
Surfaces and Interfaces 51 (2024) 104642

Available online 19 June 2024
2468-0230/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Electronic states near surfaces and interfaces of β-Ga2O3 and κ-Ga2O3 
epilayers investigated by surface photovoltage spectroscopy, 
photoconductivity and optical absorption 

Th. Dittrich a, A. Parisini b,*, M. Pavesi b, A. Baraldi b, A. Sacchi b, F. Mezzadri c,d, 
P. Mazzolini b,d, M. Bosi d, L. Seravalli d, A. Bosio b, R. Fornari b,d 

a Helmholtz Zentrum Berlin für Materialien und Energie GmbH, Schwarzschildstr. 8, 12489 Berlin, Germany 
b University of Parma, Department of Mathematical, Physical and Computer Sciences, Parco Area delle Scienze 7/A, 43124, Parma, Italy 
c University of Parma, Department of Chemistry, Life Sciences and Environmental Sustainability, Parco Area delle Scienze 17/A, 43124, Parma, Italy 
d IMEM-CNR, Institute of Materials for Electronics and Magnetism, Parco Area delle Scienze 37/A, 43124, Parma, Italy   

A R T I C L E  I N F O   

Keywords: 
Transient surface photovoltage spectroscopy 
Ultra-wide band gap semiconductors 
β- and κ-Ga2O3 polymorphs 
Photoelectrical investigation 
Surface, bulk, and interface defects 

A B S T R A C T   

Transient surface photovoltage (SPV) spectroscopy, optical absorption, and photoconductivity (PC) were applied 
to study electronic transitions in (-201) β-Ga2O3 and (001) κ-Ga2O3 epitaxial layers on c-plane sapphire sub
strates. SPV signals were distinguished for charge separation near the surface and near the layer/substrate 
interface. The bandgaps of β-Ga2O3 and κ-Ga2O3 epitaxial layers were found to be, respectively, about 4.75 and 
4.79 eV from optical absorption measurements, about 4.8 and 4.9 eV from PC, and 4.65 and 4.9 (near the 
surface) from SPV measurements. Near the κ-Ga2O3 layer/substrate interface SPV instead gives a value of 4.75 
eV, possibly related to the presence of an interlayer. Defect-related transitions with onset energies at about 4.5, 
4.1, and 3.5 eV were observed along the whole β-Ga2O3 layer cross-section. In contrast, defects related to 
different transitions were differently distributed in κ-Ga2O3 epitaxial layers: transitions setting on at about 4.3 eV 
originate from defects uniformly distributed across the layer, while transitions starting at 2.4 eV and 1.7 eV were 
respectively connected with defects located near the surface or near the layer/substrate interface. The PC 
measurements at photo-excitation energy above the bandgap indicated that defect densities and recombination 
losses were much larger in κ-Ga2O3 than in β-Ga2O3.   

1. Introduction 

Ultra-wide band gap semiconductors are of great interest for appli
cations in power electronics, solar blind detection of UV-C radiation, 
sensing and photovoltaics. Ga2O3 and related ternary alloys attracted 
great scientific and applied interest [1-3]. The monoclinic β phase of 
Ga2O3 is thermodynamically stable and by far the most investigated and 
applied for fabrication of devices. It exhibits a high Baliga figure of 
merit, high breakdown voltage and transparency [2] and, remarkably, it 
can be grown as bulk crystals from the melt, permitting the manufacture 
of substrates for homoepitaxy. However, its low crystallographic sym
metry leads to significant anisotropy of some physical properties that 
could be challenging for device manufacturing. The other metastable 
polymorphs, α, κ (also referred as ε), γ, and δ, are also gaining increasing 
interest. Among them, the κ-phase (orthorhombic) is particularly 

attractive for its higher crystalline symmetry, thermal stability up to 
about 700 ◦C [4] and the predicted spontaneous polarization along the 
[001] direction [5], as the space group Pna21 is non-centrosymmetric 
therefore the lattice is polar. However, deposition on standard hexago
nal or cubic substrates leads to the formation of 120◦ rotated nanosized 
columnar domains [6], with structural defects-mediated anisotropy of 
the electronic transport properties [7]. 

The physical properties of β-Ga2O3 have been widely investigated 
[8], but the study of the κ-phase is less advanced. It was reported that 
both polymorphs contain intrinsic defects, such as Ga and O vacancies 
and their complexes, that provide electronic states in the bandgap 
[9-11]. The accurate knowledge of the band structure and the under
standing and control of defects play a key role in the device design and 
performance. Conventional methods to investigate electronic properties 
are transport measurements, optical, photoelectrical, and space charge 
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spectroscopies, each of them being particularly suitable to obtain in
formation on specific electronic states or transitions, namely localized 
shallow and deep states, as well as extended states and on layers with 
different extrinsic/background doping levels. Space charge spectros
copies can provide qualitative and quantitative information about defect 
related transitions in Ga2O3 but demand well-defined electrical contacts. 
These techniques cannot be simply applied for the characterization of 
Ga2O3 epitaxial layers grown on insulating sapphire substrates. In such 
case, in-plane photocurrent investigation can give information on 
weakly conductive epitaxial layers, measuring the signal between lateral 
contacts. Surface photovoltage (SPV) techniques do not demand contact 
preparation and are sensitive to local charge separation depending, for 
example, on the extension of a space charge region [12,13]. Therefore, 
transient SPV spectroscopy [14,15] opens the opportunity to distinguish 
processes of charge separation at buried interfaces, for example, be
tween semiconductor thin films and charge-selective contacts [16]. 
Recently, SPV techniques have been applied to characterization of 
electronic transitions in Ga2O3 crystals [17]. Furthermore, SPV mea
surements can be also performed on insulating substrates such as dia
mond [18]. 

This work presents a comparison of electronic transitions in β- and 
κ-Ga2O3 epitaxial layers grown by MOVPE (metal organic vapor phase 
epitaxy), with a special focus on the spatial distribution of defects con
nected with specific transitions. For this purpose, we combined com
plementary techniques providing information about optically detected 
transitions (optical absorption spectroscopy), transitions leading to 
transport of photo-generated charge carriers within the epitaxial layers 
(photocurrent spectroscopy, PC) and transitions detected by charge 
separation across the surface and film/substrate interface space charge 
regions (transient SPV spectroscopy). The potential of the latter inves
tigation technique, which is much less affected by the overall sample 
thickness with respect to optical absorption and photocurrent spec
troscopy, is highlighted for the study of Ga2O3 polymorphs. 

2. Experimental 

2.1. The investigated materials 

Two nominally undoped Ga2O3 layers grown on sapphire substrates 
were studied in this work, a β-Ga2O3 (thickness of 170 nm) and a 
κ-Ga2O3 (thickness of about 770 nm). The thickness was determined by 
evaluating the interference fringes with a Jasco UV–vis V-530 
spectrophotometer. 

The layers were grown using a vertical metalorganic vapor phase 
epitaxial reactor (MOVPE, SMI Inc.), using trimethylgallium (TMG), 
ultrapure water (H2O) for κ-Ga2O3 and 6 N purity O2 for β-Ga2O3 as 
precursors. The use of two different oxidants was necessary to obtain 
layers of good quality for both polymorphs [19]. 700 sccm of Ar were 
used as carrier gas for each precursor line, while additional 1000 sccm of 
Ar were separately delivered through the reactor showerhead. 

The deposition of the κ-Ga2O3 layer was performed at a substrate 
temperature Tg = 650 ◦C (determined with a thermocouple placed in 
proximity of the substrate holder), keeping a ratio of about 117 between 
the partial pressure of the VI element and the partial pressure of the III 
element and a growth rate of about 25 nm/min, Reactor pressure was set 
at 100 mbar. Such conditions ensure the stabilization of pure κ-Ga2O3 
[20]. For the β-Ga2O3 layer the growth was performed at Tg = 800 ◦C 
with VI/III ratio of 2800 and a growth rate of about 7 nm/min. Both 
samples were grown for 30 min. 

For both samples the TMG and the oxidant precursor (H2O or O2) 
flows were abruptly interrupted after the 30 min of deposition. The 
reactor was then kept at the growth temperature for 2 min, with only Ar 
gas flowing, about 10 min at 500 ◦C and the sample was finally cooled 
down to room temperature at an average rate of about 12 ◦C/min. 

2.2. Surface photovoltage measured at the film surfaces and buried 
substrate/film interfaces 

Ga2O3 is an intrinsically n-type semiconductor. Therefore, upwards 
band bending is expected in Ga2O3 epitaxial layers at the surface and at 
the Ga2O3 / sapphire interface (called interface in the following), 
although effects due to surface electron accumulation or depletion have 
been reported in β-phase [21]. In Ga2O3 epitaxial layers, separation of 
photo-generated charge carriers is dominated by drift across the space 
charge regions (SCRs) near the surface and near the interface (Fig. 1). 
The built-in electric fields have opposite direction for the SCRs near the 
surface and near the interface. Consequently, SPV signals caused by 
charge separation across the surface and interface SCRs have opposite 
signs and can be therefore distinguished. The sign of SPV signals caused 
by drift in a SCR is independent of the photo-generation mechanisms. As 
a result, band-to-band and defect related transitions can be detected 
with respect to charge separation across the surface or interface SCRs. 

The sapphire substrate is transparent for photon energies below or 
near the bandgap of Ga2O3. Therefore, the samples for the SPV mea
surements were placed with the Ga2O3 epitaxial layer closer to the front 
electrode (front illumination) or with the substrate closer to the front 
electrode (illumination of the flipped sample, called rear illumination in 
the following). Consequently, positive SPV signals result from charge 
separation across the surface and interface SCRs under front and rear 
illumination, respectively. In contrast, negative SPV signals result from 
charge separation across the interface and surface SCRs under front 
illumination and rear illumination, respectively. 

Photo-generation under illumination takes place within the whole 
Ga2O3 layer for absorption lengths longer than or close to the layer 
thickness. In this case, SPV signals are a superposition of positive and 
negative components. Positive and negative components in SPV signals 
can be caused, for example, by a defect state distributed over the whole 
Ga2O3 layer (Et1 in Fig. 1). In this case, positive and negative compo
nents in SPV signals can be well distinguished if band bending is 
different at the surface and interface and/or if relaxation times are 
different for charge separation across the surface and interface SCRs. 
Defect states can be distributed, for example, only near the interface of 
the Ga2O3 epitaxial layer (Et2 in Fig. 1). In this case, SPV signals are 
inverted in sign for measurements under front illumination and under 
illumination from the back side. 

Measurements by transient SPV spectroscopy were performed in air 
with a perforated Au-coated front electrode and a charge amplifier 
(Elektronik Manufaktur Mahlsdorf, resolution time 7 ns). The stainless- 
steel sample holder served as the back electrode. The intensity of signals 
was calibrated with an ac-signal (1 V peak-to-peak) applied at the back 
electrode. Samples were illuminated with pulses of a tunable Nd:YAG 
laser (EKSPLA, NT230–50) through the perforated front electrode. The 
laser was equipped with a spectral cleaning unit. The photon energies of 
the laser pulses (duration time 3–5 ns) were varied between 0.8 and 5.8 
eV in steps of 50 meV. The spectrum of the photon flux was adjusted 
with a variable beam expander and a filter wheel. Fig. 2 shows the 
spectrum of the photon flux used in the measurements. 

SPV transients were measured with an oscilloscope card (Gage, CSE 
1600–4GS, sampling rate 2⋅108 samples/s). At each photon energy, ten 
transients were averaged at a repetition rate of 1 Hz. The amplification 
factor of the charge amplifier could be varied by changing the distance 
between the sample surface and the electrode. Home-made software was 
used for the spectral dependent logarithmic read-out of transients and 
plotting of contour plots (S. Fengler [15]). No SPV signals were detected 
for the polished stainless steel sample holder serving as the back 
electrode. 

2.3. X-ray diffraction 

X-ray diffraction was performed using a Thermo ARL X’TRA powder 
diffractometer equipped with a Thermo Electron solid state 0D detector 
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making use of CuKα radiation. The XRD analysis performed on the 
investigated samples highlights the presence of epitaxial single phase κ 
for the layer deposited at Tg = 650 ◦C and epitaxial single phase β for the 
one deposited at Tg = 800 ◦C (see Fig. 3a and 3b), as demonstrated by 
the sole presence of the (001) and (− 201) families of peaks, respectively. 
The larger full width half maximum (FWHM) shown by the peaks of the 
β layer with respect to the κ one suggests lower thickness of the crys
tallites or/and higher strain. ω scans of the most intense reflections of the 
two polymorphs, i.e., (004) for κ-Ga2O3 and (− 201) for β-Ga2O3 are 
reported in Fig. 3c-d. The FWHM of the rocking curves is 0.54 and 2.25◦

for the κ and β phases respectively, pointing out a higher mosaicity for 

the latter, likely ascribed to a poorer crystallinity, in agreement with the 
results of the 2θ-θ measurements. 

2.4. Optical absorption and photoconductivity measurements 

Transmission measurements were performed by means of a Varian 
2390 UV–VIS-NIR double-beam spectrophotometer. A bare sapphire 
substrate was used as a reference. The transmission spectra were used to 
calculate the values of the absorption coefficient, and the interference 
fringes below the absorption edge were used to confirm the thicknesses 
of the Ga2O3 epitaxial layers. 

Fig. 1. Measurement arrangements (left) and schematic band diagrams (right) of a Ga2O3 epitaxial layer for SPV measurements under front illumination (a) and 
under illumination of the flipped sample (called rear illumination in the following) (b). A, B, correspond to charge separation across the surface and interface SCRs 
under front illumination while C, D represent charge separation at the interface and surface SCRs under rear illumination. The corresponding SPV signals have 
positive (A and C) and negative (B and D) signs. EV, EC, Et1 and Et2 denote the valence and conduction band edges and defect states distributed over the whole layer 
and only near the interface, respectively. 

Fig. 2. Spectrum of the photon flux. The spectral dependent fluctuations in the photon flux are mainly caused by spectral dependent lateral inhomogeneity of the 
laser spot which cannot be compensated by the tunable beam expander. 
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One-face planar-geometry metal–semiconductor–metal structures 
were employed for the photoelectric characterization of Ga2O3 epitaxial 
layers. The ohmic contacts, consisting of Ti (20 nm) / Au (250 nm) 
bilayer, were deposited with a physical metal mask by sputtering (the 
geometry is described in Ref. [22]). The pattern is also adequate for the 
application of the Transfer Length Method (TLM) [11], then in the 
voltage range where the ohmic behavior of the electrical contacts was 
confirmed (a few tens of Volts), the dark resistivity measured at room 
temperature was about 3 × 106 Ωcm and 1 × 105 Ωcm, for the κ-Ga2O3 
and β-Ga2O3 epitaxial layers, respectively. It can be observed that under 
light the current-voltage of the electrical contacts resulted linear in a 
wide range of applied voltages (see e.g. [9]). A Keithley Source-Meter 
Mod. 2400 was used for the current-voltage and photocurrent 
measurements. 

The spectral photoresponse of the Ga2O3 epitaxial layers was ac
quired by illuminating the un-coated surface area between a pair of 
adjacent contacts (illuminated surface: width 200 μm, length 4000 μm) 
in air at room temperature. The experimental apparatus consisted of a 
light source system (ORIEL Mod. 66882) based on a 250 W halogen lamp 
suitably screened and focused, and a monochromator (CornerStone 
130TM 1/8 m Mod. 74000) covering the range 200 - 650 nm with a 
wavelength resolution of 3 nm. The spectrum of the irradiance on the 
surface area between adjacent contacts was measured with a calibrated 
photodiode sensor (Newport 818 UV) and a correction factor was 

introduced for all the measured spectra. The voltage was maintained at 
200 V during the photocurrent measurements. 

3. Results 

3.1. Optical and photo-current characteristics 

Fig. 4 displays the absorption spectra of both κ- and β-phase Ga2O3 
epitaxial layers. The two transmission spectra are quite similar with no 
significant differences between them. To obtain the value of the direct 
optical band gap from transmission measurements the standard Tauc 
method, i.e. the extrapolation of the square of the absorption coefficient 
to the energy axis, is often used. As previously reported [9], the standard 
Tauc plot in very thin samples can result in an overestimation of the 
optical band gap. This issue mainly arises when the hypotheses for the 
application of the method are not fulfilled [23]. In thin epitaxial layers, 
for instance, the non-parabolicity of the conduction band [24] may 
affect the linearity of the standard Tauc plot as the photon energies in
crease. Among the alternative methods [25-27] to estimate the optical 
band-gap, the fitting of the linear part of the absorption coefficient is 
exploited in this work. As shown in Fig. 4, the estimated optical 
bandgaps are in the range between 4.75 (β-Ga2O3) and 4.79 (κ-Ga2O3) 
eV, in agreement with data previously obtained on similar samples [9]. 
Incidentally, the absorption onsets in the absorption spectra start at 

Fig. 3. (a) XRD 2θ-θ scan for the β and κ-Ga2O3 layer; (b) zoom over the range of interest for the (-402) and (004) reflections of the β and κ polymorphs, respectively; 
data reported in Log scale. (c) and (d): ω scans for reflections (004) of κ- and (− 201) of β-Ga2O3. The relative full width half maximum (FWHM) values, obtained with 
a Pearson VII single peak fit, are reported. 
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slightly lower energies in comparison to the fitted values that can be 
caused by impurity bands or other defect states near the band edges. 

The responsivity spectra of κ-Ga2O3 and β-Ga2O3 epitaxial layers are 
compared in Fig. 5 on a semi-logarithmic scale. The spectral responsivity 
gives a quantitative evaluation of the photoconversion efficiency, and it 
represents the ratio between the photocurrent spectra and the absorbed 
optical power. The latter has been calculated from the incident optical 
irradiance, plotted in the inset of Fig. 5, taking into account the illu
minated area between the considered pair of electrical contacts and the 
optical power really absorbed by the film. The Lambert-Beer’s law al
lows to evaluate the absorbed optical power for each wavelength by 
considering the absorption coefficient, the thickness of the film and the 
incident spectral irradiance. The fractions of the incident power re
flected by the surface of the Ga2O3 layer and by its interface with the 
substrate were estimated to be in the order of few percent. Both samples 
show similar trend with a maximum at photon energies above 5 eV, 
followed by a decrease in photoresponse at higher energies due to an 
increased influence of surface recombination when the penetration 
depth of light becomes comparable with the layer thickness. At the en
ergy of the maximum, the photoconversion efficiency of the β-layer is 
about one order of magnitude higher with respect to the κ-layer, as the 
responsivity is the photocurrent normalized to the absorbed optical 

power. This result shows that the β-layer has the best transport prop
erties, i.e. higher mobility-lifetime product, which in principle may 
derive from a lower recombination rate and/or higher photogain [22]. 

This experimental evidence should not be considered as a general 
statement about the potential of β and κ heteroepitaxial layers as active 
materials in photodetector devices, since the samples studied in this 
work differ in terms of synthesis parameters (e.g., gas carrier, precursors 
ratio) and were not optimized to maximize the photoresponsivity, but 
simply used for a thorough investigation of deep electronic states by 
multiple complementary characterization techniques. 

Below 4.25 eV the responsivity of the κ-Ga2O3 epitaxial layer is 
larger in comparison to the β-Ga2O3 one, and the difference increases 
more and more by decreasing photon energy, until it reaches one order 
of magnitude at 2.5 eV; consequently, a better UV/VIS rejection ratio, of 
about 4 orders of magnitude, is evidenced in this β-phase sample. No 
sharp peaks are present below the bandgap energy in both samples and 
the smooth ripples at 4.0 eV and 4.5 eV can reasonably be traced back to 
the spectral profile of the incident optical power (see inset of Fig. 5). 
Excluding ripples, the behavior of spectral responsivity below the 
bandgap is approximately linear in semi-Log scale for the two samples, 
with different slopes. This could suggest the presence of a distribution of 
traps in the upper half of the bandgap even if the long response-time of 
the photocurrent observed in this material [22] can affect the spectral 
profile, resulting in a distorted trend, related to the elapsed time be
tween two consecutive wavelengths compared to the photoresponse 
time. The features of the responsivity profiles should therefore be 
evaluated with some precaution. The photocurrent data were acquired 
starting from low to high photon energies (see arrow in Fig. 5) and this 
will be considered in the further discussion. The assignment of the 
maximum of responsivity to the energy gap transition clearly leads to an 
overestimation of this parameter. In addition, the appreciable shift of 
the maximum energy in the compared samples is evidence that the 
different response times have a different weight in the distortion of the 
spectral profile, higher in κ-sample. The lower persistence (related to the 
decay time) of the photocurrent in the β-sample could explain the more 
pronounced reduction of responsivity at energy higher than 5 eV, 
although that can also be related to a higher surface recombination. To 
give a more reliable estimation of the bandgap energy, the normalized 
responsivities of β-Ga2O3 and κ-Ga2O3 epitaxial layers are compared in 
Fig. 6 on a linear scale. The large difference in the slopes of the curves 
near the bandgap suggests that the extrapolation of the bandgap energy 
(dotted straight lines in Fig. 6) from them, as alternative approach, is not 
reliable, due to the long response time of the photocurrent, especially for 
κ-Ga2O3; in fact, this approach results in a large underestimation of the 
bandgap energy of the κ-sample. 

A more reliable result can be achieved by considering the energy at 

Fig. 4. Absorption spectra measured at RT for the β- and κ-Ga2O3 epitaxial 
layers. Straight lines are the fittings of the linear part of the absorption co
efficients to estimate the optical bandgaps. 

Fig. 5. Spectral responsivity of samples κ-phase (red line) and β-phase (blue 
line) in a semi-log scale. Insert: spectral irradiance on the surface of samples. 

Fig. 6. Normalized spectral responsivity for the β- and κ-Ga2O3 epitaxial layers 
in a linear scale. 
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which a net change in slope of the signal occurs, which reflects the in
crease in the joint density of the states associated to the band-to band 
transition (indicated by the blue and red arrows). From this analysis, the 
photocurrent bandgap for β and κ samples results approximatively at 
4.85 eV and 4.93 eV, respectively. Qualitatively, the slightly higher 
bandgap of the κ polymorph with respect to the β one agrees with pre
vious first-principles theoretical calculations [28]. Incidentally, differ
ences in the bandgaps obtained by different methods are expected since 
absorption measurements are sensitive to all optical transitions while 
photoconductivity and surface photovoltage measurements are sensitive 
only to those transitions leading to photogeneration and subsequent 
separation of mobile charge carriers. In addition, the regions tested by 
the various methods can be very different depending, for example, on 
distributions of carrier mobility and built-in electric fields. 

Because of the highly defective nature of these investigated epitaxial 
layers, none of these techniques individually allows for an accurate 
evaluation of the bandgap width, but the comparison of results from 
multiple investigations may enable a more reliable assessment of the 
bandgap. 

3.2. Characterization by SPV 

3.2.1. SPV contour plots 
Fig. 7 shows contour plots, i.e., the map of the SPV signals on loga

rithmic scales as function of logarithmic time and photon energy, for 
β-Ga2O3 and κ-Ga2O3 under front and rear illumination. Under strong 
absorption, i.e., at the highest photon energies, all SPV signals were 
positive. This means that the SPV signals were dominated by charge 
separation across the surface SCR under front and across the interface 
SCR under rear illumination. 

For β-Ga2O3 under front illumination, the SPV signals were positive 
over the whole range of photon energies and times, i.e. the SPV signals 
were dominated by charge separation across the surface SCR. Further
more, the SPV signals set on at about 3 eV and increased strongly from 
several mV to about 100 mV in the range between 4.6 and 4.8 eV. This 
means that SPV signals related to defect transitions were relatively small 
and that there was a well pronounced onset near the bandgap of 

β-Ga2O3. Furthermore, the SPV signals did not rapidly decay with time, 
i.e., relaxation of charge carriers separated in space was slower than 
about 0.1 s. 

For β-Ga2O3 under rear illumination, negative and positive SPV 
signals were observed. Negative SPV signals between about 3 and 5 eV at 
times between the ns and µs ranges whereas the negative SPV signals did 
strongly increase between 4.6 and 4.8 eV. Positive SPV signals appeared 
at longer times. Therefore, relaxation of separated charge carriers was 
slower near the interface than near the surface. Furthermore, the posi
tive SPV signals increased by about 1 order of magnitude around 4.2 eV. 
Therefore, charge separation across the surface SCR was much stronger 
than across the interface SCR for the β-Ga2O3 epitaxial layer, i.e. the 
band bending was larger for the surface SCR. A possible reason might be 
that the donor concentration was lower near the interface. 

For κ-Ga2O3 under front illumination, negative SPV signals set on at 
photon energies below 1 eV and increased to tens of mV with increasing 
photon energy. This means that SPV signals related to deep defect states 
were dominated by charge separation across the interface SCR. 

At photon energies above 2.5 eV, the sign of the SPV signals changed 
to positive at very long times whereas the time at which the sign 
changed to positive decreased with increasing photon energy towards 
about 0.1 ms at 4 eV. Therefore, SPV signals caused by a second band of 
deep defect states were dominated by charge separation across the 
surface SCR. 

For κ-Ga2O3 under rear illumination, the SPV signals were positive 
over the whole spectral range at times shorter than 0.1 ms what gives 
additional evidence for strong charge separation from deep defect states 
across the interface SCR. Negative SPV signals appeared between about 
4 and 4.7 eV at times longer than 0.1 ms and between about 3 and 4 eV at 
longer times changing from about 0.1 ms at 4 eV to tens of ms at 3 eV. 

3.2.2. SPV analysis of transients 
Fig. 8 shows typical SPV transients for a β-Ga2O3 epitaxial layer 

excited at 3.75, 4.61 and 5.71 eV under front and rear illumination. 
Under front illumination, the shapes of the transients were rather similar 
whereas the SPV signals appeared within the laser pulses, decreased 
during the following µs – 100 µs, depending on photon energy, increased 

Fig. 7. Contour plots of β-Ga2O3 ((a) and (b)) and κ-Ga2O3 ((c) and (d)) epitaxial layers under front illumination ((a) and (c)) and under illumination of the flipped 
samples ((b) and (d)). The onset of the laser pulse was shifted to 20 ns in order to define a baseline on a logarithmic time scale. 
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in the following time and started to decrease at times longer than 
millisecond(s). Under rear illumination, negative SPV signals appeared 
within the laser pulse for excitation at 3.75 and 4.61 eV. The negative 
SPV signals decreased slightly within the following 100 or 10 µs for 
excitation at 3.75 and 4.61 eV, respectively, decreased stronger and 
changed the sign to positive at longer times. Under rear illumination at 
5.71 eV, the SPV transient was positive and very similar to the SPV 
transient obtained under front illumination at 5.71 eV. 

The shapes of all SPV transients measured on a β-Ga2O3 epitaxial 
layer under front and rear illumination can be explained by a super
position of a positive and a negative SPV transient. Excitation at photon 
energies below the bandgap led to photo-generation across the whole 
β-Ga2O3 epitaxial layer. The fact that the SPV signals at short times 
changed the sign from positive to negative for changing from front to 
rear illumination provides evidence for stronger charge separation 
across the surface SCR than across the interface SCR. 

Under excitation at 5.71 eV, the absorption length is shorter than the 
layer thickness, i.e., photo-generation is mainly limited to the SCR closer 
to the front electrode. The positive SPV signals at short times were larger 
under front than under rear illumination. This gives additional evidence 
for stronger charge separation across the surface SCR. Furthermore, the 
appearance of a superposition of positive and negative SPV transients 
under very strong absorption shows that photo-generation took partially 
place near the SCR closer to the back electrode. 

Fig. 9 shows typical SPV transients for a κ-Ga2O3 epitaxial layer 

excited at 2.45, 4.61 and 5.71 eV under front and rear illumination. For 
excitation at 2.45 eV, the SPV signals were negative or positive over the 
whole time under front or rear illumination, respectively. This shows 
that charge separation occurred only across the interface SCR in the 
range of deep defects, i.e., that the vast majority of deep defects was 
concentrated near the interface. The SPV transients decayed to the half 
of the maximum within about 20 µs. Furthermore, the absolute values of 
the SPV signals were nearly identical under front or rear illumination, i. 
e., deep defect states were absent in the surface SCR. 

For excitation at 4.61 eV under front or rear illumination, the SPV 
signals were negative or positive at shorter times, respectively, whereas 
the transients decayed to half of the maximum within few µs. At longer 
times, the sign of the transients changed. This gives evidence that some 
charge separation also occurred across the surface SCR and that the 
relaxation time was much longer than for charge separation across the 
interface SCR. 

For excitation at 5.71 eV, the SPV signals were positive over the 
whole-time range under front and rear illumination, whereas the 
amplitude was much larger under rear illumination. Furthermore, there 
was no hint for any superposition of positive and negative SPV tran
sients. Therefore, there was no photo-generation or diffusion of photo- 
generated charge carriers towards or near, respectively, the SCR closer 
to the back electrode, i.e., the diffusion length was much shorter than 
the thickness of the κ-Ga2O3 epitaxial layer. 

SPV signals obtained under strong fundamental absorption directly 
after the onset of the laser pulses can be related to band bending. Inci
dentally, a precise value of the band bending in equilibrium could not be 

Fig. 8. SPV transients of β-Ga2O3 epitaxial layer under front and rear illumi
nation (red and blue lines, respectively) for excitation at 3.75, 4.61 and 5.71 eV 
[(a) – (c), respectively]. The arrow in (b) marks the onset of the laser pulses. 
The dashed lines in (c) are guides for the eye to show the suitable shape of the 
positive component of the transient under front illumination as an example. 

Fig. 9. SPV transients of κ-Ga2O3 epitaxial layer under front and rear illumi
nation (red and blue lines, respectively lines) for excitation at 2.45, 4.61 and 
5.71 eV [(a) – (c), respectively]. The arrow in (a) marks the onset of the 
laser pulses. 
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obtained due to the fact that the SPV transients did only partially decay 
within the reciprocal repetition rate. All SPV signals measured directly 
after the onset of the laser pulses for excitation at, for example, 5.51 eV 
were positive and amounted to 46, 35, 58 and 140 mV for the β-Ga2O3 
(front), β-Ga2O3 (rear), κ-Ga2O3 (front) and κ-Ga2O3 (rear) epitaxial 
layers, respectively. Therefore, the band banding was rather similar at 
the surface and interface for the β-Ga2O3 epitaxial layer. In contrast, the 
band bending was much higher at the interface than the one at the 
surface for the κ-Ga2O3 epitaxial layer that also correlated with the very 
high SPV signals caused by deep defects in the interface SCR. 

3.2.3. SPV spectra 
Fig. 10 shows SPV spectra for a β-Ga2O3 epitaxial layer which were 

obtained at 10 ns, 1 µs and 1 ms after the onset of the laser pulses under 
front and rear illumination. At first glance, transition energies can be 
related to onsets of changes in the slope whereas one has to keep in mind 
also the spectrum of the photon flux. Incidentally, a normalization to the 
photon flux, such as that usually done in photocurrent spectroscopy, is 
not useful for the analysis in transient SPV spectroscopy since there is an 
overlap of positive and negative SPV signals and since SPV signals are 
usually not proportional to the photon flux. The strongest change in the 
slope appeared as a strong increase of positive and negative SPV signals 
at 4.65 eV that corresponds to the bandgap of β-Ga2O3. A well pro
nounced increase at 4.65 eV was not observed in the spectrum of 
β-Ga2O3 extracted after 1 ms under front illumination. 

The SPV signals set on around 3.5 eV in the spectra of β-Ga2O3 
extracted after 10 ns and 1 µs and in the spectrum extracted after 1 ms 
under rear illumination. The increase of the SPV signals around 3.5 eV 

was extremely weak in the SPV spectra of β-Ga2O3 extracted after 1 ms 
under front illumination what correlated with the extremely weak 
signature at 4.65 eV in this spectrum. 

A pronounced increase of positive and negative SPV signals appeared 
for β-Ga2O3 at 4.5 eV for spectra extracted after 10 ns and 1 µs. A 
signature related to the transition at 4.5 eV could not be observed in the 
spectrum of β-Ga2O3 extracted after 1 ms under front illumination. 
Furthermore, a transition at about 4.1 eV could be distinguished as an 
increase of SPV signals in the spectrum of β-Ga2O3 extracted after 1 ms 
under front illumination. In contrast, in the spectra of β-Ga2O3 extracted 
after 10 ns and 1 µs, a signature around 4.1 eV appeared as a little drop 
of SPV signals. 

A steep decrease of SPV signals set on in the SPV spectra of β-Ga2O3 
extracted after 10 ns and 1 µs under front illumination at photon en
ergies above 4.8 - 4.9 eV and the SPV signals tended to increase again 
between 5.1 - 5.2 eV and about 5.6 eV. Under rear illumination, negative 
SPV signals extracted after 10 ns and 1 µs decreased above 4.9 eV, 
changed the sign to positive at about 5.2 eV and started to decrease 
above 5.6 eV in accordance with the strongly decreasing photon flux. 
The decrease of SPV signals above the bandgap and the following slight 
increase (front illumination) or change of sign (rear illumination) are 
caused by the superposition of SPV signals with opposite sign. 

Fig. 11 shows SPV spectra for a κ-Ga2O3 epitaxial layer which were 
obtained at 10 ns, 1 µs and 1 ms after the onset of the laser pulses under 
front and rear illumination. The steepest increase of SPV signals towards 
more positive values set on at about 4.75 and 4.9 eV under front and rear 
illumination, respectively. This suggests the effective bandgap of 
κ-Ga2O3 to be about 4.9 and 4.75 eV for charge separation across the 
surface and interface SCR, respectively. This is a somewhat surprising 
finding that might be related to the very defective interface between 
Ga2O3 and the c-plane sapphire substrate, that was previously reported 
to lead to formation of a γ-Ga2O3 interlayer [6,29,31]. However, the 

Fig. 10. SPV transients of β-Ga2O3 epitaxial layer under front and rear illu
mination (red and blue lines, respectively) extracted at 10 ns, 1 µs and 1 ms ((a) 
– (c), respectively). The solid and dashed black lines are for guiding the eye or 
mark electronic transitions, respectively. 

Fig. 11. SPV transients of κ-Ga2O3 epitaxial layer under front and rear illu
mination (red and blue lines, respectively) extracted at 10 ns, 1 µs and 1 ms ((a) 
– (c), respectively). The solid and dashed black lines are for guiding the eye or 
mark electronic transitions, respectively. 
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unambiguous assignment of the 4.75 eV transition to the γ-phase 
interlayer is not possible as SPV signals are sensitive to the interface 
region that includes the space charge region and extends well beyond 
the interlayer thickness. 

Negative (front illumination) and positive (rear illumination) SPV 
signals set on above 1.1 - 1.2 eV and started to increase more steeply at 
about 1.7 eV for extraction at 10 ns, 1 µs and 1 ms. The related transi
tions were caused by defect states at the interface SCR. For extraction of 
the spectra at 1 µs and 1 ms, the SPV signals started to decrease at about 
2.4 eV and even changed the sign at higher photon energies for 
extraction at 1 ms. Therefore, the related transition at 2.3 eV was caused 
by defect states at the surface SCR. Incidentally, the transition at about 
2.3 eV could only be distinguished as a reduced increase of the SPV 
signals for extraction at 10 ns. Therefore, the relaxation of excited defect 
states was faster at the interface SCR. 

The negative (front illumination) and positive (rear illumination) 
SPV signals of the spectra extracted at 10 ns decreased between about 
4.3 eV and the onset of the effective bandgap of κ-Ga2O3. The decrease of 
the SPV signals is caused by the onset of SPV signals with opposite sign, 
i.e., as a signature of defect states leading to charge separation across the 
surface SCR. In contrast, the SPV signals between 4.3 eV and the effec
tive bandgap changed in the opposite directions for the spectra extracted 
at 1 µs. Therefore, the related transition is a signature of defect states 
leading to charge separation across the interface SCR at longer times, i. 
e., the related defects are distributed over the whole κ-Ga2O3 epitaxial 
layer. The transition setting on at about 4.3 eV could not be distin
guished in the spectra extracted at 1 µs, i.e., signals related to charge 
separation across the interface and surface SCRs compensated each 
other. This shows that the relaxation time related to charge separation 
via the transition at 4.3 eV was shorter for separation across the surface 
than across the interface SCR. 

4. Discussions 

The density of defects at the interface SCR of the κ-Ga2O3 epitaxial 
layer is high since defect related SPV signals are of the same order of the 
band-to-band transitions. It is reasonable to suppose that the band-to- 
band transitions of κ-Ga2O3 overlap with a high density of defects 
close to the valence and conduction band edges so that the effective 
bandgap is 4.75 eV. These results could be related to the formation of an 
interlayer (probably of γ phase), already observed by different research 
groups at the interface between κ-Ga2O3 and sapphire [6,29,30]. In this 
sense, it can be concluded that the value of the effective bandgap 
extracted for charge separation across the surface SCR corresponds to 
the bandgap of κ-Ga2O3 (4.9 eV). These values qualitatively agree with 
the bandgap evaluation of transmission and photocurrent 
measurements. 

In SPV spectroscopy, transition energies can be assigned in general to 
an electron transition from the valence band into an un-occupied defect 
state or from an occupied defect state into the CB. A tentative overview 
of defect states compatible with the detected transitions is shown in 
Fig. 12. 

In β-Ga2O3 (Fig. 12.a), a defect state at 4.5 eV below EC of β-Ga2O3, 
responsible for the transition at 4.5 eV, was included. It is to be noted 
that a defect at 4.4 eV below EC was reported in numerous literature 
reports. This result seems to be connected with the knee observed at 
about 4.3 eV by PC investigation, in correspondence of a clear signal 
increase. The transitions at about 4.1 and 3.5 eV in β-Ga2O3 could be 
related to defect states 4.1 or 0.55 and 3.5 or 1.15 eV, respectively, 
below EC. There are no reports about defect states located at about 4.1 
and 3.5 eV below EC in literature, but there are reports about defect 
states in the range of 0.4 and 0.62 and in the range of 1.2 eV, respec
tively, below EC. Therefore, we assume that the transition energies at 4.1 
and 3.5 eV are related to defect states about 0.55 and 1.15 eV, respec
tively, below EC in β-Ga2O3. In the case of β sample, the formation of few 
monolayers of α-Ga2O3 at the substrate/film interface is likely to occur 

as previously reported for deposition of (− 201) β-Ga2O3 on c-oriented 
sapphire [32], However, since the photogeneration takes place over a 
much larger volume, the effect of this interlayer on SPV transients may 
be considered to be negligible. 

In κ-Ga2O3 (Fig. 12.b), the defect transitions were rather different for 
charge separation across the surface SCR and across the interface SCR. 
Defect states with transition energies around 2.4 eV were observed for 
charge separation across the surface SCR. This feature is consistent with 
the main radiative emission detected by CL investigation [10], carried 
out on similar samples of κ-Ga2O3. The transition at 2.4 eV generally 
corresponds to the onset of a detectable PC signal, as observed in several 
samples (see e.g. [9,22]), where for increasing energy of the incident 
light the PC signal increases continuously as due to the contribution of 
transitions from a distribution of levels located close to the valence band 
[10,11,33]. In contrast, a broad defect band with a high density of states 
was found for charge separation across the interface SCR, probably 
related to the γ interlayer mentioned above. It can be concluded that the 
unavoidable interlayer between κ-Ga2O3 and the substrate is highly 
defective and possibly related to the defects localized at about 1.7 eV 
below the CB, as suggested by Fig. 11. Furthermore, a transition at 4.3 
eV led to charge separation across the surface SCR and across the 
interface SCR. It is reasonable to assume that the transition at 4.3 eV is 
related to defect states 4.3 eV below EC of κ-Ga2O3. This result suggests 
that the bump observed at about 4 eV in the PC spectrum of this poly
morph can reveal a transition from a defect state to the CB partially 
covered by an apparent feature due to the correction to the rough PC 
data for the spectral irradiance (see inset of Fig. 5). However, the same 

Fig. 12. Idealized band diagrams of β-Ga2O3 (a) and of κ-Ga2O3 (b), with in
dications of the deep electronic states deduced from the measurements with 
transient SPV spectroscopy. 
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transition is not detected by CL, suggesting that it is non-radiative. 
A survey of the literature was carried out in order to compare the 

deep levels detected in this work with the current state of knowledge. 
Donor states with activation energies of 1.06, 0.77 and 0.54 eV were 
obtained by DLTS measurements on Czochralski-grown β-Ga2O3 single 
crystals [34]. Deep defects located at 0.8, 2.04, 2.71, 3.87 and 4.3 eV 
below the CB edge and one level at 3.71 eV above the VB edge were 
found in β-Ga2O3 by the steady-state photo-capacitance spectroscopy 
technique [35]. Furthermore, dominant defect states were found at 4.4 
and around 2.0…2.16 eV and states at around 0.98…1.2 eV below the 
CB independently of doping, and several defect peaks were observed 
depending on doping and growth parameters of β-Ga2O3 [36]. 

We also wish to mention that levels at Ec-0.5 and Ec-0.3 eV Ec-1.1 eV 
Ec-0.5 and Ev+0.47, Ev+0.8 eV, Ev+0.6 eV were reported in Ref. [37] in 
κ-Ga2O3 samples grown by different methods, undoped or slightly 
Sn-doped. 

5. Conclusions 

Complementary experimental methods were applied to study elec
tronic transitions in β-Ga2O3 and κ-Ga2O3 epitaxial layers. SVP was 
particularly helpful as it allowed to distinguish between signals related 
to surface and interface space charge regions by illuminating the 
epitaxial layers from the front or from the back, across the sapphire 
substrate. The detected electronic transitions were compared with those 
extrapolated from other optical measurements, transmission, and 
photocurrent spectroscopies, on the same samples with as well as with 
data from the literature. 

The effective bandgaps were evaluated at about 4.65 eV for β-Ga2O3 
and 4.90 (near the surface) for κ-Ga2O3, respectively, in good agreement 
with other optical investigation, although some uncertainty persists 
because of the probable band tails related to localized states in proximity 
of the band edges. At the interface κ-Ga2O3 / substrate the bandgap was 
estimated to be 4.75 eV. This value, lower than the one measured at the 
surface, may possibly derive from a defected interlayer of an extra phase 
(γ). In β-Ga2O3, SPV signals related to defect transitions appeared at 3.5, 
4.1 and 4.5 eV. In κ-Ga2O3, strong SPV signals related to defect transi
tions were observed around 1.7 eV at/near the interface whereas SPV 
signals were detected at 2.4 eV near the surface and at 4.3 eV near the 
surface and the interface. Most of the electronic transitions are consis
tent with features of the spectra detected by standard spectroscopies, 
with SPV offering the advantage of a good spatial resolution and time 
responses of the defects, in addition to cover energy transitions within 
the entire bandgap. 
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