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ABSTRACT 

      We report on growth and electrical properties of α-Ga2O3 films prepared by Halide Vapor 

Phase Epitaxy (HVPE) at 500oC on α-Cr2O3 buffers predeposited on sapphire by magnetron 

sputtering. The α-Cr2O3 buffers showed a wide MCL peak near 350 nm corresponding to the α-

Cr2O3 bandgap and a sharp MCL line near 700 nm due to the Cr+ intracenter transition. Ohmic 

contacts to Cr2O3 were made with both Ti/Au or Ni, producing linear current-voltage (I-V) 

characteristics over a wide temperature range with an activation energy of conductivity of ~ 75 

meV. The sign of thermoelectric power indicated p-type conductivity of the buffers. Sn-doped, 

2-µm-thick α-Ga2O3 films prepared on this buffer by HVPE showed donor ionization energies 

0.2-0.25 eV while undoped films were resistive with the Fermi level pinned at EC-0.3 eV. The I-

V and capacitance-voltage (C-V) characteristics of Ni Schottky diodes on Sn-doped samples 

using a Cr2O3 buffer indicated the presence of two face-to-face junctions, one between n-Ga2O3 
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and p-Cr2O3, the other due to the Ni Schottky diode with n-Ga2O3. The spectral dependence of 

the photocurrent measured on the structure showed the presence of three major deep traps with 

optical ionization thresholds near 1.3 eV, 2 eV, and 2.8 eV. Photoinduced Current Transient 

Spectroscopy (PICTS) spectra of the structures were dominated by deep traps with ionization 

energy of 0.95 eV. These experiments suggest another pathway to obtaining p-n heterojunctions 

in the α-Ga2O3 system. 
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I. INTRODUCTION 

      Ga2O3 is a next generation wide bandgap semiconductor for high-power electronic devices 

and solar-blind photodetectors (1-11). The main thrust of research in this material system has 

understandably been on the thermally stable monoclinic β-Ga2O3 polymorph, for which high 

crystalline quality large diameter single crystals can be prepared from the melt and used as native 

substrates for growth of β-Ga2O3 epitaxial films by Halide Vapor Phase Epitaxy (HVPE), 

Metalorganic Chemical Vapor Deposition (MOCVD), Molecular Beam Epitaxy (MBE), while 

heterojunctions with a wider-bandgap ternary (AlxGa1-x)2O3/Ga2O3 can be prepared by MBE or 

Pulsed Laser Deposition (PLD) and used for fabrication of Modulation Doped Field Effect 

Transistor (MODFET) structures (1,3,4-10). These studies have resulted in demonstrations of power 

rectifiers, MODFETs, transistors and UV photodetectors with attractive performance (1-8,10,11).    

         In addition, the properties of metastable corundum α-Ga2O3 have also created great interest 

recently due to an even larger bandgap than for α-Ga2O3 (5.3 eV versus 4.8 eV) (9), the 

possibility to perform the growth on very robust and mature isomorphous sapphire (α-Al2O3) 

substrates and the existence of a host of corundum-structured rare earth or transition metal 

oxides with a natural p-type conductivity, which makes it possible to prepare n-p heterojunctions 

and solid solutions with p-type conductivity (9, 12-28). The latter consideration is of particular 

importance because of the well known lack of suitable p-type dopants with low ionization energy 

in Ga2O3 films or crystals of any polytype and the strong tendency of holes to form self-trapped 

hole polaronic states (5,6). This is due to the very deep valence band position with respect to the 

vacuum level, the strong ionic contribution to bonding, strong electron-phonon coupling, and the 

very flat valence band formed by oxygen p-states (29,30). Hybridization with the d-states of the 

partly filled d-shell of Ir in α-(IrxGa1-x)2O3 can considerably lift the top of the valence band and 

make it possible to obtain natural vacancy-related p-type conductivity that can be strongly 

enhanced by Mg doping, while preserving the attractively high bandgap of 4.3 eV (27,28, 31). 
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Similar effects can be expected for other transparent metal oxides comprising transition metals 

(8). Thus, combining α-Ga2O3 with α-Cr2O3 could be of interest because of the higher bandgap of 

Cr2O3 compared to Ir2O3 and a close lattice match between the α-Ga2O3 and the α-Cr2O3, 

presumably conducive to good solubility of components over the entire composition range (8). 

We have already demonstrated that HVPE growth of α-Ga2O3 films on basal plane sapphire with 

pre-deposited thin α-Cr2O3 buffers prepared by magnetron sputtering and annealing decreases 

the overall threading dislocation density in Ga2O3 by a factor of 4 times, from 2×1010 cm-2 to 

5×109 cm-2, because of the improved relief of strain caused by the lattice mismatch between 

sapphire and Ga2O3(32). 

             In this paper, we describe the effects of introducing such Cr2O3 buffer layers on 

electrical properties and deep trap spectra of α-Ga2O3 films. The buffer layers are found to be p-

type from thermopower measurements due to 75 meV acceptors, while the α-Ga2O3 is found to 

be insulating when undoped and n-type when doped with Sn. In PICTS, a prominent feature in 

samples with the Cr2O3 underlayers was the dominance of traps with ionization energy at 0.95 

eV as opposed to the 0.35 eV traps in samples without the underlayer.  

II.EXPERIMENTAL 

      The Cr2O3 films used were deposited in an RF magnetron sputtering system (A-500 

Edwards, UK). C-plane sapphire wafers of 330 - 440 μm thickness and 50 mm in diameter were 

used as substrates. Before deposition, the sapphire substrates were cleaned in sulfuric acid and 

isopropanol. A 99.95% chromium target and oxygen-argon plasma were used as source 

materials. The concentration of oxygen in the plasma was 56.1 ± 0.5 vol.%. The distance 

between the substrate and the target was 70 mm. The deposition was carried out at a working 

pressure of 7x10-3 mbar and RF power of 70 W. The temperature of the substrate was not 

controlled during the sputtering. The deposition was carried out for 45 minutes to reach a 

thickness of about 150 nm, but some structures were made thicker, 400 nm, for electrical 

characterization. After deposition, the Cr2O3 films were annealed in air at 500 °C for 3 hours. As-
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deposited Cr2O3 films were microcrystalline textures with preferred orientation (0001) and microcrystal 

dimensions of around 50 nm. Annealing for 3 hours at 500oC led to a certain ripening of the grains in the 

texture and increase of their dimensions to about 100 nm. 

 

        Ga2O3 films were grown in a homemade atmospheric horizontal quartz HVPE reactor. 

Gallium chloride (GaCl) and oxygen (O2) were used as precursors. GaCl was synthesized in situ 

by passing gaseous hydrogen chloride (HCl, 99.999% pure) over metallic gallium (Ga, 

99.9999% pure) at 600°C. The GaCl and O2 were then mixed in the deposition zone of the 

reactor to produce Ga2O3 on the substrate. Argon was used as a carrier gas to keep the total gas 

flow rate through the reactor at 10 slm. The deposition temperature was 500°C. The VI/III 

(O2/GaCl) ratio was 4.2. Under these conditions, the growth rate was 2.4 μm/h. To ensure 

identical growth conditions and fair comparison, the growth on sapphire substrates with and 

without Cr2O3 buffer was conducted in the same growth run. The grown films with and without 

the Cr2O3 buffer were doped with Sn via introducing the volatile Sn salt in one of the channels of 

our HVPE machine. In these experiments first about 2 µm of undoped film were grown and then 

the top ~1 µm of the film was doped with Sn.  

          The phase composition of the produced films was investigated by x-ray diffraction (XRD) 

analysis using CuKα1 radiation. The structural quality of the films was estimated from the full 

width at half maximum (FWHM) of XRD rocking curves (RC) of symmetric (0006) and skew-

symmetric (10-18) reflections of α-Ga2O3. 

        For electrical characterization of the Cr2O3 and Ga2O3 films, Ti/Au contacts (20nm/ 80 nm) 

and Ni contacts were deposited by e-beam evaporation through a shadow mask. The Ti/Au 

contacts of 1 mm in diameter and 2 mm pitch were subjected to rapid thermal annealing at 300oC 

in nitrogen for 2 minutes to form Ohmic contacts. Circular Ni contacts (20 nm thick) were 

deposited at room temperature to act as semi-transparent Schottky diodes (33-36). Electrical 

characterization involved current-voltage (I-V) measurements between the Ohmic Ti/Au contacts 
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and between the Ni and Ti/Au contacts. These measurements were done in the dark and under 

illumination with a set of visible-near-UV Light Emitting Diodes (LEDs) with wavelengths 

between 940 nm and 365 nm and output power up to 1 W (the actual spectral measurements 

were done with the output power density of 250 mW/cm2). The photocurrent measurements in 

the near-bandedge region were done with 259 nm UV LEDs at an output power density of 1.2 

mW/cm2. For samples showing good rectification for Ni Schottky diodes, capacitance- frequency 

(C-f), capacitance-voltage (C-V) measurements were performed in the frequency range 20 Hz-20 

MHz in the dark and under monochromatic illumination. 

        The deep trap spectra of the samples were obtained from admittance spectroscopy (AS) [37] 

and from Photinduced Current Transient Spectroscopy (PICTS) [36] because standard Deep Level 

Transient Spectroscopy (DLTS) was not applicable for our samples with high series resistance. 

These measurements were performed from 77K to 500K using a liquid nitrogen cryostat 

(Cryotrade Instruments, Russia) (33-39). The optical charaterization of the grown films was done 

by Microcathodoluminescence (MCL) spectra measurements at 300K and 90K[33, 36]. 

III.RESULTS AND DISCUSSION 

III.1. Electrical and optical properties of the Cr2O3 films. 

        Detailed measurements were performed for the Cr2O3 films deposited on basal plane 

sapphire and subjected to 3 h annealing in air at 500oC. The thickness of these films was 0.4 µm. 

The Ti/Au contacts I-V characteristics were linear at all temperatures and the films showed 

photosensitivity for above-bandgap excitation at 364 nm wavelength, as shown in Figure 1. Ni 

contacts showed no rectification and their properties were not different from the Ohmic Ti/Au 

contacts. Thermal probing of the Cr2O3 films showed the material was p-type, but Hall/van der 

Pauw and C-V measurements were not possible because of the low magnitude of the Hall signal. 

        The temperature dependence of the current through the Ohmic contacts showed an 

activation energy of 75 meV (Figure 2) which likely corresponds to the depth of the native 

acceptors in the film. The room temperature MCL spectrum of the Cr2O3 layer is shown in 
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Figure 3 and consisted of a broad band peaked near 349 nm and a sharp line at 694 nm. The 

broad peak corresponds to bandedge luminescence with bandgap ~ 3.5 eV. The sharp line is 

most likely related to the intracenter transition in the Cr ion [40] . Overall, the electrical and optical 

properties of our Cr2O3 films are in agreement with previously published results which ascribed 

the acceptors dominating the resistivity of the films to Cr vacancies [41,42]. 

III.2. Ga2O3 films grown on basal plane sapphire with and without Cr2O3 buffer annealed 

at 500oC. 

          For the films grown with moderate Sn doping, Figure 4 shows the room temperature C-f 

characteristics of the two types of films. The C-f characteristic of the layer without the Cr2O3 

buffer displays a low-frequency plateau extending to ~1 kHz, corresponding to deeper donors, 

another poorly resolved plateau near 10 kHz related to shallower donors, and a sharp drop after 

10 kHz due to the series resistance of the diode. Admittance spectra indicated the shallow donors 

had ionization energy 0.2-0.25 eV, while there were also deeper centers at 0.3-0.35 eV. 1/C2 

versus voltage V plots showed clearly the linear dependence due to the doped portion of the film 

and a plateau, once the space charge region boundary is swept through the doped portion and 

reaches the relatively highly resistive portion. Electrical measurements on a similarly grown 

sample with no top Sn doped region showed that in undoped films the Fermi level is pinned near 

Ec-0.3 eV, as shown in Figure 5(a). The charged centers concentration profiles calculated from 

low-frequency (300 Hz) and high-frequency (3 kHz) C-V data are shown in Figure 6. According 

to the C-f and admittance spectra measurements, the low-frequency profile corresponds to the 

total density of the shallow and deep donors, while the high-frequency profile only gives the 

depth distribution of the shallow donors [37].  

            The total density of the shallow and deep donors deduced from the 300 Hz profile was 

8×1015 cm-3 near the surface, leveled off between 0.5-0.7 µm at 3×1015 cm-3, and then decreased 

as the space charge region (SCR) boundary approached the edge of the intentionally Sn doped 

portion of the film. Measurements at 3 kHz yielding the profile of the shallow donors coincided 
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with the low frequency profile at depths from the surface exceeding 0.6 µm, indicating that for 

these depths, the shallow donors dominate. Their concentration gradually decreased to below 

2×1015 cm-3 near 0.9 µm, approximately where the Sn doping was initiated during growth. Thus, 

it seems fair to state that, in the near-surface regions, the dominant donor species are the 0.35 eV 

donors, whereas, for deeper regions, the dominant species are the 0.25 eV donors. This is in line 

with our earlier observations for lightly doped α-Ga2O3 films (36) and points to a complex nature 

of donors rather than just simple substitutional Sn centers. (36).  

           For the sample grown on Cr2O3 buffer, the low frequency plateau below 1 kHz was not 

observed, the capacitance showed a poorly defined plateau near 1 kHz and fell off totally for 

frequencies above 10 kHz because of the high series resistance (Figure 4). 1/C2 versus V plots 

were unusual in that they displayed a plateau at forward biases and low reverse biases, with the 

slope of the plot for high reverse voltages implying p-type conductivity (Figure 5(b)).  

             The current-voltage I-V characteristics of the two types of diodes were also radically 

different, as illustrated in Figure 7(a, b). For the sample without the Cr2O3 buffer the I-V 

characteristic was of the normal type expected for a Schottky diode on n-type film (i.e. the 

current for positive voltage applied to the Ni Schottky contact was much higher than at negative 

voltage). In contrast, the I-V characteristic of the samples with Cr2O3 buffer was quite unusual. 

The current in the forward direction was actually lower than the current in reverse direction. This 

was not a consequence of non-ideality of the Ohmic contacts as the I-V dependence measured 

between the two Ohmic contacts was linear (Figure 8). The behavior under illumination was also 

totally different for the two types of samples. For samples without the Cr2O3 buffer, illumination 

with sub-bandgap light caused an increase of photocurrent in reverse direction only for high 

optical power density and was, as usual, related to electron excitation from deep traps in the 

bandgap. Above-bandgap illumination with  a 259-nm-wavelength LED created a high 

photocurrent even for optical power densities ~100 times lower than for the sub-bandgap light 

because of effective generation of electrons and holes. Both types of excitations caused only 
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slight changes in  the forward current branch and the series resistance of the Ga2O3 film (Figure 

7(a)). By contrast, for the samples with Cr2O3 buffer, the photocurrent was equally high in both 

directions (Figure 7(b)).   

        A quantitative model explaining the differences in behavior of the two types of samples has 

not been developed yet, but it seems very likely that the existence of the parasitic p-Cr2O3/n-

Ga2O3 heterojunction could be responsible for the observed phenomena in C-V and I-V data in 

the dark and under monochromatic illumination. Some additional insight is provided by 

photocapacitance spectra, photocurrent spectra, and PICTS measurements. The photocapacitance 

spectra displayed in Figure 9 are quite similar for both samples and show three distinct optical 

thresholds, one near 2 eV, second near 2.8 eV, and third near 3.1 eV. 

         In photocurrent spectra of the sample without the Cr2O3 underlayer, significant changes 

were observed only at reverse voltages and low forward voltages. Figure 10 (a) displays the data 

for reverse voltage -4V. The spectrum is similar to the photocapacitance spectrum, with two 

prominent thresholds at 2.8 eV and 3.1 eV. For the sample with the Cr2O3 buffer, the 

photocurrent spectra are shown for reverse voltage of -1V (the plateau in I-V characteristics) and 

for forward voltage of 5V (approximate saturation in photocurrent). The data show optical 

thresholds near 1.3 eV (specific for I-V spectra, not clearly observed in photocapacitance) and  2 

eV (similar to photocapacitance), with no prominent features at higher energies. 

        PICTS spectra of the two samples are compared in Figure 11. For the sample without the 

Cr2O3 buffer, the PICTS spectra were dominated by deep centers with ionization energy 0.35 eV 

while in the samples with Cr2O3 buffer, the spectra were dominated by the peak belonging to the 

trap with ionization energy of 0.95 eV. The features observed in the photocapacitance spectra, 

photocurrent spectra, and PICTS spectra of the Ga2O3 films without the Cr2O3 buffer are rather 

common for our α-Ga2O3 films. For the epilayers grown on the Cr2O3 buffers, the distinguishing 

characteristics are higher dark current in reverse direction than in the forward direction, the 

presence of a prominent plateau in reverse direction at low reverse voltage, the strong 
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photosensitivity in the forward direction, in contrast to the sample without the underlayer, and 

the presence in photocurrent spectra of an additional optical threshold near 1.3 eV and the lack of 

optical thresholds near 2.8 eV and 3.1 eV observed in the reference sample. In PICTS the 

prominent feature in the sample with the Cr2O3 underlayer was the dominance of traps with 

ionization energy at 0.95 eV as opposed to the 0.35 eV traps in the samples without the 

underlayer.  

SUMMARY and CONCLUSIONS 

          Growth of α-Ga2O3 films on α-Cr2O3 buffer deposited by magnetron sputtering and 

annealed at 500oC leads to a factor of 4 decrease of the threading dislocation density and can 

provide a p-n junction capability. The Cr2O3 films are p-type according to thermal probing, with 

the acceptors having an ionization energy of 75 meV as determined from the temperature 

dependence of current between the Ohmic contacts. MCL spectra were dominated by a broad 

bandedge  peak near 350 nm and a sharp peak at 700 nm peak due to intracenter transitions in the 

Cr+ ion. The presence of this p-type layer manifests itself in several unusual features in C-V and 

I-V characteristics measured in the dark and under monochromatic illumination with peak 

wavelengths ranging from 365-940 nm. In C-V characteristics, the dark capacitance is 

independent of voltage at forward and low reverse voltages while, for high reverse voltages, it 

demonstrates p-type-like behavior. In I-V characteristics, the dark current is higher at reverse 

voltage than at forward voltage, the photocurrent in the forward direction is higher than in 

reverse direction. In PICTS spectra, the dominant peak belongs to centers with ionization energy 

0.95 eV for the samples with Cr2O3 underlayer rather than 0.35 eV for the samples without this 

underlayer.  

        Further studies involving heavier n-type doping of the films, growth on nonpolar or semi-

polar orientations are needed to better understand the effects of Cr2O3 buffers on changing the 

threading dislocation density and the type and density of electron and hole traps. Our data 

suggests that using ternary solid solutions of α-(CrxGa1-x)2O3 could be instrumental in obtaining 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

00
90

83
2



11 
 

p-type films with a very wide bandgap, similarly to the case of (IrxGa1-x)2O3 (31). Ternary 

solutions with Cr2O3 potentially offer better performance because of a very good lattice matching 

between α-Ga2O3 and α-Cr2O3, and wider bandgap of Cr2O3 than Ir2O3, both facilitating a high 

solubility in the entire composition range, a relative ease in obtaining low interface states density 

between the p-type ternaries and the n-type Ga2O3 and a higher bandgap of the solid solutions 

with feasible p-type doping.  
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FIGURE CAPTIONS 

Fig. 1(Color online) I-V characteristics obtained for Ti/Au Ohmic contacts on the Cr2O3 film at 

298 K (solid black line) and 397K (solid red line), blue dashed lines show the photocurrent 

measured under 365 nm LED illumination. 

Fig. 2 (Color online) Temperature dependence of Ohmic current through the Cr2O3 films.  

Fig. 3 (Color online) MCL spectrum of the Cr2O3 films. 

Fig. 4 (Color online) Room temperature C-f characteristics measured at 0V for the sample with 

no Cr2O3 underlayer (red line) and with such underlayer (blue line). 

Fig. 5 (Color online) (a) Room temperature 1/C2 versus V plots measured for the sample with no 

Cr2O3 buffer at 300 Hz (red line) and 3 kHz (blue line); (b) the 1/C2 versus V plots for the 

sample with Cr2O3 buffer at 70 Hz and 1 kHz. 

Fig. 6 (Color online) Plots of charge concentration versus depth calculated for the sample with 

no Cr2O3 buffer from C-V data obtained at 300 Hz (sum of shallow and deep donors) and at 3 

kHz (only shallow donors). 

Fig. 7(Color online) (a) 300K I-V characteristics of the sample without Cr2O3 buffer in the dark 

and under illumination with high-power LED with peak wavelength 365 nm and optical power 

density 25 mW/cm2 and 250 mW/cm2, also shown is the curve obtained with 259 nm LED (2.25 

mW/cm2 excitation); (b) 300K I-V characteristics measured for a sample with Cr2O3 buffer in 

the dark (black line) and under illumination with different LEDs; data shown for high-power 

(250 mW/cm2) illumination with 660 nm (red line), 530 nm (olive line), 365 nm (orange line) 

and for 259 nm LED illumination with output power density 2.25 mW/cm2 (violet line). 

Fig. 8 (Color online) I-V characteristic measured at room temperature between two Ohmic Ti/Au 

contacts on the sample with Cr2O3 buffer. 

Fig.9 (Color online) Photocapacitance ΔCph (the difference between the capacitance under 

illumination and in the dark, Cdark) normalized by Cdark for the sample with no Cr2O3 buffer (red 
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line, open squares) and with Cr2O3 buffer (blue line, solid squares); the data shown for excitation 

with LEDs with wavelengths from 940-365 nm and same optical power output of 250 W/cm2. 

Fig. 10 (Color online) (a) Photocurrent density at -4V (dark current density subtracted) spectra 

for the sample with no Cr2O3 buffer; (b) the same for forward and reverse bias for sample with 

Cr2O3 buffer. 

Fig. 11 (Color online) PICTS spectra measured at -1V with 365 nm LED excitation, for time 

windows 60 ms/6000 ms and pulse length 5s for the sample with no Cr2O3 buffer (red line) and 

with Cr2O3 buffer (red line).   
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