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The potential of effectively n-type doping Ga2O3 considering its large band gap has made it an

attractive target for integration into transistors and solar cells. As a result amorphous GaOx is now

attracting interest as an electron transport layer in solar cells despite little information on its opto-

electrical properties. Here we present the opto-electronic properties, including optical band gap,

electron affinity, and charge carrier density, for amorphous GaOx thin films deposited by pulsed

laser deposition. These properties are strongly dependent on the deposition temperature during the

deposition process. The deposition temperature has no significant influence on the general struc-

tural properties but produces significant changes in the oxygen stoichiometry of the films. The den-

sity of the oxygen vacancies is found to be related to the optical band gap of the GaOx layer. It is

proposed that the oxygen deficiency leads to defect band below the conduction band minimum that

increases the electron affinity. These properties facilitate the use of amorphous GaOx as an electron

transport layer in Cu(In,Ga)Se2 and in Cu2O solar cells. Further it is shown that at low deposition

temperatures, extrinsic doping with Sn is effective at low Sn concentrations. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4938473]

Crystalline b-Ga2O3 has received considerable attention

in the last few years due to promising applications in transis-

tors and photo-detectors.1,2 Ga2O3 can also serve as a charge

selective contact specifically as an electron transport layer

(ETL) because of its high optical band gap combined with

sufficient n-type doping from Sn or Si. In crystalline b-

Ga2O3 thin films charge carrier densities above 1 �
1019 cm�3 were reported for Si and Sn doped layers.3,4

However, band gap and n-type doping of amorphous GaOx

(a-GaOx) have not been studied.

Recently, low temperature deposited a-GaOx has been

successfully applied as an ETL in Cu0.9(In0.7,Ga0.3)1.1Se2

(CIGS)5 and in Cu2O6 solar cells. This is remarkable since

CIGS and Cu2O have quite different electron affinities (EA),

4.5 eV (Refs. 7 and 8) and 3.2–4 eV,9,10 respectively, and

therefore different requirements for the electron affinities of

their ETLs. Although some changes in the band alignment

can occur after formation of the hetero-junction, the electron

affinity of the ETL is critical as it directly impacts the recom-

bination losses at the p/n-junction.11 If the electron affinity

of the absorber material is lower compared with the ETL, it

increases the interface recombination and decreases the VOC;

if the EA is larger it could increase the recombination in the

space charge region which reduces the fill factor. The elec-

tron affinity of stoichiometric crystalline b-Ga2O3 has been

reported to be around 3.5–4 eV,12,13 which would be suitable

for Cu2O but not for CIGS. It is especially remarkable that

an intentional increase of the electron affinity of a-GaOx by

the addition of indium to the a-GaOx layer led to a reduced

VOC within the CIGS devices. This suggests that the electron

affinity of the a-GaOx was similar or even larger to that of

CIGS. On the other hand, in organic solar cells with the low

electron affinity material PCBM used as the acceptor mate-

rial, b-Ga2O3 was shown to induce an electron barrier when

used as an ETL.14 This leads to the hypothesis that the

electron affinity of a-GaOx depends on the deposition condi-

tions and may be higher than that of the crystalline b-Ga2O3.

Interestingly, the optimum a-GaOx process conditions for the

Cu2O application was at high oxygen partial pressure of 17

� 10�3 mbar, whereas the a-GaOx for the CIGS application

was prepared under pure argon atmosphere, indicating that

the resultant oxygen concentration in the films and the den-

sity of oxygen vacancies may strongly influence the electron

affinity. Amorphous GaOx that forms at the CIGS/ZnO inter-

face in CIGS superstrate solar cells was suggested to have an

electron affinity of 4.5 eV,15 based on the results of numeri-

cal device simulations. However, no reports on the measured

electron affinity, charge carrier density, or oxygen deficiency

of purposefully grown amorphous GaOx exist.

In this work a-GaOx layers are prepared by pulsed laser

deposition (PLD) at various temperatures, by utilizing a tem-

perature gradient across the substrate. The oxygen partial

pressure was fixed at 2 � 10�5 mbar for the samples with a

temperature gradient from 425 �C to 300 �C, and at 1.3 �
10�3 mbar for the samples with a temperature gradient from

160 �C to 100 �C; the surface temperature was measured

with a calibrated IR camera. Higher oxygen partial pressures

were not possible to control and lower oxygen partial pres-

sures lead to opaque films. The surface stoichiometry was

measured by x-ray photoelectron spectroscopy (XPS).

Schottky devices were fabricated on ZnO:Ga (GZO) in an

Au/a-GaOx/GZO geometry and capacitance-voltage (C-V)
measurements were used to extract the charge carrier density

within the a-GaOx layers and the built-in potential of the

Schottky contact. The band gap was determined by transmis-

sion/reflection measurements. Layers of 10 nm thickness

were deposited on GZO/alkali-free-glass substrates for the

XPS measurements, while 200 nm thick layers on GZO/al-

kali-free-glass substrates were used for the Schottky devices

and 200 nm thick layers on Quartz substrates employed for

0003-6951/2016/108(2)/022107/4/$30.00 VC 2016 AIP Publishing LLC108, 022107-1

APPLIED PHYSICS LETTERS 108, 022107 (2016)

http://dx.doi.org/10.1063/1.4938473
http://dx.doi.org/10.1063/1.4938473
http://dx.doi.org/10.1063/1.4938473
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4938473&domain=pdf&date_stamp=2016-01-14


the T/R measurements. Thicknesses were determined from

the optical data and confirmed by mechanical profilometer

measurements.

The GaOx layers deposited by PLD displayed an amor-

phous structure for substrate temperatures up to 450 �C dur-

ing the deposition. No variations were observed in the XRD

patterns below this temperature. Layers deposited above

450 �C were found to have peaks for the b-Ga2O3 crystalline

phase as reported in the literature.16 Here, the relative oxy-

gen content of the a-GaOx layer deposited at different sub-

strate temperatures was measured by XPS. The ratio of the O

1s and the Ga 2p peak intensities is used as a measure and is

plotted against the deposition temperature in Fig. 1. The O/

Ga ratio at the high temperatures was normalized to the stoi-

chiometric value of 1.5. Oxidation at these elevated tempera-

tures is very effective, and the resulting films are generally

close to the Ga2O3 stoichiometry. With decreasing deposi-

tion temperature, we observe that the O/Ga ratio decreases

and become constant around 1.3 at temperatures below

300 �C.

Together with the observed change in chemical compo-

sition, an associated change in the optical properties is

shown in Fig. 2 which plots the square of the absorption

coefficient of a-GaOx layers, obtained from the T/R measure-

ments. For direct band gaps, the value of the band gap Eg

can be extracted from a linear extrapolation of a2 to zero.17

Above 450 �C the a-GaOx crystallizes and the band gap

increases to 4.7 eV, close to the value of 4.8–5 eV previously

reported for b-Ga2O3.18 At 425 �C the band gap of the layer

is reduced to 4.5 eV. It further decreases for lower tempera-

tures until it stays constant around 4.0 eV for all deposition

temperatures below 320 �C. This trend was also observed for

the surface band gap value, which was obtained from XPS.

XPS gives the energetic difference between the Fermi level

(EF) and the valence band maximum (VBM), which equals

the band gap for strongly n-type doped materials. All films

are sufficiently n-type doped to allow this approximation, as

shown in Fig. 3. From C-V, the charge carrier density of 3 �
1017 cm�3 is obtained for the low temperature deposited

films. It increases with increasing temperature up to 1 �
1018 cm�3 at 425 �C. From this, the difference between the

Fermi level and the conduction band minimum (CBM) can

be calculated, resulting in 20 meV for 1 � 1018 cm�3 and

50 meV for 3� 1017 cm�3. This also shows that the Burstein-

Moss shift is not a significant influence on the observed opti-

cal band gap. The inset of Fig. 2 shows the dependence of

the measured bulk and the surface band gaps on deposition

temperature. The small discrepancy observed between both

may be explained by the differences of bulk and surface

properties, but both show a similar trend of decreasing band

gap with decreasing deposition temperature.

Further, the trend of the band gap with increasing depo-

sition temperature is very similar to the trend of the oxygen

concentration within the films. To confirm the correlation

between band gap and film stoichiometry, low temperature

deposited films with an optical band gap of 4.05 eV were

annealed at 450 �C for 1 h in air and in vacuum. The band

gap of the vacuum annealed sample actually decreased to

4.02 eV, while the band gap of the air annealed sample

increased to 4.40 eV. This confirms that the sub-

stoichiometry, likely as a result of the low-deposition tem-

perature, is the reason for the reduced band gap. Disorder

effects as generally observed in amorphous oxides induce a

high density of deep tail-states above the VBM.19,20 These

cause strong exponentially decaying tails of the absorption

coefficient towards lower photon energies,21 as seen in the

absorption coefficient shown in Fig. 2. The tail widths can be

described by the exponential decay parameter, the so-called

Urbach energy. However, the Urbach energy calculated for

FIG. 1. Ratio of the O 1s and the Ga 2p XPS peak normalized to the Ga2O3

stoichiometric value of 1.5 for the highest deposition temperature. The inset

shows the correlation of this O/Ga ratio and the optical band gap. The white

dot is the literature value for stoichiometric b-Ga2O3.

FIG. 2. Square of the absorption coefficient for a-GaOx films deposited at

different temperatures. The band gap is derived from the linear interpolation

of the high-energy part, while the Urbach tail in the low energy part is fitted

with an exponential function (both plotted as dashed lines). The inset com-

pares the results with those obtained from XPS measurements.

FIG. 3. Schottky barrier to Au and charge carrier density of the a-GaOx films

deposited at different temperatures. The inset shows the Mott-Schottky plots

(1 kHz, 300 K) used to determine these values.
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the films studied here are almost constant for the different

deposition temperatures with values around 500 meV. This

again indicates that the change of the optical band gap does

not only originate from a change in disorder.

Based on these observations it is reasonable to hypothe-

size that the observed change of the band gap is induced by a

change in the oxygen content within the films. It can be seen

in Fig. 1 that it requires around 8% oxygen deficiency to

reduce the band gap to 4 eV. The reduced band gap is then

likely to be induced by a defect band created by VO defect

states. We note that in crystalline films, sub-stoichiometry

was identified as the origin for strong sub-band gap absorp-

tion leading to opaque films.4 This was argued to be due to

the formation of GaO phases. The low-temperature deposited

amorphous films seem to allow such sub-stoichiometry with-

out the formation of opaque GaO phases.

Density functional theory (DFT) calculations have pre-

dicted the VO donor state to be at about 1 eV below the CBM

in the crystalline b-Ga2O3 phase.22 Experimentally, three deep

electron traps were found at 0.55, 0.74, and 1.04 eV below the

conduction band edge.23 This is consistent with the VO donor

states being the origin of the sub-CBM defects, increasing the

electron affinity of the material. Similar effects were reported

for oxygen deficient MoO3 and SiOx films,24–26 in which these

defect bands are assumed to provide a channel for current

transport. If this is indeed the case it should be possible to

probe the defect band with electrical characterization methods.

To test this, Au Schottky contacts were fabricated and meas-

ured, allowing the calculation of the electron affinity by meas-

uring the barrier height at the Au/a-GaOx interface. The

Schottky barrier height between a-GaOx and Au is defined by

the difference of the Au work function and the electron affinity

of a-GaOx. Thus, if the band gap change is due to a change of

the electron affinity, as induced by a defect band close to the

CBM, the Schottky barrier between a-GaOx and Au should

change accordingly. The J-V curves of the Au Schottky devices

are shown in Fig. 4. It can be seen that the J-V curves of the a-

GaOx layers deposited at different temperatures are shifted rel-

ative to one another, similar to the optical band gaps, indicating

an increasing barrier with an increasing band gap. By fitting

the linear slope in the semi-log plot shown in the inset of Fig. 4

with the equations given in Ref. 27, the ideality factor and the

barrier height can be calculated. However, the ideality factors

obtained by this fit are larger than two, indicating complex

transport through the interface barrier, likely a result of trap

assisted tunneling and/or barrier inhomogeneities. The high

ideality factor leads to an underestimation of the barrier height.

The resulting barrier height is 730 meV for the layer deposited

at 320 �C and increases up to 810 meV for the layer deposited

at 425 �C. Alternatively, the barrier height can be extracted

from Mott-Schottky plots.28 These results are shown in Fig. 3.

The barrier heights of the low-band gap layers deposited at

around 320 �C are 1.1 eV, whereas the barrier height increases

at deposition temperatures higher than 350 �C and reaches a

maximum value of 2.5 eV at 425 �C. The difference in the val-

ues obtained from J-V and from C-V analyses may originate

from lateral inhomogeneities of the barrier height or from the

fact, that, due to series resistance effects, the C-V data had to

be recorded at rather low frequencies (1 kHz), at which the ca-

pacitance could be influenced by deep defects. Also, the capac-

itance is recorded at reverse bias whereas the analyzed J-V data

at forward bias. Nevertheless, both measurements show an

increasing Schottky barrier with an increasing deposition tem-

perature of the a-GaOx layer, confirming the hypothesis that

the change in the band gap results in a change of the electron

affinity, due to a VO induced defect band.

The presence of such a VO induced defect band below

the CBM also explains the different oxygen background

pressures during a-GaOx deposition needed to get good

ETLs in CIGS or in Cu2O devices. Cu2O devices require a-

GaOx layers deposited at high oxygen partial pressure.

According to the results presented here, this reduces the elec-

tron affinity to a value close to that of Cu2O (3.2–4 eV) and

lowers the interface recombination losses, just as illustrated

in Fig. 5. CIGS devices require low oxygen partial pressures

as the defect bands are beneficial for the electron transport

from CIGS to the ZnO window layer. However further alloy-

ing with In of the a-GaOx layer leads to a VOC reduction, and

thus the electron affinity of the oxygen deficient layer should

FIG. 4. J-V curves of the Au Schottky devices with a-GaOx films deposited

at different temperatures. The inset shows the semi-log-plot with a fit to the

linear region to obtain the barrier height for thermionic emission.

FIG. 5. Schematic drawing of a-GaOx as an electron transport layer within

CIGS and Cu2O devices. High oxygen deficiency allows electron transport

through sub-CBM defect states.
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be similar or larger than the electron affinity of CIGS

(4.5 eV). Thus, it is proposed that the oxygen concentration

within the films can be used to adjust its electron affinity by

at least 500 meV.

For the application of a-GaOx as an ETL it is beneficial to

increase the n-type carrier density via external doping. However,

no reports exist so far on doping of a-GaOx successfully.

Recently, it was found by Siah et al.29 that Sn dopants in low

temperature deposited a-GaOx are inactive since they are present

in either Snþ2 or Snþ4 charge states. Here we measured the

charge carrier density with C-V on a-GaOx samples deposited at

a substrate temperature of 100 �C resulting in an optical band

gap of 4 eV. The Sn concentration was varied from 0.2 at. % to

0.9 at. %, which was estimated from the ratio of the SnO2 to

Ga2O3 ablation pulses, weighted with the deposition thickness

per pulse for SnO2 and Ga2O3. The measured charge carrier

density increases linearly with increasing Sn concentration

from 2� 1017cm�3 as measured for undoped a-GaOx to 1

� 1018cm�3 at a Sn concentration of 0.6 at. %. For Sn concen-

trations above 0.6 at. % the charge carrier density drops again,

possibly due to the formation of SnO2 phases or due to an

increased presence of Snþ2 states. This indicates that it is possi-

ble to dope a-GaOx with Sn, for sufficiently low Sn concentra-

tions. At higher deposition temperatures it may also be possible

to apply higher Sn concentrations while keeping Sn4þ the domi-

nant charge state.

In summary, it was found that a-GaOx layers can be

grown at low temperature and low oxygen partial pressures

exhibiting a strong oxygen deficiency while remaining trans-

parent. The optical band gap of the oxygen deficient layers

was found to decrease to 4 eV due to an increase of the elec-

tron affinity. It is argued that the origin of this effect is the

formation of a VO defect band. This is found to be consistent

with a range of opto-electronic measurements confirming the

validity of this proposed mechanism. Efficient electron trans-

port through this defect band can also explain why a-GaOx

can be used as an efficient electron transport layer in CIGS

devices. Finally it was shown that it is possible to extrinsi-

cally n-type dope a-GaOx with low concentrations of Sn.
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