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Abstract

Cathodoluminescence (CL) investigations are performed on nominally undoped and Si-
doped e-Ga,03 samples grown by metal-organic vapor phase epitaxy on (0001)-

Al O3 substrates, using different carrier gases. All films exhibit a broad low-temperature
CL emission extending over the photon energy range 2—3.4 eV. Emission deconvolution
suggests that four narrower bands centered at about 2.4, 2.75, 3.0 and 3.15 eV may well
account for the broad band. While the position of these peaks results independent of the
growth conditions, significant intensity differences are observed. A general reduction of
the broad emission is evidenced as the Si concentration increases. No band-to-band
recombination is observed. Temperature dependence of the CL signal shows a trend
consistent with radiative transitions from the CB to deep acceptor states, probably of

intrinsic nature.
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1. Introduction

Among wide band-gap oxide semiconductors, Ga>Os3 is attracting much attention as an
interesting candidate for the fabrication of power transistors and optoelectronic devices,
such as solar-blind UV detectors [1], [2], [3], [4], [5], [6], [7]. The band gap of 4.6—

4.9 eV and an estimated breakdown electric field of 8 MV/cm make it one of the most
promising transparent semiconducting oxides (TSO) [8]. There are several polymorphs
of gallium oxide (a, B, €, d, 7), but the B-phase (4.9 eV bandgap) is the most studied one
because it is thermodynamically stable. Furthermore, it can be grown from the melt as a
single crystal suitable for the production of substrates [9], [10], [11]. However, it
presents also some disadvantages, such as considerable optical and thermal

anisotropy [12], and a strong cleavage tendency along the planes (1 0 0) and (0 0 1).
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The second most stable phase is believed to be the e-phase (bandgap around 4.6 V) [4],
with a pseudo-hexagonal crystal structure (orthorhombic with 120° oriented domains,
also referred to as «) [13]. It is thermodynamically stable up to 700 °C, and it undergoes
a complete transition to B-phase at temperatures higher than 900 °C [14]. First results
concerning the electrical properties of e-Ga;O3 showed that epitaxial films can be
successfully doped with silicon and tin to get resistivity down to about 1 Qcm [15].
Furthermore, e-Ga>O3 possesses higher crystallographic symmetry than the -
polymorph, it can be deposited on different substrates and shows an interesting
ferroelectric behavior [16], [17], [18].

The B-phase has been extensively investigated by cathodoluminescence (CL),

photoluminescence (PL), deep-level transient spectroscopy (DLTS), deep-level optical
spectroscopy (DLOS) [19], [20], [21], [22], [23], in order to detect deep levels and

related optical transitions, however, such information is not yet available for e-Ga>Os.

In this work, temperature-dependent cathodoluminescence (CL) measurements were
applied for the first time to study epitaxial e-Ga>O;3 layers grown under different
conditions and differently doped. It was observed that generally the films present a
broad emission band extending over the 2-3.4 eV photon energy range, which we
ascribed to the convolution of four partially overlapping bands. The relative intensity of
the four bands changes with the growth parameters and the dopant concentration, as
well as with the measurement temperature. The nature of the deep levels is discussed
considering available electrical data from previous investigations. This is the first
investigation on radiative deep levels in e-Ga>O3 and their dependence on doping and

growth conditions.
2. Experimentals

Undoped and silicon-doped e-Ga,0Os films were grown on c-oriented sapphire substrates
by MOVPE in a low-pressure reactor at 600°-650 °C. Trimethylgallium (TMG) and
ultrapure water, stored in stainless steel bubblers at 1 °C and 30 °C, respectively, were
used as precursors, using Hz, He, or N2 as carrier gas. The ratio of their partial pressures
(oxygen-to-gallium) was in the range 200-350. For Si-doped films, SiH4 diluted 0,05%
in H> was injected into the reactor via the TMG line to get effective silane fluxes
between 0,001-0,05 sccm. A list of the samples studied in the present work is reported
in Table 1.
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Table 1. Growth parameters and properties of the analyzed samples.

Sample number and TCC)-P Carrier flux Carrier  Thickness Time
SiH, flow (sccm) (mbar) (sccm) gas (nm) (min)
#341/Undoped 610-72 2000 N, 250-350 120
#342/0.005 scem (SiH.) 600-80 2000 N, 450 120
#344/0.001 sccm (SiH.) 600-80 2000 N, 350 120
#348/0.0125 sccm (SiH.) 610-75 2000 N, 800 120
#395/Undoped 610-60 2000 H, 280 15
#425/Undoped 610-60 2000 H, 6000 320
#426/0.005 sccm (SiH.) 610-60 2000 H, 1000 60
#430/0.0125 scem (SiH.) 610-60 2000 H, 1000 60
#431/0.05 sccm (SiH.) 610-60 2000 H, 900 60
#479/Undoped 650-100 400 He 200 17

Epitaxial films with thickness ranging from 0.5 um to 5 um were selected and tested by
X-ray diffraction in order to check their e-phase purity. Fig. 1a shows the X-ray
diffraction pattern recorded using the Cu Ka radiation for a Si-doped layer grown using
H; carrier gas, sample #430. The shift of spectra of e-Ga>O; layers with respect to those
of B-Ga>0s has been pointed out in Ref. [24], also evidencing a perfect correspondence
in angle between peaks of equal Miller indexes of nominally undoped and Si-doped &-
GaxOs layers. The optimum crystallographic quality of the e-Ga>Os3 layers is confirmed
in all the spectra by the small linewidth of the peaks which permits to resolve the
splitting due to Kal and Ka?2 radiations, without any broadening of the peaks due to
doping. To highlight this result, in Fig. 1b, the split (0 0 0 6) peak of Fig. 1a is
compared with the corresponding diffraction peak of an undoped layer, grown using Ho,

showing the full overlap of the spectra.
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Fig. 1. (a) X-ray-diffraction pattern of #430 Si-doped epitaxial layer. (b)
Comparison between the Kal-Ka2 split (0 0 0 6)-peaks of sample #430
(continuous line) and of an undoped &-Ga,O; sample grown with H. carrier gas
(dashed line). (¢) Comparison between the (0 0 0 6) peaks of an undoped sample
grown either using N (continuous line) and H- (dashed line) carrier gas.



This result supports the hypothesis of a uniform incorporation of Si atoms as isolated
donors in the doped layers, as proposed in Refs. [15], [24], without formation of
precipitates or other extended defects. The crystallographic quality was poorer when
N3 carrier gas was used instead of Ha, as shown in Fig. lc.

The CL study was carried out with a MonoCL2 system from Gatan UK, attached to a
field-emission scanning electron microscope (FESEM-LEO 1530). The detector for the
spectral analysis was a Peltier-cooled CCD, while a photomultiplier was used for
recording panchromatic CL images. CL spectra were acquired at 80 K for every sample,
while temperature dependence investigation, from 80 K to 280 K, was also performed
on a few selected samples. The e-beam energy was varied between 5 and 30 KeV. The
penetration depth, estimated from Montecarlo simulation by means of

Casinosoftware [25], in Ga;03 at 5 kV is =270 nm, with maximum energy loss at
around 81 nm, whereas the penetration depth at 30 kV is =4 um, with maximum loss
energy around 1.3 um. The samples were not coated, since no significant specimen

charging effect was observed under the experimental conditions used.
3. Results and discussion

Typical CL spectra from a set of nominally undoped &-Ga>Os epilayers at 80 K are
shown in Fig. 2a, while Fig. 2b reports the CL spectrum of a thick layer (5 um). For this
high thickness there are no luminescence contributions from the sapphire substrate even
when high-energy electron beams are used in order to enhance the signal to noise ratio.
No band-to-band or excitonic transitions were observed. The spectrum of Fig. 2b,
consists of a broad band in the spectral range 2—3.4 eV that may be deconvoluted and
satisfactorily fitted by four Gaussian bands centered at 2.4 eV (517 nm: A), 2.75 eV
(450 nm: B), 3.0 eV (413 nm: C), and 3.15 eV (394 nm: D). It is worth noting that with
the four-Gaussian approach we were able to fit all the spectra, independently of the
sample. The intensity of peak D is appreciable only in few samples, while it is actually
negligible in most of them, independently of the carrier gas, consistently with the data

shown in Ref. [4]. See e.g. Fig. S1 in Supplementary information and Fig. 7b discussed

below. To be noted, that in case of negligible peak D, the fitting of emissions is in
principle possible with just three peaks: the spectral position of A, B, C bands does not
change appreciably, while their FWHM increase. This speaks in favor of a general four
peak-based deconvolution procedure, that can provide a reliable estimate of positions of

the corresponding deep levels in all cases.
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Fig. 2. a) CL spectra recorder at 81 K (electron beam: 30 KeV) for four undoped
€-Ga,0:; film grown under different process parameters (see list of samples
in Table 1). T = 81 K. Note that sample #425 is more than 5 times thicker than
the other three layers; the other samples have similar thickness (see Table 1). b)
CL spectrum of the undoped e-Ga,O; film #425 of Fig. 2a at 81 K (black line,
underlying) and best fit (red line, overlapped) performed by considering four
Gaussian peaks (green lines).

All the recorded spectra from undoped films exhibited similar features, irrespective of
the type of carrier gas, but presented remarkable differences in terms of the relative
intensity of the peaks, as proved by repeating measurements on different samples. In
order to have reliable data also for the thinnest e-Ga>O3 specimen, where the sapphire
substrate is also excited by the e-beam, the corresponding CL spectrum was “cleaned”
by subtracting the CL spectrum of a reference c-oriented sapphire substrate, whose
behavior vs. temperature in the range 2.2—4.5 eV is reported in Fig.

S2 of Supplementary information. The CL spectrum of e-Ga2Os3 just lies in the energy
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range where the CL spectrum of the substrate is negligible at any temperature, only
showing a very slight bump around 2.2 eV and a peak at 3.7 eV.

Temperature dependent CL measurements were carried out (Fig. 3a) on the nominally
undoped thick specimen in order to rule out any contribution from substrate. The
possibility of using a high-energy electron beam permitted to detect a significant CL
emission up to room temperature (RT). However, we must note that this sample had a
RT resistivity of 1.5 x 10* Qcm, at least 3 orders of magnitude lower than the typical
resistivity (>107 Qcm) of our nominally undoped samples [4]. Contamination by donors
of unknown origin probably occurred in the less resistive sample analyzed here, which
must be taken into account in the interpretation of the spectra. CL spectra were taken at
stationary temperatures ranging from 80 K to 280 K, in steps of 10 K. Deconvolution of
the temperature-dependent CL spectra confirms the presence of the four emission bands
A, B, C and D with peak positions and FWHM practically unchanged over the whole
temperature range. The integrated areas of the four peaks increase between 80 and

100 K, and then decrease monotonically between 100 K and 280 K (see Fig. 3b).
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Fig. 3. Temperature dependence of: a) the CL spectra and b) the emission
intensity of the A, B, C and D Gaussian peaks from 80 K to 280 K.

The slight increase of integrated areas of the four CL peaks when going from 80 to

100 K is attributed to thermal activation of electrons from shallow donor states to the
conduction band, which strongly supports the hypothesis that the luminescence
emissions involve the CB and four empty deep states. This hypothesis was also
corroborated by previous photoconductivity (PC) investigations [4], as well as Angle
Resolved Photo-Emission Spectroscopy (ARPES) by Mulazzi et al. [26]. Actually, the
PC spectrum shows the onset of a weak signal well below the absorption edge of
Gay0s3 (of about 2.4 eV), indicating that electrons are promoted into the CB from deep
in-gap states by sub-bandgap excitation [4]. In addition, ARPES also suggested the
emission of electrons from a band of deep states located about 1.1 eV above the valence
band (VB) maximum [26]. These deep states are rather probably related to bulk defects,
because no surface band bending was observed, which seems to rule out a significant
concentration of surface states and related Fermi level pinning [26].

Above 100 K the emission intensity of the four bands monotonically decreases. The
absence of the self-trapped exciton emission, and the thermal quenching of the deep
level-related emissions are compatible with the transfer of the thermally-released holes
to non-radiative recombination centers, according to the Schon-Klasens mechanism for
thermal quenching [27].

Similar models were proposed by Binet et al. [21], and Onuma et al. [28] to justify the
temperature dependence of the luminescence of B-Ga>Os. In B-phase, visible
luminescence, in particular blue luminescence, was attributed to a donor-acceptor-pair
transition (DAP), between a shallow donor level and a deep acceptor level. Initially, it
was speculated that oxygen vacancies might act as shallow donors, but later calculations
concluded that the vacancies must be deep donors with ionization energy above

1 eV [29]. Shallow donors in B-Ga203 samples seem to be associated with substitutional
impurities in Ga sites [28], or Ga; [30].

However, in the present e-phase samples there is no blue shift associated with the
thermal emptying of the shallow donor, which is consistent with the absence of DAP
transitions, supporting the CB-deep level transitions. The actual physical picture is best
described by the scheme of Fig. 4 although, at present, we cannot provide an
unambiguous interpretation for the origin of the deep levels. In the more studied -
Gay03, deep levels have been tentatively attributed to Vga or (Vo, Vga)' complexes [31].
Actually, CL investigations performed on epitaxial -Ga,0s correlated specific CL

emissions with intentionally-created defects: for instance, in Ref. [31] the blue
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luminescence (3.5 eV) was associated with Vo; while bands A (2.4 ¢V), B (2.75 eV)
and C (3 eV) have been connected with Vga-related defects [20], [31].

4.6eV 2.4V

§3.15eV
|

Fig. 4. Band diagram proposed for epsilon phase Ga.O:.

The detection of the same four peaks in all e-Ga>O3 samples, although with different
integrated areas, suggests that the deep defects responsible for the emissions are
intrinsic, typical of our epitaxial process. However, the relative density of the defects is
certainly dependent on the growth parameters, as proved by the change in the relative
intensity of the associated emissions.

In order to investigate the role of Si-doping on the CL emission, two series of
specimens with different silicon concentrations were grown using Hz or N as carrier
gas. The main characteristics and growth parameters of these samples are listed in Table
1. CL spectra were seen to be strongly dependent on Si doping concentration, although
the energy positions of the four peaks after deconvolution did not change with respect to
the undoped samples.

Fig. 5a, b shows that the emission intensity drastically decreases with increasing Si
concentration; furthermore, the integrated CL intensity was higher with hydrogen
carrier gas than with nitrogen. However, the general CL trend as a function of the Si

concentration was similar for both carrier gases (see also Fig. S3 of Supplementary

information). On the other hand, it should be noted that the amount of silane that leads
to almost complete quenching of the CL emission is significantly lower in the case of
nitrogen carrier (see Fig. 6). All doped samples grown with hydrogen carrier have
practically the same thickness therefore the intensity reduction can be ascribed without
ambiguity to the increasing Si incorporation. The Si-doped samples grown with

nitrogen carrier instead have different thicknesses; in particular, the heavier the doping
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the higher the thickness, which implies that the intensity drop due to doping is

somewhat mitigated by the larger excited crystal volume.
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The same spectra are reported in Supplementary Information plotted in semi-log
scale to better evidence the relative intensities of all the emissions.
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Two qualitative conclusions can be drawn from the above results: 1) the luminescence
emission drops upon Si doping up to the almost complete quenching, but the rate of
intensity decrease differs for each of the four deconvoluted peaks; i) nitrogen as carrier
gas reduces itself the overall CL intensity. Let us consider for example the spectra of the
two samples doped with silane flux of 0.005 sccm in Fig. 5a and b: the sample in
H: exhibits a CL intensity about eight times higher than the sample in N2, which cannot
be accounted for by the thickness difference.
The decrease in the overall CL emission with Si doping in films grown under H» carrier

could be tentatively attributed to formation of Si-related non-radiative killer centers or
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to reduction of the concentration of deep complex acceptors responsible for the A-D
transitions or to both effects acting simultaneously. One idea is that the A-D acceptors
involve Ga vacancies + other unidentified point defects [32]. Actually, it has been
demonstrated that Si in tetrahedral Ga site behaves as a simple shallow

donor [15], [24] but there is no information about the behavior of Ga-vacancy
complexes partially saturated by Si.

In the case of films deposited under N> (Fig. 5b) the picture is even more complicated.
Generally, e-Ga;0s films with the same nominal Si content were actually less
conductive when nitrogen was used as carrier gas instead of hydrogen. Nitrogen was

indeed reported to be a deep acceptor in 8 gallium oxide [32], [34], [35] and in principle

it could be a deep acceptor also in e-Ga2O3, however, the fact that the same deep level
transitions are seen in both, H> and Ny, samples rules out the role of nitrogen as a deep
acceptor participating in the luminescence emission; it might be associated with a non-
radiative recombination center, accounting for the lower emission efficiency of the N»-
carrier samples. On the other hand, also the possible formation of deep donor complexes
involving interstitial-substitutional nitrogen, (N2)Ga, (N2)o should be taken into account
to evaluate the effect of nitrogen incorporation on the sample resistivity [36]. More
investigation is clearly necessary in order to provide a reliable interpretation for the
electrical data of e-Gay0s.

Nitrogen incorporated as deep acceptor in e-Ga2O3 could also justify the lower CL
intensity, observed both in undoped and Si-doped films of Fig. 5b, with respect to films
grown in H> ambient. The N»-related deep level could shift the Fermi level position, and
thus modify the occupancy of other acceptor levels (A-D) and relevant hole trapping
processes. Under this hypothesis, the lower CL intensity would derive, first, from
nitrogen-related centers and, secondly, from the annihilation of Vga-related defects
consequent to Si doping. For sake of completeness, it must be mentioned here that
previous positron annihilation spectroscopy in B phase [33] surprisingly reported an
increase of Ga vacancies with Si-doping, which would clash with our model of deep
acceptor annihilation.

Spectrally integrated CL intensities of the four A-D peaks are shown in Fig. 6a and b: in
both series of samples, with either hydrogen or nitrogen carrier gas, the different peaks
are seen to react differently to Si doping. Moreover, nitrogen seems to enhance the

2.4 eV (517 nm) band with respect to the other bands, which supports the idea that

nitrogen incorporation really changes the charge balance between deep levels.
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It can thus be concluded that in Si-doped samples grown with H carrier, the different
intensity decrease rate of the four CL peaks up to complete luminescence quenching can
be explained by two phenomena: creation of non-radiative recombination centers and
strong decrease of deep levels concentrations at different rates. In less conductive Si-
doped samples grown with N> carrier there is also an additional effect due to nitrogen-
related deep acceptors, which would behave as non-radiative recombination centers and
also would shift the Fermi level balancing the occupancy of the deep levels responsible
for the luminescence emission.

Finally, the analysis of the CL emission from some peculiar surface features provides
some hints about the relation between growth mode and the formation of deep energy
states. During the growth of e-Ga;O3 hexagonal islands form and expand laterally [18];
one of such islands is shown in Fig. 7a. From the shape of the island, it is likely that the
lateral expansion of the island is much faster than the vertical growth on the film surface
external to the hexagon.

Comparison of the CL spectra taken on the hexagon and on the flat surface around it
reveals that the 2.75 eV, 3.0 and 3.15 eV bands (namely B, C and D, see Fig. 7b), are
strongly enhanced within the micrometric hexagonal island whereas, as clearly shown
in Fig. 7b, the emission A at 2.4 eV dominates outside the island. Unfortunately, a
microscopic picture of the individual point/complex defects responsible for the four CL
emissions is still missing, but it may be argued, in analogy with what is observed in f3-
Ga;03, that in these surface islands the complexes including gallium vacancies

(Vca) [31] are present in higher concentration with respect to the outside region. The
lateral expansion rate of the island is certainly higher than the normal growth rate on the
rest of the film surface, which in turn means higher probability of incorporating point
defects, namely Ga vacancies and related complexes. These observations further support

the idea of deep acceptor states linked to intrinsic stoichiometric defects.
4. Conclusions

Low-temperature CL spectra were taken on nominally undoped and Si-doped &-

Gax03 samples in order to investigate the deep levels in the bandgap. Undoped samples
were grown by MOVPE on (0001)-Al,05 substrates, using different carrier gases: He,
H> or N». Si-doping was performed with either H, or N carrier gas. No band-to-band
emission was observed, however a broad CL emission covering the 2-3.4 eV photon
energy range was detected in all the samples. We attributed this band to convolution of
four narrower Gaussian bands peaked at about 2.4 (A), 2.75 (B), 3.0 (C) and 3.15 eV
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(D). The intensity of the individual bands was observed to decrease significantly with
measurement temperature as well as Si doping concentration. Generally, a strong
reduction of the CL integrated emission occurs even for relatively low Si addition. The
overall CL data were interpreted as due to transitions from the CB to deep acceptors,
probably the same states detected by previous ARPES investigation on similar samples.
In analogy with the results previously reported for the B phase, we are inclined to link
the acceptor states with intrinsic point defects. Gallium vacancies in particular seem to
play a fundamental role, as also suggested by looking at the intensity of the four peaks
in surface growth islands that grow laterally at a rate higher than the vertical rate of the
remaining film surface. Different growth rate actually implies different incorporation of

point defects.
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