heat to the lattice, 
increasing the local temperature, which induces band gap 

shrinkage creating a self absorbing volume in the optical 
guide. 
      On the other hand, the energy released in the 
recombination processes can be also transferred to the 
surrounding atoms of the host lattice lowering the barriers for 
defect formation and motion, according to the mechanism of 
recombination enhanced defect reactions (REDR) (9), forming 
clusters of defects, which can progressively increase their size, 
reaching a critical volume, for which laser self absorption 
becomes enough important to generate a hot local hot spot in 
the active layers of the laser structure. The self-absorption, and 
the REDR mechanisms feedback the temperature increase 
during the laser operation; when one reaches sharp 
temperature increases on very local areas large thermal 
gradients and mismatches between the different materials 
constituting the multilayer structure of the laser can be 
generated. Now the question concerns the possibility that this 
local thermal stress could be able to reach the yield strength of 
the materials constituting the active part of the laser structure, 
which would result in the formation and ulterior motion of 
dislocations, accounting for the catastrophic degradation. 

IV. RESULTS AND DISCUSSION 

 
In order to solve the problem of the local thermal stresses first 
the thermal transport equation by finite element methods (FEM) 
(5,6), taking a local submicrometric heat source which 
represents the volume of the active zone in which the 
temperature is enhanced by non radiative recombination and 
subsequent laser self absorption. The temperature distribution 
across the laser structure calculated for different absorption laser 
power densities at the defect are represented in Fig.3.  
 

       
 
Fig.3. Temperature across the laser structure for different 
interface roughness (0Å, 8Å, and 10.6Å ) respectively and a 
laser power density absorption of 6 MW/cm2 
 
Using this temperature distribution in the multilayer structure, 
one solves the corresponding thermoelastic equation, from 
which the distribution of thermal stresses is obtained. The 
calculation requires a number of materials parameters (thermal 
expansion coefficient, Poisson ratio, heat capacity, thermal 
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conductivity and Young’s modulus), which were taken from the 
literature (10,11).  
     The boundary conditions can be of two different types: 
specified temperature and specified heat flux. The former is of 
Dirichlet type and prescribes the temperature at a boundary, 
while the second is of Neumann type and specifies the inward 
heat flux, for more details see ref. 6. In this case example the 
heat source representing the zone under the influence of the non 
radiative recombination, i.e. the area that is overheated and 
therefore is self-absorbing the laser emission, was two-
dimensional, 12 nm high (QW thickness) and 1 ]m width in the 
front facet. The boundary conditions for the mechanical model 
are free displacements in all the external faces except in the one 
that takes account of the symmetry. 
        The formation of extended defects, e.g. dislocations, needs 
that the maximum shear stress be higher than the yield strength 
of one of the layers constituting the laser structure, this is the 
Tresca criterion ; otherwise one can consider that the shear 
strain energy per unit volume (von Misses criterion) be higher 
than  the yield strength (6).  
      The stress distribution across the laser structure was 
calculated and represented in Fig.4, for the thermal conditions 
plotted in Fig.3. Note that the yield strength decreases with 
temperature, therefore, the higher the temperature the lower the 
shear stress necessary for plastic deformation. When one adds 
the packaging induced stress, the threshold for plastic 
deformation due to the thermal induced stress is lowered (see 
ref. for details), evidencing that the packaging stress is an 
acceleration factor of the degradation (6). 
       These results confer a very relevant role to the heat 
extraction from the active zone. It is well known that in 
semiconductor structures with nanometer dimensions, e.g. the 
thickness of the QW in the laser structure, the thermal 
conductivity is severely suppressed with respect to the bulk 
value; furthermore, the thermal conductivity decrease is more 
important for rough interfaces (12,13). The interfaces enhance 
the contribution of the phonon boundary scattering to the 
resistive processes, and the heat evacuation is slowed down 
because of the decrease of the thermal conductivity across the 
interfaces (12, 13), with the corresponding increase in the local 
temperature, resulting in sharper temperature gradients; which 
build up larger stress fields (14). 
      The shear stress fields across the active zone calculated for a 
laser power density absorption of 6 MW/cm2, for three different 
interface roughness, 0, 8 and 10.6 Å, are shown in Fig.4. This 
optical power density is a typical operation power in a device of 
these characteristics. One observes a large shear stress gradient 
along the QW/barrier interface, and a strong increase of this 
stress with the interface roughness. 

The shear stress needs to be compared with the yield 
strength in order to establish the operation conditions at which 
the generation of dislocations takes place.  

In Fig.5 one represents the maximum shear stresses for 
the three interface roughness as calculated in Fig.4, the yield 

 strength data for GaAs as a function of T are also represented 
in order to define the conditions under which the plastic 
deformation occur in the three cases represented (the yield 
strength data are taken from (14, 15)). One observes that for 
flat interfaces, the thermal shear stress cannot overcome the 
yield strength, when the roughness increases to 8 Å, the shear 
stress is close to the yield strength. Finally, for a roughness 
10.6 Å the threshold for dislocation generation is largely 
surpassed. This evidences the capital role that the quality of 
the interfaces plays in the reliability of high power laser 
diodes.  
 
 

        
Fig.3. Shear stress across the laser structure for three different 
interface roughness, 0, 8 and 10.6 Å, respectively.  
. 

 
Fig.4. Shear stress as a function of temperature for the three 
interface roughness, and laser power density of 6MW/cm2; 
compared to the yield strength of GaAs, open circles from 
ref.15, and open squares from ref.16. Increasing the interface 
roughness significantly lowers the threshold for degradation 
 

Q
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V. CONCLUSIONS 

The defects created during the degradation of high power 
laser diodes reveal the formation of extended zones with low 
light emitting activity, consequence of the generation of 
clusters of dislocations, giving the aspect of either DSDs or 
DLDs. A thermomechanical model, in which local heating at 
the submicrometric scale is demonstrated to induce thermal 
stresses overcoming the yield strength and generating 
dislocations responsible for the catastrophic degradation. The 
roles of the packaging induced stress and the thermal 
conductivity of the interfaces are considered as acceleration 
factors of the degradation, evidencing a significant lowering of 
the damage thresholds. The quality of the interfaces between 
the QW and the barriers is a critical issue for the reliability of 
high power laser diodes.  
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ABSTRACT

Internal degradation of 980 nm emitting single-spatial-mode diode lasers during ultrahigh power operation is 
investigated for pulsed operation (2 μJ, 20 W). Analysis of the evolution of the emission nearfields with pico-second 
time resolution enables the observation of the transition from single- to multi-spatial-mode operation at elevated 
emission powers. Moreover, internal degradation events and subsequent defect propagation processes are in situ
monitored by thermal imaging. Subsequently these devices are opened and defect pattern are inspected by cathodo- and 
photoluminescence spectroscopy. These results complete earlier findings obtained at broad-area lasers and help to 
establish models covering defect generation and propagation in edge-emitting devices in general.

Keywords: Single-spatial-mode lasers, pulsed operation, degradation mechanisms, internal catastrophic optical damage

1. INTRODUCTION 
High-power single-spatial mode lasers are becoming standard devices for a number of important applications such as 
pumping of erbium doped fiber amplifiers [1], for blue-green light sources, for display and projection purposes [2], for 
medical applications such as surgery and genetic research , spectroscopy, remote sensing, laser radar, etc.

Nowadays such devices are produced in large quantities. This leads to improved performance and reliability figures as 
well as cost savings. In turn, these improvements open up potential new applications fields. One of them involves pulsed 
applications at operation powers substantially higher than those, for which reliable continuous wave (cw) operation is 
guaranteed. In this context three issues are of particular importance: First, knowledge is needed, up to what pulsed 
current amplitudes the devices can be operated without leaving single-spatial-mode-operation. Second, the principal 
limits of pulsed operation must be investigated. This involves the determination of degradation thresholds for relevant 
pulse lengths. And third, the causes of the observed degradation should be understood. While the first topic, the loss of 
single-spatial-mode-operation, can be considered a reversible type of degradation, device damage is of course 
irreversible. These three topics represent also the outline of this paper. After introducing the experimental details 
including methodology, the thresholds of reversible and irreversible degradation are determined and discussed in detail.
Since we do not observe any device failure in pulsed single-spatial mode operation, the transition from single-spatial-
mode to multimode operation can be seen as a built-in self-protection mechanism. If devices fail at further elevated 
emission powers in multimode operation, the responsible mechanism was identified as internal catastrophic optical 
damage (COD). Facet-related COD has never been observed for the investigated devices pinpointing their excellent facet 
protection. Two types of defects are observed as a result of internal COD: First, there are the dark-line-networks of 
molten material, which are well known to accompany COD [3]. Second, the local temperature increase to 1600°C [4]
creates point defects spread laterally across a range of 100-300 μm. This scenario is similar to the one earlier observed in 
broad-area devices [5]. The same holds for amplified spontaneous emission as principal energy source feeding defect 
propagation, in particular, if the single-mode waveguide is somewhere internally interrupted by extended defects.
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2. EXPERIMENTAL
2.1 Devices

Device structure and cw operation properties have been described in detail in earlier reports [6, 7]. The devices 
investigated are based on a 980 nm emitting InGaAs/AlGaAs single quantum well (QW) structure with an asymmetric 
waveguide. The laser structure has low internal losses (0.85 cm-1) and low far-fields angles of 6 and 18° (full width at 
half maximum) in slow and fast-axis, respectively. The single spatial mode ridge waveguide is obtained by inductively 
coupled plasma etching on a full 3” wafer. The laser cavity is 3.9 mm in length.  The 350 μm wide chips are packaged p-
side up to ceramic sub-mounts, which are clamped onto a temperature-stabilized copper heat-sink. Threshold currents are 
~ 75 mA, while typical emission powers are above 0.85 and 1.5 W at operation currents of 1 and 2 A, respectively. The
cw light-emission-vs.-current characteristics are ‘kink-free’ up to ~1.8 A. The typical reliable fiber output power of these 
devices is 750 mW. More than 30 individual devices have been involved into the present study.

2.2 Operation conditions and strategy of measurements

The devices were operated in so-called single-pulse step tests. For this purpose the devices were operated by 150 ns to 9
μs long single pulses. The amplitude of these pulses was increased, starting at ~1.5 A by 0.5 A steps until the devices 
failed. The current pulses are generated by a diode laser driver PicoLas LDP-V50-100 V3. They can be considered fully 
independent, since there were minutes in between. The diode laser is directly attached to the driver in order to guarantee 
a fast current rise time of <10 ns. 

The shapes of the current and spatially integrated emission power transients (detected by a fast photodiode Thorlabs
DET10A/M, rise time 1 ns) are monitored by an Agilent Infiniium 2 GHz oscilloscope. Mid-infrared snapshots 
temporally-integrating across the entire pulse width are taken with a thermo-camera Thermosensorik CMT 384; see [5].

Figure 1. Schematic diagram of the setup used for monitoring time-resolved nearfield pattern. 

Figure 2. (a) and (c) Streak camera images of the laser emission within 150 ns long single current pulses with amplitudes of
2.4 and 15.5 A, respectively. (b) and (d) show normalized cuts through (a) and (b) taken at 50 and 150 ns; see full and open 
circles, respectively.

(a)                          (b)                                            (c)                            (d)
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Time-resolved measurements of the emission nearfield have been obtained by using a Hamamatsu C1587 streak camera 
(equipped with single sweep unit M1953) as depicted in Fig. 1. As a result spatio-temporal emission nearfield maps are 
obtained as shown in Figs. 2 (a) and (c). From such raw data, cuts are extracted; see Figs. 2 (b) and (d). In case of the 
current pulse of 2.4 A the nearfield shape is constant along the 150 ns pulse and almost perfectly described by a single 
Gaussian. For the current pulse of 15.5 A the shape of the nearfield changes, and at about 100 ns after the leading pulse 
edge the single peak merges into a double peak-structure; see open circles in Fig. 2 (d). Thus for 15.5 A the single-
spatial-mode emission lasts for about 100 ns. 

2.3 Analytical techniques

Destructive device preparation is made by removing the bond wires, the p-metallization as well as p-cap and claddings. 
Thus the ‘opened’ device is available for spectroscopic measurements with the p-waveguide on top.

Cathodoluminescence (CL) spectroscopy is made using a Gatan MonoCL2 system attached to a field emission scanning
electron microscope Carl Zeiss Leo 1530.

Micro-photoluminescence (μPL) measurements are made using a SI TriVista Raman spectrometer equipped with a stage 
for scanning and mapping. The excitation wavelengths were either 442 or 633 nm. Excitation powers are typically ~100 
μW within a micron-sized focus. 

3. RESULTS AND DISCUSSION
3.1 Degradation diagram and internal COD

Measurements such as the ones that are presented in Fig. 2 allow determining the time during which the device is still 
able to maintain single-spatial-mode operation (for given current amplitude). A set of such data is presented in Fig. 3; see 
open circles. This data set is connected and extrapolated by a dashed line. The operation conditions (current amplitude 
and pulse duration) left of the dashed line describe the parameter range, where single-spatial-mode operation is feasible. 
At the parameter combination described by the dashed line the device changes over to multi-mode operation. In this 
operation regime, the device protects itself from degradation be reducing the power densities. This reduction is caused by 
the increased total mode size in multi-mode operation and can be considered a ‘reversible degradation’. Further 
increasing pulse amplitudes and durations lead eventually also to catastrophic device failure, i.e. ‘irreversible 
degradation’. In contrast to the facet-related COD, which represents the cardinal degradation mode during cw operation
[7], we find internal COD to be relevant in high-power single pulse operation; see full circles in Fig. 3. Except for one 
reference device with unprotected facets, single pulse operation with very high currents and pulse durations never 
resulted in facet-related COD. The threshold for facet-related COD in cw operation was added for completeness.

Figure 3. Degradation diagram giving the operation parameters (current pulse amplitudes and durations) for facet-related 
COD during cw operation [7] and internal COD during single pulse operation.

At this point we can conclude that the main degradation mechanism changes if devices are operated with high-power 
pulses instead of cw. This is a clear distinction to the situation with broad-area devices, where high-power pulsed 
operation was found to be something like a special type of accelerated aging [4, 8]. Obviously, this is not the case here. 
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Figure 4 (a) depicts the setup that has been employed for analysis of the internal degradation. While the emission that 
emerges from the front facet is spatially integrated but temporally resolved (e), the thermal images (b-d) provide spatially 
resolved (side view to the device) but time-integrated information. Although four devices have been tested in single-
pulse step tests, we restrict for coherence purposes all results presented in the following to those from one single device. 
From the data obtained from this device, those ones are shown, which are measured during four single 9 μs long pulses. 
The thermal images, see Fig. 4 (b-d), consist of two pieces of information, namely geometry (grayscale caused by the
emissivity contrast, integration time 1 ms) and thermal emission (color, integration time 10 μs). The center of gravity of 
the latter is additionally highlighted by white arrows. For all currents õ!�2 A, no thermal emission is detected. This is due 
to the short integration time (10 μs) in combination with the spatial averaging (pixel size 8.8 μm) resulting in a noise-
equivalent temperature on the order of 400 K. Therefore a flash of thermal radiation, as observed for the first time at the 
8.7 A pulse about 1200 μm underneath the front facet is unambiguous evidence for the local presence of a very high
temperature >>400°C. This is also the first certain argument to call this degradation event ‘internal COD’. The power 
transient taken for the 8.7 A pulse confirms this finding. There is an abrupt decrease at about 7.8 μs after the leading 
edge of the pulse; see arrow. According to the lines of arguments relevant for broad-area lasers [8] this is a second clear 
argument for the presence of COD. The power decay after COD is shown on expanded scales as inset and a decay time 
of ~300 ns is derived. This number is in excellent agreement with earlier findings for 980 nm emitting broad-area lasers 
made of the same material system [9]. Therefore it is likely that the defect propagation during COD in single-spatial 
mode lasers is also governed by the thermal properties of the waveguide material, which carries the heat removal from 
the ‘hot spot’.

Figure 4. (a) Schematic diagram of the setup. (b-d) Thermal images for 3 different operation currents. The integration time is 
10 μs. Dashed lines pinpoint the front facet and the location of the initial degradation event. (e) Laser emission transients  
for 4 different operation currents. The arrow points to the degradation event within the 8.7 A pulse.

After the initial degradation event, a second pulse with a current amplitude of 9.2 A has been applied. Two ‘hot areas’ 
(see the two white arrows) are observed. Their different extensions along the laser axis (z) point to different defect 
propagation velocities within the 10 μs integration time (9 μs pulse duration). Defect propagation velocities of 20 μm/μs 
(left, towards the front facet) and 65 μm/μs (right, towards the rear facet) are determined. Again this well compares to 
the velocities determined for broad-area-devices [3]. This bi-directional defect propagation has been observed in all 4 
devices, which degraded under this type of single-pulse operation at extremely high powers. Therefore we carried out an 
additional special experiment, where the second pulse (after the one that initiated the internal COD) was of substantially 
lower amplitude (~1.5 A). In this case unidirectional defect propagation towards the rear facet was observed. This seems 
to be similar as the situation in cw operation. This change in defect-propagation behavior is caused by the presence of a 

(b)

(c)

(d)

(a)

(e)
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‘threshold’ energy for re-ignition of the COD [10], which might be reached at one side of the initial ignition site only.
This explains why COD during cw operation often causes unidirectional defect propagation only. Moreover, the 
observed defect propagation in an interrupted waveguide pinpoints amplified spontaneous emission as important energy 
source for defect growth. This again is in agreement with completely independent results obtained by modeling of defect 
pattern in broad area lasers [11].

3.2 Analysis of the defect pattern after internal COD

Preparative opening of the devices allows the comparison of the observed thermal signatures with actual damage pattern.
Perfect agreement is found; see Figs. 5 (a) and (b). Thus it is clearly shown that the black line of degraded QW CL, see
(b) is a result of a process that involves very high temperatures. This is the third clear argument to use the term COD for 
this internal degradation. In the following we present the results of spectroscopic analysis of the damage pattern. 

Figure 5. (a) Thermal signature as observed in the 9.2 A-pulse; compare Fig. 4 (d). (b) QW CL map (top view) taken after 
opening the device. Note that the CL map is a composite of 5 images. For both images (a, b) the same scale along the laser 
axis (vertical direction) has been chosen. (c) PL scan along the laser axis at the position of the ridge forming the single-
spatial mode waveguide. The excitation wavelength was 442 nm resulting in an absorption length of ~100 nm.

Figure 5 (c) shows the intensity of QW (black) and waveguide PL (gray) as obtained by integrating the respective 
spectral ranges from single spectra taken with 1 μm step width. In the z=1050-2150-μm-range, there is absolutely no 
QW PL. In contrast, the PL from the p-waveguide representing the upper layer is substantially enhanced. This rather 
surprising effect is understood taking into account the small absorption length of ~100 nm for the excitation light. This 
makes sure that all photons are absorbed in the p-waveguide. In regions, where the QW is present, a substantial fraction 
of them is drifting to the QW and recombines there as QW PL. In regions, where the QW is annihilated by internal COD, 
this drain disappeared. This leads to the conclusion that an intact QW represents a much deeper potential well than the 
same material at the ‘COD path’ in the QW plane that is affected by amorphization [4].

Except for the total degradation of the QW PL in the region where the ‘black line’ is also observed in CL, there is a 
gradual QW PL degradation near the start and end of the ‘black line’; see dash-dotted lines in Fig. 5 (c). This gradual PL 
degradation, which is extended here by more than 100 μm, could be indicative for point defect creation caused by the 
high temperatures at the COD-site. If this hypothesis would be true, one should see the same effect in PL scans 
perpendicular the laser axis; i.e. along the x-axis.

Figure 6 (a) allows the direct comparison between scans taken in x- and z-direction. Similar to the effect along z, gradual 
QW PL degradation along x is well pronounced for the scans taken at z=1400 and 2000 μm, i.e. at the positions, where 
COD definitely took place. Thus the tentative assignment made above is confirmed. 

Moreover, the comparison between the scans taken with the two different excitation wavelengths, allows further 
localization of the defect generation along growth direction, i.e. perpendicular to the x-z-plane that is considered up to 
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Figure 6. (a) QW PL scans perpendicular to the laser axis taken at different z-positions. The excitation wavelengths are 
442 nm resulting in an absorption length of ~100 nm (a) and 633 nm resulting in an absorption length of ~1 μm (b).
Notice that the z-positions of 1400 and 2000 μm cover regions, where the ridge waveguide is affected by the internal 
COD, while z=500 and 2500 μm serve as reference, for ‘unaffected’ material.

now. Obviously, the gradual degradation effect is more pronounced for 633 nm excitation compared to the 442 nm one. 
As a measure, we could use the edge-(x=0 and 350 μm)-to-ridge (x=225 μm) PL intensity ratio. The only difference 
between the two wavelengths is the absorption depth of ~100 nm and ~1 μm for 422 and 633 nm, respectively. For 422 
nm, only the p-waveguide is excited, while for 633-nm-excitation both waveguides and the QW are excited. Therefore 
we conclude that QW and n-waveguide are substantially more affected than the p-waveguide by the gradual degradation 
caused by the heating in the 100-300 μm surrounding of the ‘hot spots’ at the COD-sites within the ridge. 

4. CONCLUSIONS
Single-spatial-mode devices can be operated pulsed at substantially higher power levels than in cw while maintaining 
their mode properties. The quantities, which apply for the specific type of device, are presented in a degradation diagram.
The general shape of this diagram, however, should be the same for any other type of single-spatial mode device. For the 
device batch considered in this report, the power enhancement factor (maximum pulsed vs. cw) is about 15-20. 

The general behavior of the COD effect is the same in AlGaAs-based broad-area and single-spatial mode devices. In
state-of-the-art single-spatial mode devices, however, there are a number of peculiarities:

There is a tendency towards multi-mode operation at very high power levels. This can be seen as a type of reversible 
degradation. The transition towards-multi-mode operation can also be considered as a self-protection mechanism that 
leads to lowered power densities despite increasing absolute powers. 

In our single pulse experiments, we observed no front-facet-COD. Only one uncoated reference device has shown the 
formerly typical front-facet-related COD. Kinetics of the internal COD is governed by thermal properties of the 
waveguide as earlier observed for broad-area devices.

Bi-directional COD propagation is observed after the laser cavity is blocked by an initial COD event. Thus the second
COD-ignition is feed by amplified spontaneous emission. This finding is consistent with modeling work on COD 
propagation in broad-area devices.

Two types of irreversible degradation are observed: First, there is the catastrophic damage within the ridge, during which 
the QW and a small part of the surrounding waveguide are fully molten and became amorphous. Second, there is a 
gradual degradation in a 100-300-μm-range around the severely locally damaged sites at the ridge. This degradation 
manifests itself by reduced QW PL. QW and n-waveguide are substantially more affected than the p-waveguide. The 
microscopic cause for this type of secondary degradation is point defect generation during the thermal COD cycle.

(a) (b)
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i. Amplio rango de energía de los electrones 
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ii. Alta resolución espacial  
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iii. Caracterización espectral 
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