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Abstract The diffusion length of minority carriers in a p-doped InGaP layer is derived from the
cathodoluminescence (CL) intensity profiles. Two procedures are used. First, the CL profile is recorded
along a line crossing the intersection between a thin metallic mask and the semiconductor, a second
approach consists of the measurement of the intensity profile around an intentional scratch on the surface
of the sample. A longer diffusion length is measured when using the metallic mask as compared to the
scratch. We discuss the role of nonradiative recombination centers in the reduction of the diffusion length
around the scratch. The temperature dependence of the diffusion length is also measured, it is found to

decrease with temperature.
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1 Introduction

The ternary alloy InyGa; P is an interesting material that can be grown lattice-matched to GaAs for a

composition of Ing49GagsP. It is used in different devices, e.g. light-emitting diodes, laser diodes,
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photodetectors, and multi-junction solar cells. The efficiency of multi-junction solar cells based on this

material exceeds 40% and is predicted to reach 50% in the near future [1-3].

Minority carrier transport properties are crucial for the operation of optoelectronic devices, therefore, the
minority carrier diffusion length (Lp;y) is a parameter necessary to design and optimize these devices. The
diffusion length depends on the band structure of the material, the crystal quality, alloy composition, doping
concentration, and the presence of defects, either impurities or intrinsic. Cross-sectional electron beam
induced current (EBIC) and transport imaging in a scanning electron microscope are two techniques applied
to measure the minority carrier diffusion length. However, the electric fields and surface recombination are
the challenges of the EBIC method [4,5], while a 2D-CCD camera is necessary for the transport imaging
technique [6,7]. Cathodoluminescence (CL) has been also applied to measure the minority carrier diffusion
length in semiconductors [8]. Two experimental approaches are used to determine the diffusion length [9].
In the first approach, a metallic mask is deposited on the semiconductor surface. This mask must be thin
enough to permit the penetration of the electron beam across the metal reaching the semiconductor, where
the electron-hole pairs are generated and recombined. The metal layer, however, must be thick enough to
block the CL emission emerging out. The diffusion length is measured by scanning the e-beam along a line
perpendicular to the metal/semiconductor border. When the e-beam is separated from the
metal/semiconductor border a distance equal or shorter than the diffusion length, some carriers can reach
the border recombining in the unmasked semiconductor region, and the emitted CL can be collected [10].
The second approach uses a defect, e.g. an isolated dislocation or other extended defects, to evaluate the
diffusion length. Extended defects usually behave as nonradiative recombination centers. Around the
defects, the CL intensity declines drastically due to the diffusion of carriers toward the defect, where they
recombine non radiatively, giving a dark CL contrast. Therefore, the diffusion length might be estimated

from the CL intensity profile collected around the defect [11,12].

In this work, we estimate the lateral minority carrier diffusion length in a p-type Ing49Gags1P layer using
the two approaches, a gold mask, and a scratch line respectively. The impact of the presence of defects is

analyzed.
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2 Experimental
The samples used for measurements were lattice matched double AlGalnP/InGaP heterostructures

deposited on a GaAs substrate 2° miscut toward the (111) B plane. The growth was carried out in a
horizontal low-pressure metalorganic vapor phase epitaxy (MOVPE) reactor (AIX 200/4). The precursors
for the group-1II elements are TMGa and TMIn, AsH3 and PH; are used for the group-V, and DTBSi,,
DETe and DMZn are the dopant precursors. The layer of interest is a 1000 nm thick Ing49Gag.siP:Zn
sandwiched in between a 250 nm thick Alo.104Gao.416In0.43P:Zn layer and a 190 nm thick Ing49Gag s5:P:Si
layer. The nominal doping concentrations for p-type and n-type layers are 1x10'7 cm™ and 1 x 10'8 cm

respectively. A scheme of the structure is shown in Fig.1(a).
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Figure 1(a) Scheme of the multi-junction (cross section). (b) To measure the diffusion length, the electron beam scanned
a line normal to the gold/semiconductor border. The red line indicates the scan direction. (c) Typical recorded CL
spectrum at 80 K for a 10 keV e-beam energy. (d) SEM image of a scratch line with the scanning line.

The CL measurements were carried out in a LEO 1530 (Carl-Zeiss) field- emission scanning electron

microscope (FESEM) equipped with a MonoCL2 (Gatan UK) CL system. The detection was done with a
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Peltier-cooled CCD detector. Fig.1(b) is a SEM image of the surface of the sample where one can see the
gold/semiconductor border, the measurement was performed by scanning the beam transversally to the
borderline (along the red line in Fig.1(b)) and recording the CL spectrum at each position, achieving an
hyper-spectral line scan. The gold layer was 50 nm thick, which permits to excite the CL for beam energies
above 10 keV (Fig.2(b,c)). A typical CL spectrum is shown in Fig.1(c), the sharp peak at 660 nm (1.877
eV at 80 K) corresponds to the conduction (CB) to valence band (VB) emission in the InGaP layer, while
the low intensity peak at 620 nm (2 e¢V) arises from the CB to VB transition in the AlGalnP top layer. The
transmittance of the 50 nm thick gold layer in this spectral range is below 3% [13]. The thickness of the
gold layer is a critical point of these measurements. One must look for a compromise between the thickness
of the gold layer, and the e-beam energy (generation volume, and penetration depth). This problem is not
present when one scans the e-beam across the scratch or any other extended defect, although in this case,
one should take account of the size of the generation volume with respect to the defect. Fig.1(d) is the SEM
image of the sample with a line scratch on its surface. The electron beam was scanned across the scratch
line (along the red line) and the CL spectrum was recorded at each position. The e-beam energy was
optimized in order to achieve the best conditions for the measurement of the diffusion length in both cases.

The temperature was varied from 80 to 300 K.

3 Results and Discussions

The diffusion length (Lp;y) was estimated for different e-beam energies (£5). The result is shown in Fig.2(d),
where one observes the dependence of Lp;y with Ep, the measured diffusion length increases with Ep. The
measured diffusion length at room temperature increases from 0.3 um under 7 keV excitation to 1.4 um for
20 keV excitation. This dependence is related to the generation volume and certainly to the carrier
generation rate, in fact, the CL intensity measured shall be related to the flux of carriers reaching the metal
border, which will be higher for higher carrier generation rate. One can establish a relation between Lp;y
and the maximum CL intensity (/cz), which depends on Ej. In fact, one observes that the measured Lp;y
increases with /cz, Fig.2(d). On the other hand, one must take account of the lateral dimension of the
generation volume. The generation volumes for different £,s were calculated using open-access Casino

software [14].
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Figure 2 The Monte Carlo modeling of the absorbed energy cross-section for (a) 7 keV and (b) 13 keV and (c) 20 keV
e-beam energy ( the scale bar ranges from 0 to 100% energy loss). The bar indicates the absorbed energy from 5%
(red) to 90% (dark blue) (d) The evaluated diffusion length (black squares) at the gold/semiconductor intersection and
the maximum recorded CL (red circles) for different e-beam energies. The black dash-line and red dot-line are eye
guides respectively for Lpyy and Max Intensity.

For E, up to 15 keV, the generation volume is mainly located in the AlGalnP top layer, the carriers
generated in this layer can diffuse laterally and recombine in the AlGalnP or the InGaP layers. They can
also be drifted by the built-in potential from the top layer into the InGaP layer where they diffuse laterally
and recombine giving the 660 nm peak. One should consider the two ways to reach the mask border in the
InGaP layer [8]. In the first path, by lateral diffusion across the AlGalnP top layer, the surface
recombination plays a major role, as revealed by very weak luminescence intensity emitted by the AllnGaP
top layer. The role of the surface recombination is confirmed by the very short diffusion length measured
from the /¢, of the AlGalnP emission (620 nm). For low Ej, the carriers are generated in the top AlGalnP

layer, Fig.2(a). The population of carriers reaching the InGaP layer is low and, therefore, the lateral flux
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of minority carriers that reaches the metal border is too low to give a significant CL intensity, therefore, the
diffusion length is underestimated. As more electrons arrive into the InGaP layer, by increasing Ej, the
lateral electron flux should increase enhancing the CL signal generated by the diffused electrons emerging

out of the metal mask.
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Figure 3 (a) Variation of CL intensity profiles at the border of gold/semiconductor at 80 K and under 13 keV excitation
energy and (b) measured diffusion length (black squares) and maximum CL intensity (red circles) at the
gold/semiconductor intersection in the temperature interval of 80-300 K. The inset presents the temperature dependent
diffusion length of minority carriers in the AIGalnP top layer. Lines are eye guides.

The primary electron range is the parameter limiting the spatial resolution; therefore, it must be considered
when fitting the experimental data for obtaining the diffusion length from the CL intensity profile along a

line scan crossing the metal/semiconductor border. One must take account of the electron range in the

equation describing the CL intensity as a function of the distance of the e-beam to the metal mask edge

(Fig.3(a)):

—(x+47)
ley = lyexp (12 M

where Lp;yrepresents the diffusion length, 7, is the excitation volume radius, and x is the distance of the e-
beam to the mask edge. To consider the impact of the generation volume, the lateral radius », = 0.15 pm
(taken at 90% energy loss) for 13 keV was considered. The spectrum shape is preserved all along the
scanning line, which permits to assume that there are not inhomogeneities associated with the presence of

defects.

Fig.3(b) illustrates the variation of the diffusion length and CL intensity as a function of temperature. The

results indicate the reduction of the diffusion length by increasing the temperature from 1.37 um at 80 K to
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about 1.0 pm at room temperature. The surface recombination affects the diffusion length in the top
AlGalnP layer. One can observe the Lp;yprofiles of both the 660 nm (1.877 eV) band, corresponding to the
InGaP layer, Fig.3(b), and the 620 nm (2 eV) band, corresponding to the AlGalnP top layer, Fig.3(b) (inset).
The diffusion in the top layer is almost suppressed by the surface recombination, while the surface
recombination will not contribute to the diffusion in the InGaP layer. Considering the relation between Lp;y

and T:

kpT

Lpiff = |—ut (@)

e

where u is the mobility, 7 is the carrier lifetime, &z is the Boltzmann constant, and 7 is the temperature, the
decrease of Lp;y with T should be due to a reduction of the ut factor that overbalances the 7 increase. One
can expect a reduction of the lifetime, assuming the contribution of non-radiative recombination centers,
on the other hand, a reduction of the mobility due to acoustic phonon scattering for increasing temperature
in an alloy of these characteristics could account for such a decrease of the diffusion length [12]. The values

obtained are on line with the values reported in recent works [15].

Alternatively, we studied the diffusion length by recording the CL spectra around a scratch. The scratch
gives a dark contrast in the CL image because of the non-radiative recombination. The carrier lifetime in
the neighborhood of the scratch is limited by the diffusion rate of the electrons towards the defect. The
scratch line was not fully quenched, in fact the emissions from the top layer and the InGaP layer were still
observed when the e-beam is on the scratch line, which accounts for a relatively low non radiative
recombination activity, suggesting a low concentration of deep levels in the scratch. The e-beam was
scanned transversally to the scratch line and the diffusion length was calculated from the exponential decay
of the CL intensity as a function of the distance to the scratch line (Fig.4). The diffusion length estimated
is shorter than the one measured when using the metallic mask. This reduction can be associated with the
presence of nonradiative recombination centers surrounding the scratch, which had been created by the
mechanical deformation induced by the scratch, also the band bending around the defect could contribute
to drift the minority carriers toward the scratch where they shall recombine non radiatively. The
nonradiative recombination centers would be responsible for a reduction of the effective carrier lifetime,

which in the absence of surface recombination can be expressed as:

—= 4 3)

Teff Tnr Tr
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Note that the two main recombination mechanisms deduced from the CL spectrum, are the CB-VB radiative
recombination (660 nm), and non-radiative recombination at deep levels, as no other recombination
channels are seen in the CL spectrum. On the other hand, we have seen that the surface recombination does
not affect the emission of the InGaP layer. The role of the deep levels generated by the plastic deformation
induced by the scratch is also supported by the asymmetrical CL profile at both sides of the scratch, which
should be a consequence of the different distribution of the deep levels at both sides of the scratch line,
Fig.4(a). Note that the band bending around the defect depends on the presence of deep levels capturing
majority carriers, and under the electric field generated the minority carriers are captured, giving a shorter
effective diffusion length. In the example of Fig. 4 this effect is relatively small; however, for deeper
scratches generating more damage, one observes changes in the CL intensity profile around the scratch that

are probably associated with the drift of the minority carriers by the electric field associated with the scratch.
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Figure 4 (a) CL intensity at the vicinity of scratch line under 13 keV e-beam energy and 80 K. (b) Temperature
dependent diffusion length (black squares) and maximum CL intensity (red circles) at around the scratch line. The inset
shows the temperature dependent diffusion length of minority carriers in the AlGalnP top layer. The lines are guides
to the eye.

The temperature dependent results show the reduction of both CL intensity and diffusion length with
increasing temperature. Here, the diffusion length decreases from 1.1 um to 0.6 pm respectively at 80 K
and 300 K (Fig.4(b)). This behavior suggests that the effective carrier lifetime is reduced with 7, which is
consistent with the presence of deep levels, for which the recombination rate increases with 7. Therefore,
one must be cautious with the estimation of the diffusion length, which can depend on the distribution of
defects around the scratch or extended defect, e.g. a decorated dislocation, or a scratch surrounded by deep

levels.
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4 Conclusions

We have presented a study of the in-plane minority carrier diffusion length in AlGalnP/InGaP
heterostructures using spectrally resolved CL. The measurements were carried out on clean material using
a metallic mask, and on damaged material using a scratch as the carrier sink. The experimental conditions,
e-beam energy and temperature, were studied. The use of low energy e-beam leads to an underestimation
of the diffusion length. This unattended result was discussed in terms of the low energy electron flux

diffusing toward the mask edge under low excitation conditions.

The diffusion length around a scratch was shorter than the one measured across the metallic mask in clean
material, which was explained in terms of the formation of deep levels that reduce the effective lifetime of

the minority carriers and the electric field associated with the scratch.

Finally, the diffusion length was found to decrease with T in the two cases suggesting that carrier lifetime

is reduced by capture by deep levels and scattering by phonons is reducing the mobility.
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