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ABSTRACT

Deep centers and their influence on photocurrent spectra and transients were studied for
interdigitated photoresistors on a-Ga>O3 undoped semi-insulating films grown by Halide Vapor
Phase Epitaxy (HVPE) on sapphire. Characterization involving current-voltage measurements in
the dark and with monochromatic illumination with photons with energies from 1.35 eV to 4.9
eV, Thermally Stimulated Current (TSC), Photoinduced Current Transients Spectroscopy
(PICTS) showed the Fermi level in the dark was pinned at Ec-0.8 eV, with other prominent
centers being deep acceptors with optical thresholds near 2.3 eV and 4.9 eV and deep traps with
levels at Ec-0.5 eV, Ec-0.6 eV. Measurements of photocurrent transients produced by
illumination with photon energies 2.3 eV and 4.9 eV and Electron Beam Induced Current (EBIC)
imaging point to the high sensitivity and external quantum efficiency values being due to hole
trapping enhancing the lifetime of electrons and inherently linked with the long photocurrent
transients. The photocurrent transients are stretched exponents, indicating the strong contribution

of the presence of centers with barriers for electron capture and/or of potential fluctuations.
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The wide-bandgap semiconductor Ga>0Os is currently under intense study because of the
great promise for use in high-power devices and solar-blind UV photodetectors [1-14]. For
power devices, the main advantages of Ga>Os are due to the electric breakdown field exceeding
by several times the breakdown field of III-Nitrides or SiC due to the large bandgap of ~5 eV [1-
11]. Additionally, the thermodynamically stable monoclinic B-Ga>O3 polymorph allows
economic growth of high-quality substrate material from the melt, applicability of all major
epitaxial techniques to growth of device-quality epilayers, while the metastable corundum
structure 0-Ga>03 can be epitaxially grown on cheap isomorphic a-Al,O3 sapphire substrates and
can be utilized to create heterojunctions with a wide range of corundum structured oxides of Al,
In, or transition metals and rare metals [1-6, 9,15].

For photodetectors, the advantages are the wide bandgap and a low density of deep centers,
which makes the material solar-blind, with high photosensitivity [2, 3, 7, 8, 10, 13]. The external
quantum efficiency of Ga,O3; photodetectors demonstrates an unusually high gain, not
uncommonly exceeding 10'-10° [3]. Unfortunately, such high gain is often accompanied by long
photocurrent build-up and decay times on the order of many seconds, which is a problem for
practical applications [16]. Possible explanations or the observed phenomena in f-GaxO3
Schottky diodes include 1) the effect is due to charges multiplication by impact ionization [17],
2) assigning the high photosensitivity to the polaronic nature of holes in Ga>O3, making them
virtually immobile and contributing to changes of the Schottky barrier height under illumination
[18], or 3) to trapping of holes on abundant deep hole traps thus changing the effective Schottky
barrier height and producing an anomalously high photocurrent [19, 20]. Hypotheses 2 and 3
suggest the nature of photocurrent in Schottky diodes of B-Ga,Os is totally different from usual
photodiodes and comes from build- up of charge either on polaronic self-trapped holes or on
deep hole traps, the anomalously high photocurrent being the result of Schottky barrier height
decrease under illumination. The natural consequence is the long-time scale of the photocurrent

transients because of the necessity to dissolve the immobile charge created by light in the space



charge region by either thermally activated holes removal or by interaction with residual
electrons flowing through the space charge region and creating dark current [20].

We have presented experimental evidence in favor of model 3 by analyzing the effects on
photocurrent of irradiation with high energy particles [20]. However, the unusually high
photosensitivity and long build-up and decay times of photocurrent have been also reported for
photoconductor structures with closely spaced interdigitated Ohmic contacts and these effects
have been observed for both -Ga,03 and a-Ga>O3 and even polycrystalline rhombohedral k-
Ga20 in electric fields inconsistent with the impact ionization hypothesis 1 [21, 22].

In this paper we present results of photocurrent build-up and decay for photoconductors with
interdigitated Ohmic contacts patterns on undoped a-Ga>O3. We suggest the photoconductivity
time constants are due to photoelectrons in the presence of strong trapping of holes.

The undoped a-Ga,Os3 films were prepared by Halide Vapor Phase Epitaxy (HVPE) on basal
plane sapphire at 500°C, with GaCl being formed in-situ by interaction with HCI flowing over
the liquid Ga crucible and serving as the Ga precursor transported into the reaction zone. Oxygen
was supplied in the form of ultra-pure O>. The VI/III mole flow ratio was 4.2, spectrally clean
argon was used as a carrier gas to keep the total gas flow rate through the reactor at 10 slm. The
growth rate was 2.4 pm/h, with total thickness of the films of 5 pm. The layers were pure a-
GaxOs3 with (0001) orientation and no admixture of other polymorphs, as proved by x-ray
diffraction (XRD) patterns. The Full Width at Half Maximum (FWHM) of the (0004) reflection
measured in the double-crystal XRD geometry was 14 arcminutes. The growth procedure has
been described in detail elsewhere [23, 24]. The electrical properties, deep trap spectra and
Positron Annihilation Spectra (PAS) of similarly grown films were reported previously [25].

The photoconductors with an interdigitated contact pattern were fabricated by by e-beam
deposition of Ti/Ni (100 nm/100 nm) contacts and lithographic lift-off to form a structure with
fingers 10 um wide and 1 mm long with distance between the fingers of 30 or 50 um, with total

number of fingers of 75 or 50. The fingers on the opposite sides were connected by the common



Ti/Ni bus, and contact pads for probing were fabricated. The general schematics of the structure
with the distance between the fingers of 30 um is illustrated in Fig. 1. These samples were used
for characterization of the spectral monochromatic current photosensitivity Si, spectral
detectivity D, and external quantum efficiency EQE.

The obtained photosensitivity and EQE for measurements performed on the structures with
interdigital distances of 30 um and 50 um (shown as Fig. S1(a, b) and Fig. S2(a, b) of the
Supplementary Material). The graphs in Fig. S1, S2 were obtained with applied voltage of 10V.
The dependence of the photosensitivity and EQE on applied voltage is shown in Fig. S3(a, b),
built for the photodetector with interdigital distance of 30 um. The spectral current
photosensitivity peaked at 235 nm, in good agreement with the known value of a-Ga>O3 bandgap
of 5.2-5.3 eV [1]. The peak photosensitivity and EQE measured at 10V were, respectively, 7x10*
A/W and 3.8x10° (the 30 pm sample) and 700 A/W, 3800 (the 50 pm sample). The
photosensitivity and EQE considerably increased with applied voltage from 10 V to 40 V, as
illustrated in Fig. S3(a, b) of the Supplementary Material.

We focus here on the electrical properties of the 30 um sample, including the deep trap
spectra and the kinetics of photocurrent measured at 300, 340 and 380 K with almost band edge
excitation with 4.8 eV photons and below-bandgap excitation with 2.3 eV photons. The
characterization included dark current versus voltage (I-V), I-V characteristics measured with
monochromatic illumination with a set of Light Emitting Diodes (LEDs) with peak photon
energies from 1.35 eV (wavelength of 940 nm) to 4.8 eV (wavelength of 259 n -the optical
power output densities of 250 mW/cm? for photon energies of up to 3.4 eV (365 nm
wavelength), 15 mW/cm? for the photon energy of 4.5 eV (277 nm), and 1.2 mW/cm? for photon
energy of 4.8 eV (259 nm)), current versus temperature (I-T) measurements at fixed voltage in
the dark and after illumination with monochromatic light (Thermally Stimulated Current (TSC)
[26], Photoinduced Current Transient (PICTS) [27], Scanning Electron Microscope (SEM)

images taken in the secondary electrons (SE) mode and in Electron Beam Induced Current



(EBIC) mode. With Ohmic contacts, the EBIC signal is produced as a result of local excessive
charge generation and local increase of "photocurrent” that is determined by the local area of
charge generation and applied bias. The one-dimensional theory reported for estimation of
diffusion length of nonequilibrium charge carriers in HgCdTe detectors was employed [28,29].

The experimental setups used have been described previously [23, 24, 30- 32]. The kinetics
of photocurrent build-up and decay were measured at 300, 340 and 380K using a B2902A
current/ voltage meter (Keysight Technologies, USA), allowing to drive the LED used for
photocurrent excitation using one output of the device and collect the photocurrent values
variations with time at fixed applied voltage using the second output. The data could be collected
with time step varying from 0.2 ms at the beginning of the process to 100 ms at longer times, so
that relaxation times from 0.2 ms to 10000 s could be monitored simultaneously and the data
collected for several consecutive build-up and decay measurements. The digitized data was used
to build the time dependence of the photocurrent dI/dIn(t) versus logarithm of time, In(t) graph.
Fitting of the observed relaxation processes was achieved with either assuming simple
exponential decays or stretched exponents of the form I=Ioexp(-(t/t)?) [33, 34]. The procedure is
similar to that used to analyze current relaxations in AIGaN/GaN High Electron Mobility
Transistors (HEMTs) [35].

We start with room temperature measurements of [-V characteristics measured in the dark
and with monochromatic illumination. Fig. 2(a) shows the raw I-V data and Fig. 2(b) presents
the photocurrent spectra for two voltage polarities. The dark current is low, the photocurrent
spectra for both voltage directions show two well defined optical thresholds near 2.3 eV and 3.1
eV, the apparent fall of photosensitivity spectra at the highest photon energies used (259 nm, 4.8
eV) is the result of much lower power output density for the LEDs with wavelengths 277 nm and
259 nm.

After the spectra measurements, the devices were heated at -40V to 430K, cooled down to

120K at -40V at cooling rate 1.5 K/min while measuring the current, then illuminated at 120K



and -40V with the 4.8 eV LED for 5 minutes and after that heated at a rate of 1.5 K/min at -40V
while measuring the current. Fig. 3 shows the evolution of the I-T dependence after such cycle.
In the cooling down I-T curve, there high temperature region of exponential growth of current
with temperature with activation energy of 0.8 eV, then, at lower temperatures, two peaks near
350K and 250K. These peaks are likely due to the contribution of deep centers recharged during
the spectral measurements and not fully discharged even after heating up to 430K. According to
the theory of TSC [26], the activation energy E. of the peak in TSC can be estimated as
approximately Es=kgTpeak*In (Tpeak*/at) [26], where kg is the Boltzmann constant, Tpeak is the
peak temperature and « is the heating rate. This converts to Ea~23%kpxTpeak. Then
corresponding activation energies are 0.7 eV and 0.5 eV. In the heating up curve,
the peaks observed are due to centers with activation energies 0.25 eV, 0.35 eV, 0.5 eV,
0.6 eV. The reason the current collapses at temperatures between 200 and 230K is not clear. The
peaks detected are the usual deep traps observed in the upper half of the bandgap of lightly
doped a-GayOs3 films [23, 24].

These measurements were repeated 24 hours later after heating up the sample at -40V to
430K, cooling down to 140K at -40V while measuring current, shining 4.8 eV light for 5 minutes
at 140K and measuring current at -40V while heating the sample up in the dark after
illumination. In this second TSC experiment, the exponential region with activation energy 0.8
eV extends in the cooling down branch all the way down to 250K with no steps due to 0.7 eV
and 0.5 eV traps. In the heating up branch measured after illumination at 140K, the peaks due to
the 0.25 eV and 0.35 eV traps are not observed while the magnitude of the 0.5 eV and 0.6 eV
peaks are significantly diminished. The current collapse observed in the first run does not
occurring at 170K and extends to 230K. The conclusions from these TSC experiments is that the
Fermi level in the dark is located at Ec-0.8 eV, centers in the upper half of the bandgap near Ec-
0.25, Ec-0.35, Ec-0.5, Ec-0.6 eV can effectively trap electrons, and that the process of releasing

electrons from these electron traps is lengthy. The data of Fig. 2(b) also indicates the presence of



deep acceptors with optical ionization energies 2.3 eV and 3.1 eV in addition to the host of
electron traps in the upper half of the bandgap. Additional experiments performed with 2.3 eV
(530 nm peak wavelength) LED excitation and 4.5 eV excitation produce similar results.

A PICTS spectrum measured at -10V bias and 4.8 eV LED excitation is shown in Fig. 4. Two
peaks are seen with activation energy 0.5 eV and 0.7 eV, similar to those detected in TSC.

The results of SEM/EBIC measurements were revealing. With applied external bias, the
EBIC signal distribution was observed, and the magnitude increased with applied bias. Fig. 5(a)
presents the EBIC image collected with 25 keV, 10 nA probing beam excitation with no applied
bias. Fig. 5(b) is the image taken with 10V applied bias between the contact pads, Fig. 5 (¢) is
taken with 20V bias, and Fig. 5(d) is the blow-up of the Fig. 5(c) image taken with a higher
magnification. Excessive charge can definitely travel all the way between the contact fingers
even when it is generated at quite a distance from them, although there are dark regions where
current flow far away from the fingers is not efficient (dark regions in Fig. 5(d). It is also be
noted that a) measurable contrast could only be detected with high enough probing beam current
(in general beam currents > 10 nA) and b) after the exposure of the device to high applied
voltage between the pads and high probing current, a wait of many hours in the dark was
required before the same EBIC image could be reproduced. The diffusion length of
nonequilibrium charge carriers even in the best quality f-Ga,O3 films grown by HVPE on native
substrates does not exceed 0.6 um [15] and, for a-Ga,Os is about an order of magnitude lower
[23, 24]. Since the amplitude of EBIC signal observed is orders of magnitude higher than
expected knowing the generation volume of the excessive charge distribution and the number of
electron-hole pairs produced by the probing beam electrons [20, 36] we conclude photocurrent
amplification is occurring.

Further understanding is provided by analysis of kinetics of the photocurrent build-up and
decay for the 4.8 eV (259 nm) LED excitation (almost band-edge excitation) and 2.3 eV LED

excitation (below-bandgap excitation corresponding to strong increase of photocurrent (Fig. 2).



The schematic of the experiment is illustrated by Fig. 6. At three temperatures, a train of LED
excitation pulses 1000 s long with 1000-2000 s interval between the pulses was applied and for
each pulse the relaxation curves were analyzed by building the dependence of dI(t)/d(In(t)). In
Ref. [27] we show that for exponential decays of the form I=l,exp(-t/t), such presentation
produces peaks at t=t, so that the number of peaks allows to determine the number of
characteristic processes with different relaxation times and to obtain the characteristic t values
for each process. In the presence of potential fluctuations and/or barriers for capture of charge
carriers the relaxation curves can take the form of stretched exponents I=I,exp(-(t/t)"), with the
broadening parameter [ related to the magnitude of potential fluctuations or the fluctuations of
the capture barrier value. In this case, the differentiation by In(t) produces peaks at t=t, but the
peaks are asymmetrically broadened compared to the case of simple exponents. The value of the
broadening parameter § can then be estimated by either directly fitting the observed form of the
peak in the first derivative by In(t) or from the ratio of the first and second derivatives by In(t)
and the halfwidth of the first derivative on the high t side of the curve [35].

The characteristic features of relaxations in Fig. 6 are as follows. For 4.8 eV (259 nm) LED
excitation, the photocurrent build-up is at first relatively fast, passes through a maximum, and
then, for very long pulse times, shows a slight decrease. With each consecutive pulse the
amplitude increases, the decay is initially fast, but shows a long tail, the amplitude of which
greatly increases with temperature. For the below-bandgap 2.3 eV (530 nm) LED excitation the
photocurrent under illumination becomes progressively lower for each consecutive pulse, the
signal overshoot under illumination is most pronounced for the first illumination pulse, and the
signal decay under illumination becomes progressively slower for later excitation pulses.

The results of differentiating the photocurrent build-up and decay photocurrent by In(t) for
excitation with 4.8 eV (259 nm) LED and 2.3 eV (530 nm) LED are shown for the three
temperatures in Fig. S4-S7 of the Supplementary Material. Here we illustrate the cases in point

by presenting the data for the highest temperature of 380K in Fig. 7, 8. Fig. 7 illustrates the case



of 4.8 eV (259 nm) LED excitation and Fig. 8 shows the photocurrent build-up and decay for the
2.3 eV (530 nm) excitation (measurements performed at -10V, for convenience the signs on the
current axes in the figures in are reversed). In the photocurrent build-up with 4.8 eV (259 nm)
excitation three major processes, the fast initial increase with characteristic relaxation time 0.07
s, the slower increase preceding the photocurrent passing through the maximum (relaxation time
of 23 s) and the long decay of photocurrent under illumination (relaxation time of 470 s). The
peaks are broad, broader than expected for simple exponential build-up processes. The fast peak
was difficult to quantitatively model. The slow peaks could be fitted with stretched exponents
rather than simple exponents, and the broadening factor was =0.5.

The photocurrent decay was initially fast, with characteristic decay time of 0.07 s close to
the fast build-up time. This fast decay region was followed by a long tail with characteristic time
close to 53 s, again well described by the stretched exponent with f=0.5.

With 2.3 eV (530 nm) LED excitation (Fig. 8), the behavior of the photocurrent build-up
was similar to the 4.8 eV case. There still existed a fast build-up with characteristic time 0.13 s, a
slower build-up with characteristic time of 36 s accurately approximated with the stretched
exponent with the broadening constant f=0.5, and a long decay of the signal under illumination,
with characteristic time constant more accurately estimated at the lowest temperature of 300K
(Fig. 6, Fig. S5). Since the photocurrent steadily decreased for the 2.3 eV excitation for each
consecutive pulse, it could be unambiguously estimated only for the first pulse at 300K where
the relaxation time was 1350 s. The photocurrent decay showed a fast relaxation time of 0.09 s
close to the fast build-up time and a slow tail with the characteristic decay time close to 60 s at
380K. This tail region could be accurately described by the stretched exponent model. The data
are summarized in Table I. The studied temperature interval is too narrow and the number of
points too small to be able to accurately obtain the temperature dependences of parameters

involved, but for the fastest build-up and decay times for both types of excitations, it can be



positively stated that they are close to each other in both cases and characterized by similar
activation energies of 0.16-0.18 eV, as shown for the build-up times in Fig. 9.

The Fermi level in the devices is pinned in the dark at Ec-0.8 eV, in the vicinity of the
dominant deep trap. The deep centers in a-Ga03 have not been accurately mapped either
experimentally or theoretically. The centers in question have been observed in DLTS spectra of
lightly Sn doped a-Ga>O3 [23,24] and in PICTS spectra of undoped films [24]. Theoretical
analysis [36] suggests that, under O-rich conditions and the Fermi level located in the upper half
of the bandgap, the defect with the lowest formation energy and the level Ec-0.8 eV is the
divacancy Vga-Vo with the highest filled acceptor level near Ec-0.8 eV or the Oy; interstitial with
the highest acceptor level also near Ec-0.8 eV. Photocurrent spectra measurements in Fig. 2
additionally point to the important role of deep centers with optical ionization energies 2.3 eV
and 3.1 eV. The former could be due to the Ga vacancy V.~ acceptor state, the latter —to one of
the split interstitial donor states Oi1 or Oi2 [37]. The centers in have also been observed in doped
a-GaxO3 and for the 2.3 eV centers and they possess a barrier for capture of electrons and could
be responsible for the observed persistent photoconductivity and photocapacitance [24, 25].

The very high EQE>>1 of the detectors is indicative of the well-known phenomenon in
photoconductors related to strong trapping of one type of carriers [37-30], in our case, holes.
This leads to increased lifetime of the other type of charge carriers (electrons). These electrons
circulate in the circuit and contribute to photocurrent till the trapped carriers are released and
made available for recombination. Under these conditions the photocurrent amplification is
roughly determined by the ratio of the lifetime t to the transit time, t/ty, t«=L/V4r, where L is the
distance between the contacts and the drift velocity Va=uE (u being the effective mobility, E the
electric field) [38-40]. For long lifetime and short transit times, this amplification accounts for
high values of EQE. Decreasing the distance between the contacts or increasing the applied
electric field should decrease the transit time and increase the photosensitivity and EQE. This is

indeed observed for our a-Ga>O3 photodetector (see Fig. S1, S2, S3). In our case, the trapped
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carriers are holes, the carriers circulating in the circuit and providing the high photocurrent are
electrons.
For centers with a barrier for capture of electrons, such as the 2.3 eV optical threshold

centers, we attribute to Vga>

~acceptors, there is no need for the presence of additional trapping
centers because the electrons, once excited from these states, will be persistent until the

recombination barrier is overcome [33, 34]. However, in this case, once the center has been

excited it cannot return to the starting state for a long time. Therefore, prolonged illumination or

a train of illumination pulses with fixed length will lead to the gradual decrease of the saturation

photocurrent, as in our case with 2.3 eV (530 nm) excitation. This would not necessarily be the
case if the hole traps responsible for high EQE are not the ones from which the carriers are
excited. Then prolonged illumination or using of a train of repeated pulses will gradually
increase the saturation current because of the build-up of the number of trapped holes.

One can also point out the fact that the relaxation curves we observe are stretched exponents
rather than simple exponents. This is the hallmark of the current transport in the presence of
centers with the barrier for capture of electrons and/or of prominent potential fluctuations [33-
35]. Building a detailed model of recombination in semi-insulating a-Ga;O3 photoconducting
detectors requires additional study, but it seems clear the very high photosensitivity and giant

EQE of such photodetectors are the consequence of hole trapping and inherently goes hand in

hand with the long relaxation times. Growth under Ga-rich conditions suppressing the formation

of Vga could be conducive to alleviating the hole trapping effects but might make it more

difficult to achieve high resistivity and low leakage current because of the enhanced contribution

of Ga interstitials donors [36].
CONCLUSIONS

Interdigitated photoconducting detector on undoped a-Ga,O3 grown on sapphire and show

high photosensitivity peaked at 235 nm wavelength and very high EQE around 100000, but long

photocurrent build-up and decay times. The main centers present are Ec-0.8 eV defects on which
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the Fermi level in the dark is pinned, deep acceptors with optical ionization threshold 2.3 eV and
3.1 eV, and deep traps with levels at Ec-0.25 eV, Ec-0.35 eV, E¢-0.5 eV, Ec-0.6 eV, visible either
in TSC or in PICTS spectra.

Measurements of photosensitivity, EQE, EBIC signal as a function of applied bias suggest
the high photosensitivity is due to hole trapping, thus enhancing the photocurrent due to
photoelectrons. The centers responsible for hole trapping under the 2.3 eV LED illumination are
most likely the centers with a barrier for capture of electrons and with optical ionization
threshold at 2.3 eV.

The processes of photocurrent build-up and decay are characterized by fast transients with
~100 ms length similar for the build-up and the decay relaxations and for illumination with 2.3
eV and 4.8 eV light. For all relaxation processes the waveform of transitions is described by
stretched exponents, which is a clear indication of the current flow in the presence of centers
with a barrier for recombination of electrons and/or of pronounced potential fluctuations.
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Table I. Characteristic relaxation times

Process 300K 340K 380K
259 nm 530 nm 259 nm 530 nm 259 nm 530 nm
Build-up | 1)0.46 1)0.85 1)0.22 s (broad) | 1)0.23 s 1)0.07 s 1)0.13 s
s(broad) s(broad) (broad) (broad) (broad)
2)37s 2)36's 2)35s 2)37s 2)33s 2)36
(stretched, | (stretched, | (stretched, (stretched, | (stretched, | s(stretched,
b=0.5) $=0.5) p=0.5) B=0.5) b=0.5) B=0.5)
3)330s 3)1350s | 3)381s 3)1200 s 3)1100 s
(B=0.5) (stretched, | (stretched,p=0.5) | (stretched, | 3)420's (stretched,
B=0.5)s B=0.5) (stretched, | B=0.5)
B=0.5)
Decay 1)0.2 1)0.2 1)0.1s(broad) 1)0.1s 1)0.07 s 1)0.09 s
s(broad) s(broad) (broad) (broad) (broad)
2)220s 2)53s 2)60s
(Stretched, (Stretched, | (Stretched,
B=0.5) B=0.5) B=0.5)
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Figure Captions

Fig. 1. Photograph of the fabricated photodetector structure showing characteristic dimensions.
Fig. 2. (Color online) (a)Room temperature I-V characteristics measured in the dark (black
line)and with illumination with LEDs with peak photon wavelengths of 940 nm (solid magenta
line), 840 nm (dashed magenta line), 660 nm (solid red line), 625 nm (dashed red line), 530 nm
(olive line), 470 nm (dashed cyan line), 455 nm (cyan line), 400 nm (blue line), 385 nm (orange
line), 365 nm (violet line), 277 nm (purple line); (b) photocurrent at 40V and -40V normalized
by the dark current.

Fig. 3 (Color online) Current density measured at -40V after -V spectra measurement at room
temperature, cooling down at -40V, illumination with 259 nm LED for 5 min at 120K, heating
up to 430K in the dark (red line), the same after cooling down at -40V in the dark (red line
dashed); current density measured next day at -40V upon cooling to 150K in the dark after
previously heating to 430K in the dark (blue line dashed), current at -40V measured after
illumination with 259 nm LED at 150K (blue line).

Fig. 4 (Color online) PICTS spectrum measured at -10V, with LED excitation with peak
wavelength 277 nm, pulse length 5s, time windows 400 ms/4000 ms.

Fig. 5. EBIC images with the probing beam accelerating voltage 25 kV and beam current 10 nA,
(a) no applied bias, (b) applied bias of 10V, (c) applied bias of 20V, (d) the blow-up of image (c)
with higher magnification; the scale is seen from the interdigital distance of 30 um.

Fig. 6 (Color online) The photocurrent at -10V transients measured (a)-(c) with 530 nm LED
excitation (green shading) and (d)-(f) with 259 nm LED excitation (pink shading) at
temperatures 300K, 340K, 380K.

Fig. 7 (Color online) (a) the first derivative of photocurrent by Ln(t) for the photocurrent build-
up at 380K with 259 nm LED excitation (the data shown for the three consecutive pulses

analyzed; (b) the same for photocurrent decay.
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Fig. 8. (Color online) (a) the first derivative of photocurrent by Ln(t) for the photocurrent build-
up at 380K with 530 nm LED excitation (the data shown for the three consecutive pulses
analyzed; (b) the same for photocurrent decay.

Fig. 9. (Color online) Arrhenius plots of tT? for photocurrent build up with 259 nm LED and 530

nm LED.
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