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1. Introduction

For some time, β-Ga2O3 has been the focus of research for
applications comprising high-power devices, solar-blind photo-
detectors, and transparent conducting oxides.[1–3] Several appli-
cations such as MOSFETs with breakdown voltages of more
than 750 V have been demonstrated.[4] The breakdown voltage
depends on the defect concentration and is sensitive to controlled
doping. However, undoped β-Ga2O3 shows n-type conductivity
with carrier concentrations of about 2� 1018 cm�3. Originally,
this was attributed to oxygen vacancies.[5] However, ab initio cal-
culations suggest that the origin of n-type conductivity is associ-
ated with the incorporation of hydrogen.[6] This is corroborated
by recent hydrogen effusion measurements that revealed a
hydrogen concentration of about 1� 1018 cm�3 in as-grown
single crystal β-Ga2O3.

[7]

For devices that rely on the electronic
properties of β-Ga2O3, it is important to
control the carrier concentration. This
requires 1) a controllable adjustment of
the charge carrier concentration through
doping and 2) a low concentration of local-
ized defects. While achieving p-type doping
is difficult and only low carrier concentra-
tions are obtained,[8] n-type doping
with Si, Sn, and Ge is well established.
Furthermore, for n-type doping, the elec-
tron concentration can be controlled in
the range of 1016–1019 cm�3.[9–11] The latter
point, namely the concentration and ener-
getic position of localized defects, depends
on growth conditions and impurity concen-
trations of, for example, trace metals in the
precursor materials that are being used.
Depending on the nature of the localized

defect, they can occur in a broad energy range in the bandgap.[12]

Metal trace impurities such as Mg and Fe introduce deep
acceptor-like states at about 1.1[13,14] and 0.78 to 0.86 eV below
the conduction band,[13,15] respectively. In addition, when
β-Ga2O3 thin films are deposited by methods that result in
polycrystalline samples, grain-boundary defects that may consist
of broken and strain bonds will also contribute to the defect
distribution in the bandgap.

In this article, the time and temperature dependence of the
dark conductivity, σD, is investigated for undoped and carbon-
doped polycrystalline β-Ga2O3. Upon illumination, σD increases
by up to 6 orders of magnitude at low temperatures. This excited
state is metastable and an anneal at elevated temperatures results
in a decrease of σD to a ground state. The data show that a large
concentration of localized defects in the bandgap with a broad
energy distribution controls the time and temperature depen-
dence of σD.

2. Experimental Details

The specimens investigated in this work were grown by plasma-
assisted pulsed laser deposition (PLD). As a light source, a KrF
excimer laser emitting at a wavelength of 248 nm was used.
The laser was operated with a repetition rate of 10 Hz and the
laser pulses had a length of 25 ns. Gallium oxide targets were
fabricated by the following steps. Ultrapure Ga2O3 powder was
pressed to small targets with a pressure of about 110 kg cm�2.
In a second step, the targets were annealed for 5 h at 1100 °C
in air to obtain ceramic targets. Using the PLD setup, nominally
undoped and carbon-doped β-Ga2O3 thin films were deposited
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on c-axis oriented sapphire substrates. Contamination of the
samples with aluminum from the sapphire substrates was
avoided by depositing a 5 nm-thick MgO layer prior to the growth
of β-Ga2O3. Carbon doping was achieved by adding a constant
flow of CO2 to the deposition chamber. The doping gas was
ionized in an optically isolated remote microwave plasma. The
samples were grown at a substrate temperature of T= 600 °C.
The resulting carbon concentration in the samples was measured
using secondary ion mass spectrometry (SIMS). Information on
the microscopic structure was obtained from scanning electron
microscopy (SEM, Figure 1) and from micro-Rama backscatter-
ing measurements. For the latter, an excitation wavelength of
λ= 633 nm was used. To perform electrical measurements,
coplanar ohmic contacts consisting of titanium covered with a
gold layer were deposited on top of the β-Ga2O3 samples. The
contacts yielded linear I–V curves for voltages of up to �100 V.
Temperature-dependent dark-conductivity measurements were
performed with a heating rate of 0.1 K s�1. All electrical measure-
ments were performed in an oil-free vacuum.

3. Results and Discussion

The data presented in this section were obtained from SEM,
SIMS, Raman scattering, and conductivity measurements. In
Section 2.1, the structural properties of the PLD-grown β-Ga2O3

thin films are presented. Then, in Section 2.2, metastable changes
of the electrical dark conductivity upon annealing and illumination
with sub-bandgap light are discussed. The time and temperature
dependence of the relaxation are shown in Section 2.3, and data on
the energetic position of localized defect states, deduced from the
relaxation time constants, are given in Section 2.4.

3.1. Structural Properties

Figure 1 shows cross-sectional SEM micrographs of PLD-grown
β-Ga2O3. The micrographs show that both the undoped (a) and
carbon-doped (b) samples are composed of small grains with an
average grain size of <x>≈ 100 nm. Both samples were depos-
ited with identical parameters except for the flow of CO2. The
deposition rate amounted to rd= 3.3–3.6 Å s�1. This shows that
the addition of a CO2 flow of up to l00 sccm had no effect on the
overall growth and microscopic structure of the samples.

Additional information on the structural properties of the
samples was obtained from Raman backscattering measure-
ments. In Figure 2, the phonon spectrum of undoped β-Ga2O3

(red line) is compared to that of single crystal β-Ga2O3

(black line). A close examination of the phonon modes of the
polycrystalline thin films shows excellent agreement of the peak
positions and their line widths with single crystal β-Ga2O3.
Note that the additional phonon modes marked with an asterisk
originate from the sapphire substrate.

When carbon is used as a dopant in β-Ga2O3, the C atom
replaces a Ga atom. Since carbon is smaller than gallium,
the C atom shifts away from the substitutional Ga site toward
the interstitial site. As a consequence, the bonds to the nearest
neighbor O atoms decrease. This configuration is known as a
DX center.[16] Subsequently, this configuration introduces
strain, and it is conceivable that some of the phonon modes
are sensitive to it. Figure 3 shows Raman spectra of C-doped
β-Ga2O3 in comparison to an undoped specimen. The doped
samples were deposited with a CO2 flow of 40 and 80 sccm.
Comparing the phonon spectra of the C-doped specimens to
the undoped sample clearly shows that the incorporation of car-
bon does not affect the phonon frequencies and line widths.
Therefore, it can be concluded that the carbon concentration
is rather low.

To determine the carbon concentration of the specimens,
SIMS measurements were performed. In Figure 4, the carbon
concentration is shown as a function of the CO2 flow rate.
It is interesting to note that undoped PLD-grown β-Ga2O3 (CO2

flow= 0 sccm) contains a C concentration of ≈2.7� 1018 cm�3.
Most likely, this is caused by residual CO2 in the vacuum cham-
ber. Adding CO2 to the growth process and ionizing the mole-
cules with a microwave plasma results in a monotonic increase of
the carbon concentration up to a flow rate of 40 sccm. For higher
flow rates, the C concentration in β-Ga2O3 does not change and
reaches a value of ≈4� 1019 cm�3.

Figure 1. Cross-sectional SEM micrographs of β-Ga2O3 thin films depos-
ited by PLD. The deposition temperature amounted to T= 600 °C. The
sample depicted in a) is nominally undoped and the sample shown in
b) was grown with a CO2 flow rate of 100 sccm. The average grain size
is about 100 nm.

Figure 2. Raman backscattering spectra of single crystal (black curve) and
undoped PLD-grown β-Ga2O3 (red curve). The measurements were
performed with an excitation wavelength of 633 nm. The asterisks indicate
phonon modes from the sapphire substrate.
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3.2. Metastable Changes in the Electrical Conductivity

Figure 5 shows Arrhenius plots of the dark conductivity, σD, of
undoped β-Ga2O3. The inverted triangles represent the relaxed
state of β-Ga2O3. This state is achieved by annealing the
specimen at a temperature of T= 450 K for a prolonged time
and then cooling it to T= 78 K. Subsequently, the dark conduc-
tivity is measured while the sample is heated with a heating
rate of 0.1 K s�1. The conductivity data show two regimes.
At low temperatures (T< 230 K), the dark conductivity is almost
independent of temperature (σD≈ 7� 10�12Ω�1 cm�1). A close
examination of σD reveals a very small slope of about 1meV.
Such a behavior is indicative of charge carrier hopping in local-
ized states also known as variable range hopping.[17,18] On the

other hand, for T> 240 K, activated behavior is observed with
an activation energy of EA= 0.68 eV. The temperature depen-
dence of σD in the relaxed state A is independent of the heating
rate at which the measurement is performed.

A pronounced increase in the dark conductivity was observed
after prolonged illumination of the specimen with monochro-
matic light. As light sources, two light-emitting diodes with wave-
lengths of λ= 455 and 640 nm were used. It is important to note
that both LEDs provide only sub-bandgap light. The illumination
was performed at room temperature and continued until the
photocurrent was approximately constant. The sample was then
cooled to T= 78 K and σD was measured while the sample was
heated with a heating rate of 0.1 K s�1. For T< 200 K, an increase
of σD by more than two orders of magnitude is observed (state B,
red circles in Figure 5). As the temperature increases, σD
exhibits a constant increase and exceeds the dark conductivity
of the relaxed state by more than 3 orders of magnitude at
T= 225 K. The curved behavior of σD with temperature is indic-
ative of variable range hopping.[17,18] At high temperatures, σD
shows activated behavior with a slope of EA= 0.36 eV (red circles
in Figure 5).

Illumination of undoped β-Ga2O3 with blue light (λ= 455 nm)
results in a further pronounced increase of the dark conductivity
in the entire temperature range. At low (T< 200 K) and high
temperatures (T> 280 K) σD exhibits activated behavior with a
slope of EA= 0.05 and 0.23 eV, respectively (state B, blue trian-
gles in Figure 5).

The same measurements were performed for carbon-doped
β-Ga2O3. Figure 6 shows the temperature dependence of σD
for a sample doped with a C concentration of 3.7� 1019 cm�3.
At low temperatures, σD of the relaxed state A is comparable
to the dark conductivity of undoped β-Ga2O3. For T> 240 K, acti-
vated behavior is observed with a smaller activation energy of

Figure 3. Raman backscattering spectra of undoped and carbon-doped
β-Ga2O3. Doping was carried out from the gas phase by adding CO2

and ionizing the molecules in an optically isolated microwave plasma.
The asterisks indicate phonon modes from the sapphire substrate.

Figure 4. Carbon concentration in β-Ga2O3 as a function of the CO2 gas
flow. All samples were deposited at T= 600 °C.

Figure 5. Temperature dependence of the dark conductivity, σD, of
undoped β-Ga2O3. The inverted triangles represent the relaxed state A.
The curves shown by the circles and triangles were obtained after the spec-
imen was illuminated with light with a wavelength of λ= 640 and 455 nm,
respectively, at a temperature of T= 300 K. The dashed lines are
least-squares fits to the data and indicate the activation energies in state
A and B.
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EA= 0.63 eV. This indicates that C doping introduces localized
states somewhat closer to the conduction band.

A more pronounced change is observed in state B. Prolonged
illumination with sub-bandgap results in an increase of σD for
T< 220 K by up to 6 orders of magnitude. Moreover, with
increasing temperature, σD decreases until a minimum is
reached at about T= 225 K (state B in Figure 6). It is interesting
to note that σD exhibits a maximum at T= 110 K after illumina-
tion with light of a wavelength of 640 nm (red squares). This indi-
cates that C doping introduces a large concentration of localized
states deep in the bandgap that can enable charge transport con-
trolled by hopping mechanisms at low temperatures. At higher
temperatures, activated behavior is observed when the sample is
in state B with activation energies of EA= 0.57 and 0.43 eV after
illumination with λ= 640 and 455 nm, respectively.

The changes in the dark conductivity of undoped and C-doped
β-Ga2O3 are reversible independent of the used wavelength to
obtain the enhanced conductivity in state B. Annealing at ele-
vated temperatures results in a decrease of σD until the relaxed
state A is reached.

In polycrystalline semiconductors, charge transport is gov-
erned by potential barriers and localized defects at the grain
boundaries. At high temperatures, charge transport is activated
and can be described by the Seto model.[19] The deviation from
activated behavior at low temperatures could be due to 1) tunnel-
ing through the potential barriers, 2) an inhomogeneous charac-
ter of the samples with respect to the potential barriers and the
defect distribution, 3) a distribution of potential barrier heights,
or 4) hopping transport in localized defect states. The latter trans-
port process is observed when the mean distance between local-
ized states is larger than the localization length. This requires a
moderately high defect concentration close to the Fermi energy.
In comparison with other semiconductors such as amorphous

silicon, the defect concentration needs to be in the range of about
1019 cm�3 to observe hopping transport.[20]

The influence of the heating rate at which the dark conductivity
was measured is shown in Figure 7. Prior to each measurement,
the specimen was illuminated with blue light (λ= 455 nm) until
the photocurrent approached a constant value. Then, the sample
was cooled to 77 K. Subsequently, σD wasmeasured while the sam-
ple was heated with the indicated heating rate. With increasing
heating rate, the low-temperature branch of σD increases by more
than a factor of 3. Moreover, for T< 120 K, a peak is observed that
shifts from 87 to 103 K. The changes of σD and the shift of the peak
indicate that the charge carriers involved are transported through
states in which they are metastable. Through thermal excitation,
the charge carriers can leave the localized states and recombine.
For T> 300 K, the curves merge and show activated behavior with
an activation energy of EA= 0.43 eV (see Figure 6 and 7). The data
show that charge carrier transport in PLD-grown β-Ga2O3 is gov-
erned by a complex mechanism due to a distribution of localized
defect states in the bandgap.

3.3. Time and Temperature Dependence of the Relaxation

The time and temperature dependence of the relaxation of σD
from state B to state A was examined. Figure 8 shows the nor-
malized conductivity transients of undoped β-Ga2O3 that were
measured at temperatures between 416 and 470 K. The transi-
ents show interesting and unexpected behavior that clearly
deviates from a simple exponential decay. The decays can be
reasonably described by the sum of two stretched exponential
functions

σD
σ0

¼ Iexp
�
� t

τ1

� �
β1
�
þ ð1� IÞexp

�
� t

τ2

� �
β2
�

(1)

where I and (1� I) describe the weight of each stretched expo-
nential function, τ1 and τ2 are time constants, and β1 and β2 are
the stretching parameters.

Figure 6. Temperature dependence of the dark conductivity, σD, of carbon-
doped β-Ga2O3. The open circles represent the relaxed state A. The curves
shown by the open squares and inverted triangles (state B) were obtained
after the specimen was illuminated with light with a wavelength of λ= 640
and 455 nm, respectively, at a temperature of T= 300 K. The dashed lines
are least-squares fits to the data and indicate the activation energies in
state A and B.

Figure 7. Temperature dependence of the dark conductivity, σD, of carbon-
doped β-Ga2O3 for different heating rates, dT/dt. The carbon concentra-
tion amounted to 3.7� 1019 cm�3.
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Similar measurements were performed at low temperatures.
The normalized σD transients and the corresponding least-
squares fits are shown in Figure 9 by the data points and solid
lines, respectively. It is interesting to note that the dark conduc-
tivity decreases on a similar time scale compared to the high-
temperature decay measurements (Figure 8). This behavior is
indicative of a complex microscopic mechanism that involves
more than a single metastable state.

Further insight into the governing microscopic mechanism
can be obtained from the time constants. Figure 10 shows the
time constants τ1 and τ2 as a function of the reciprocal tempera-
ture. While the values obtained for τ1 vary between 45 and 1550 s,
a pronounced increase of τ2 from 550 to 2.9� 106 s is observed as
the temperature increases from 130 to 470 K. Such a behavior of
the time constants cannot be explained with a thermally activated
process in which charge carriers are released from a metastable
state over an energy barrier to a ground state. Rather it indicates
that charge carriers are trapped in an energetically broad distri-
bution of localized defects.

Carbon doping of β-Ga2O3 causes the dark conductivity tran-
sients to become more complex. While for undoped β-Ga2O3

two stretched exponentials are sufficient to describe the σD

transients, for C-doped specimens, a third stretched exponential
has to be added. Normalized σD transients of C-doped β-Ga2O3

are shown by the points in Figure 11. The data were taken in a
temperature range from 78 to 446 K. Similar to undoped
β-Ga2O3, the conductivity decays more quickly at low tempera-
tures than at high temperatures. This behavior is also supported
by the time constants (Figure 12). The magnitude of the time
constants is also comparable to that of undoped β-Ga2O3.
However, the need for a third stretched exponential can be
explained directly by the introduction of dopants and the accom-
panying formation of lattice strain.

3.4. Energetic Position of Localized Defects

The relaxation time constants obtained from the dark conductiv-
ity decays can be used to estimate the energetic depth of the trap-
ping sites. To leave a localized trap, the charge carriers have to

Figure 9. Transients of the normalized dark conductivity of undoped
β-Ga2O3 at low temperatures. The data are shown by points and the lines
are least-squares fits to the sum of two stretched exponential functions.

Figure 10. Time constants obtained from fitting the dark conductivity tran-
sients plotted in Figure 9 to Equation (1) as a function of the reciprocal
temperature.

Figure 11. Transients of the normalized dark conductivity of C-doped
β-Ga2O3. The data are shown by points and the lines are least-squares fits
to the sum of three stretched exponential functions.

Figure 8. Normalized dark conductivity of undoped β-Ga2O3 as a function
of time at high temperatures. The data are shown by points and the lines
are least-squares fits to the sum of two stretched exponential functions.
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overcome a potential barrier. This is a thermally activated pro-
cess, and the time constant is given by

τ ¼ τ0exp
�EA

kT

� �
(2)

where 1/τ0 is a phonon frequency, EA is the activation energy, k is
the Boltzmann constant, and T is the temperature. With a pre-
factor of τ0= 1012 s, the activation energies were calculated for
each time constant. The energetic positions of the trapping sites
with respect to the conduction band edge are plotted in Figure 13.
At low temperatures the charge carriers have to overcome a bar-
rier of about ECB� ET=�0.4 to �0.5 eV for undoped β-Ga2O3.

On the other hand, C doping introduces additional shallow traps
at ECB� ET=�0.2 to �0.3 eV. The origin of these shallow traps
is not due to doping with carbon, since it is a deep donor with an
ionization energy of about 0.8 eV.[16] However, the carbon atom
with its small atomic radius will introduce strain in the crystal
lattice with its nearest neighbor oxygen atoms. Hence, it is con-
ceivable that these strained bonds are the origin of the shallow
localized states.

Trapping states at similar energy in the bandgap were reported
for Si- and Ge-doped β-Ga2O3 grown by molecular beam epitaxy
and metal-organic chemical vapor deposition.[21,22] However,
localized defect states are not confined to these shallow and deep
levels. Ghadi et al.[21] provide an overview of defect states in
undoped and doped β-Ga2O3 that occur at energies ranging from
ECB� ET=�0.12 to �4.4 eV. For most of these defect levels, an
assignment to the originating microscopic structure has not yet
been made.

At high temperatures, the relaxation measurements sample
charge carriers in localized states that are much deeper in energy.
For both, undoped and C-doped specimens trapping sites in an
energy range of ECB� ET=�1.2 to �1.7 eV are obtained. It is
conceivable that these deep traps are due to grain-boundary
defects and impurities.

4. Summary

In summary, undoped and C-doped β-Ga2O3 thin films were
grown by plasma-assisted pulsed laser deposition. The samples
are polycrystalline with an average grain size of about 100 nm.
Gas phase doping using CO2 results in C concentrations of max-
imal 4� 1019 cm�3, which is low enough that phonon modes are
not affected. To investigate charge transport properties, dark con-
ductivity measurements were performed. In the relaxed state A,
σD changes only very little with temperature for T< 230 K, while
activated behavior with EA= 0.68 eV is observed for higher tem-
peratures. C doping mainly changes the dark conductivity at ele-
vated temperatures and the activation energy decreases to
EA= 0.63 eV. Illumination of the samples with sub-bandgap
light results in a pronounced increase of the dark conductivity
at low temperatures by up to 6 orders of magnitude. This state
B is metastable and an anneal at elevated temperatures restores
state A for both undoped and C-doped β-Ga2O3. The time and
temperature dependence of the relaxation of σD was measured.
The conductivity transients can be fitted with two or three
stretched exponential decays for undoped and C-doped β-Ga2O3,
respectively. From the time constants, the energetic position of
the localized states was estimated. In undoped samples, energies
of the traps ranging from ECB� ET=�0.4 to �1.7 eV are
obtained. On the other hand, C doping seems to introduce addi-
tional shallow states at ECB� ET=�0.2 to �0.3 eV. These shal-
low states might be caused by strain due to the formation of
carbon DX centers.
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Figure 12. Time constants as a function of the reciprocal temperature.
The values were obtained from fitting the dark conductivity transients
shown in Figure 11 to three stretched exponential decays.

Figure 13. Energy of the localized trapping sites with respect to the
conduction band, ECB� ET, as a function of temperature. The triangles
and diamonds were obtained from C-doped and undoped β-Ga2O3,
respectively.
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