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We report results from ultrafast two-color optical pump-probe spectroscopy on bulk b-Ga2O3.
A two-photon absorption scheme is used to photoexcite carriers with the pump pulse and free-
carrier absorption of the probe pulse is used to record the subsequent dynamics of the photoexcited
carriers. Our results are consistent with carrier recombination via defect-assisted processes. We
also observe transient polarization-selective optical absorption of the probe pulse by defect states
under nonequilibrium conditions. A rate equation model for electron and hole capture by defects is
proposed and used to explain the data. Whereas the rate constants for electron capture by defects
are found to be temperature-independent, they are measured to be strongly temperature-dependent
for hole capture and point to a lattice deformation/relaxation process accompanying hole capture.
Our results shed light on the mechanisms and rates associated with carrier capture by defects in
b-Ga2O3. Published by AIP Publishing. https://doi.org/10.1063/1.5058164

Ga2O3 polymorphs, most notably b-Ga2O3, have been
the object of renewed interest in recent years. The wide
bandgap (!4.7 eV) of b-Ga2O3 holds tremendous promise
for high power electron devices1–4 and solar-blind photon
detectors.5,6 b-Ga2O3 has a large number of intrinsic and
extrinsic defects and trap states with unusual and poorly
understood properties that have a direct bearing on the
performance of devices. These include intrinsic defects due
to gallium and oxygen vacancies,7–12 impurity atoms that
act as shallow and deep donors and deep acceptors,8,9,13,14

and crystal dislocations and nanopipes.15 Defect states in
b-Ga2O3 can act as very efficient centers of carrier capture
and emission and can contribute to both radiative and non-
radiative carrier recombination. Understanding the mecha-
nisms of carrier capture by these defects and the associated
rates and time scales are critical for the development of
b-Ga2O3 technologies. Several experimental investigations
of shallow and deep defects have been reported in the litera-
ture using different techniques such as Deep-Level
Transient/Optical Spectroscopy (DLTS/DLOS),9 photolumi-
nescence (PL),16–19 and electron paramagnetic resonance
(EPR) spectroscopy.16,20

In this work, we report results from ultrafast optical
pump-probe spectroscopy on bulk b-Ga2O3 crystals. We
employ a two-color pump-probe scheme in which electrons
are photoexcited from the valence band (VB) into the con-
duction band (CB) using a two-photon pump pulse, and the
subsequent dynamics of the carriers are probed using a near-
IR probe pulse whose transmission through the sample is
affected by free-carrier IR absorption. Our results show that
photoexcited electrons decay on nanosecond time scales.
The measured transients are found to depend on the probe
polarization with respect to the crystal [010] and [102]) crys-
tal axes and suggest an additional probe absorption

mechanism by photoexcited defect states. A carrier capture
model based on rate equations is developed to extract the
rate constants for electron and hole capture by defects.
Whereas the rate constant for electron capture by defects is
found to be temperature-independent, the temperature depen-
dence of the hole capture rate constant can be fitted with a
Mott-Seitz22 expression and points to a lattice deformation/
relaxation process accompanying hole capture.

b-Ga2O3 bulk samples used in this work, obtained from
the Tamura Corporation, were grown by the edge-defined
film-fed growth (EFG) technique.23–25 We present results for
a 300 lm thick, Sn-doped, ð!201Þ crystal with electron den-
sity n$ 1019 cm%3 [see the supplementary material section
for similar results obtained for a (100) b-Ga2O3 sample]. The
complex dielectric constant of the sample in the near-IR
wavelength range is assumed to have the standard Drude
form

!ðxÞ ¼ !ð1Þ % i
ne2s=me

xð1þ ixsÞ
: (1)

Here, the high-frequency permittivity !(1) is 3.85!o

(Ref. 26) and the CB electron effective mass me is 0.27mo.27

Hole contribution to the permittivity is neglected due to the
predicted large effective masses of the VBs in b-Ga2O3.7,28

Polarization-dependent optical transmission spectra for the n-
doped sample are shown in Fig. 1(b) which shows the spectra
obtained for light polarized between the [010] and the [102]
axes. Hall measurements on the same bulk crystal showed an
electron mobility of 60 cm2/V s. A high-frequency electron
mobility of 155 cm2/V s and a Drude scattering time s of 22 fs
were obtained by fitting (1) to the measured free-carrier
absorption in the IR transmission data.29

Our two-color optical pump-probe scheme is depicted in
Fig. 2(a). 840 nm center-wavelength, 65 fs pulse-width opti-
cal pulses from a 83 MHz Ti:Sapphire laser were frequencya)Electronic mail: ok74@cornell.edu
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doubled to generate 420 nm pump pulses that were used to
photoexcite electrons from the VB of b-Ga2O3 to the CB
by a two-photon absorption process. Transient absorption
by photoexcited free-carriers of time-delayed 840 nm pul-
ses probed the resulting carrier dynamics in the sample.
Transmission of a near-IR probe pulse through the photoex-
cited sample is expected to be sensitive to free-carrier (intra-
band) absorption and not to band edge optical nonlinearities
or carrier heating. Maximum pump-probe delay, limited by
the mechanical delay stage, was 1.2 ns. Pump and probe
beams were collinearly aligned and linearly polarized at dif-
ferent angles with respect to the crystal axes. Pump pulse
fluences were in the 1–5 mJ/cm2 range. Probe differential
transmission DT/T as small as 10%6 can be measured in our
scheme using lock-in detection.

The major results of the measurements are summarized
in Fig. 3 which plots the measured DT/T as a function of the
probe delay from the pump. The pump and probe pulses
were linearly polarized along either the sample’s [010] or
[102] axes, leading to four polarization combinations.
Rotating the pump polarization between these two axes, for
constant probe polarization, had no qualitative effect on the
shape of the measured transients, but rotating the probe
polarization had a significant effect. We explain these data
below.

As in most other semiconductors, we expect the photo-
excited electrons to thermalize and then relax to the CB
bottom within a few ps.30 Since the pump photon energy
(!3 eV) is below the optical bandgap (Eg ! 4.7 eV), carrier
photoexcitation is expected to be a two-photon process. The
measured jDT=Tj signal is expected to be from free-carrier
absorption by the photoexcited electrons and is, therefore,

proportional to the photoexcited electron density Dn. The
results plotted in Fig. 4(a) show that jDT=Tj, recorded a
few ps after photoexcitation, scales quadratically with
pump pulse fluence F as expected in the case of two-photon
photoexcitation.

Photoexcited electrons modify the permittivity and the
complex refractive index n2

r ðxÞ ¼ !ðxÞ=!o [see (1)] of the
material, leading to higher transient absorption of the time-
delayed probe pulse. Thus, DT/T is expected to be negative,
in agreement with our experimental results. As photoexcited
electrons recombine and/or are captured by defects, DT/T
recovers. Full recovery of the transient absorption is
expected to last longer than !10 ns and exhibit multiple time
constants, as ultrafast PL measurements have shown
recently.19 We focus on dynamics occurring within !1 ns.
In this regime, DT/T increases monotonically from its value

FIG. 1. (a) b-Ga2O3 unit cell depicting different crystal planes.21 (b)
Measured optical transmission spectrum of Sn-doped ð!201Þ b-Ga2O3 for
incident light polarized along the [102] and [010] crystal axes showing dif-
ferent light absorption mechanisms. Free-carrier absorption at near-IR wave-
lengths is used to probe photoexcited carrier dynamics in this work.

FIG. 2. A schematic the two-color optical pump-probe setup. The inset
shows the pump and the probe beam incident on the ð!201Þ b-Ga2O3 sample.

FIG. 3. Differential probe transmission DT/T is plotted as a function of the
probe delay from the pump for different combinations of the pump and
probe polarizations with respect to the [010] and [102] crystal axes of the
ð!201Þ b-Ga2O3 crystal. The polarization combinations are as indicated in the
figure. Pump pulse fluence is !5 mJ/cm2.

FIG. 4. (a) Quadratic scaling of the measured jDT=Tj signal (recorded !5 ps
after photoexcitation) with the pump pulse fluence F is shown, confirming
photoexcitation via a two-photon process. Dotted lines are guides to the eye.
The two curves are for the probe polarized along the [010] and [102] crystal
axes. As discussed in the text, the [102] polarized probe also experiences
absorption by defects depopulated by the pump. (b) Vertical arrows depict
electronic transitions associated with photoexcitation from a two-photon
absorption process and defect-assisted carrier recombination.
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immediately after photoexcitation when the probe is polar-
ized along the [010] axis. But when the probe is polarized
along the [102] axis, DT/T decreases for !200 ps to a value
less than that immediately after photoexcitation and then
increases in a manner similar to when the probe was polar-
ized along the [010]. This initial decrease in DT/T in !200
ps when the probe is polarized along the [102] axis cannot
be explained by free-carrier absorption and suggests that an
additional absorption mechanism is in play in the experiments.
We present a defect-assisted carrier recombination model
below that explains all features of the experimental data.

Figure 4(b) depicts our model for carrier photoexcitation
by a two-photon absorption process and defect-assisted
recombination. Defect to CB photoexcitation is also depicted
as a two-photon absorption process and will be justified
below. Following the Shockley-Read-Hall (SRH) model,31

one can write the following rate equations for electrons and
holes after photoexcitation:

dn

dt
¼ %Dn n nd ð1% fdÞ; (2)

nd
dfd

dt
¼ Dn n nd ð1% fdÞ % Dp p nd fd; (3)

dp

dt
¼ %Dp p nd fd: (4)

Here, n (p) is the electron (hole) density in the CB (VB),
nd (fd) is the density (occupation) of midgap defect states,
and Dn (Dp) is the rate constant for electron (hole) defect
capture. Emission of carriers from defects is ignored for sim-
plicity (assuming that midgap defect states are well separated
in energy from band edges and emission times are much lon-
ger than the time scales probed in our experiments). Once
the carrier densities have been computed, DT/T is obtained
using DT=T $ e%2xImfDnrðxÞgLeff =c % 1, where Dnr(x) is the
refractive index change due to photoexcited carriers as given
by (1), Leff $ 160 6 15 lm is the length over which the pump
and probe beams interact in our setup, and c is the speed of
light. Using the previously measured values of the two-
photon absorption coefficients of b-Ga2O3,32 the change
in electron/hole density after photoexcitation is Dn¼Dp
¼ 2.5( 1014F2 (or 1.4( 1014F2) cm%3/(mJ/cm2)2 for pump
polarization along [102] (or [010]) axis. Defect occupation
immediately after photoexcitation is assumed to have the
form 1=ð1þ F2=F2

satÞ, where Fsat is used as a fitting parame-
ter. Calculated and measured values of DT/T for probe polar-
ization along the [010] axis for different pump pulse fluences
agree well, as shown in Fig. 5(a). Values of the fitting param-
eters, Dn, Dp, nd, and Fsat, are given in Table I. The defect
density value nd extracted from our measurements (see Table
I) agrees well with densities (of the order of nd ! 1015 cm%3)
obtained via other experimental techniques, such as DLTS
and DLOS,9 for b-Ga2O3. The large difference in the values
of Dn and Dp indicates that, for equal electron and hole
densities, holes are captured by defects much faster than
electrons. The hole capture rate constant Dp changes with
temperature, as we show below.

Measured results for probe polarization along the [102]
axis suggest an additional mechanism (besides free-carrier

absorption) which increases probe absorption for !200 ps
after photoexcitation. We propose that a polarization-
selective VB-to-defect optical transition is the responsible
mechanism. Immediately after photoexcitation, the defect
levels are partially emptied and holes are also generated in
the VB. Empty defect states allow optical transitions by the
probe from the VB to the defect states. As time progresses,
capture of the VB holes by defect states increases probe
absorption. We model probe absorption by these VB-to-
defect transitions with an additional absorption coefficient ad

¼ rdnd(1 % fd) (units: 1/cm). The optical absorption cross
section rd is used as a fitting parameter. Additional absorp-
tion experienced by the probe when it is polarized along the
[102] axis is also seen to scale quadratically with the pump
fluence F, as shown in Fig. 4(a), which suggests that defect
to CB photoexcitation is via two-photon absorption, as
claimed earlier in the paper. Calculated and measured values
of DT/T for probe polarization along the [102] axis are
shown in Fig. 5(b) for different pump pulse fluences and the
agreement is found to be good for the same parameter values
as the ones used in the case when the probe was polarized
along the [010] axis. The extracted value of rd (Table I) has
the same order of magnitude as that of defects and impurities
in more common group IV and group III–V semiconduc-
tors.33 It is possible that the sample has more than one kind
of midgap defect state but only one type of state participates
in the VB to defect optical transitions. In this scenario, our
model would provide only an average description and the
fraction of defect states that contribute to probe absorption
would be captured in the definition of the optical absorption
cross section rd.

Temperature-dependence of carrier capture mechanisms
can be insightful in determining their nature.34 While radia-
tive and Auger capture processes are relatively temperature
independent, multi-phonon processes are strongly tempe-
rature dependent.34 Measured DT/T transients showed no

FIG. 5. Results from the model are compared to the measured DT/T data for
probe polarization along the (a) [010] and (b) [102] axis. The fitting parame-
ters of the model are shown in Table I.

TABLE I. Extracted values of model parameters.

Parameter Value Unit

Dn (6.3 6 0.5) ( 10%10 cm3 s%1

Dp (1.15 6 0.2) ( 10%6 cm3 s%1

nd (8 6 1) ( 1014 cm%3

rd (6.5 6 1) ( 10%17 cm2

Fsat 6.62 mJ/cm2
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significant temperature dependence in the 10–300 K range
when the probe was polarized along the [010] axis. However,
the results were strongly temperature dependent when the
probe was polarized along the [102] axis, as shown in Fig. 6.
With decreasing temperature, the initial decrease in DT/T
within the first !200 ps disappears. A temperature-dependent
Dp explains these data very well. Figure 6 shows the extracted
values of Dp as a function of the temperature. A Mott-Seitz
expression of the form,22 Dp ¼ C0 þ C1 exp ð%DEb=kBTÞ,
can be used to fit the observed temperature dependence for
C0¼ 2( 10%7 cm3/s, C1¼ 3 6 1( 10%6 cm3/s, and DEb¼ 35
6 5 meV. The Mott-Seitz expression is commonly used to
model thermally activated rates in multi-phonon processes.22,35

Most common defect species in b-Ga2O3 are oxygen
(VO) and gallium (VGa) vacancies.7,10–13 VO are predicted to
have large overlaps with Ga:4s and O:2p orbitals of the CB
and VB Bloch states, respectively,10 making them favorable
for fast and efficient carrier capture via radiative and Auger
processes. Predicted energies for direct optical transitions
between neutral VO and the CB are larger than our pump
photon energy of 3.0 eV,7 but such transitions would be
allowed by the two-photon absorption process consistent
with our observations. Absorption energies and polarization
selection rules corresponding to optical transitions from the
VB to VOþ have not been reported in the literature. However,
emission energies for optical transitions from VO to the VB
have been reported to be in the 1.4–2.25 eV range,11 which is
close to our probe photon energy. Finally, VGa are known to
have an O:2p character,20 and optical transitions into them
are expected to be allowed from deep within the VB where
the orbitals have a small Ga:4s character.10 In addition, the
O:2p character of VGa would make it efficient at hole cap-
ture, in agreement with our observations. Orientations of the
O:2p orbitals associated with either the defect state or the
VB states could account for the polarization-selective probe
absorption seen in our experiments. While the work pre-
sented here cannot completely distinguish between different

intrinsic and extrinsic defects that can contribute to carrier
capture, the sensitivity of the technique opens up pathways
for more controlled future experiments.

In summary, we presented optical pump-probe spectros-
copy results on defect-assisted recombination of photoex-
cited carriers in b-Ga2O3 and proposed a model that explains
the measured data for different pump fluences and tem-
peratures using a consistent set of parameters. Our results
indicate a temperature-independent electron capture rate
constant and a temperature-dependent hole capture rate con-
stant indicating a thermally activated hole capture process.
Oxygen and gallium vacancies, common intrinsic defect
states in b-Ga2O3, seem to be good candidates for defect
state assisted carrier recombination. These studies of ultra-
fast carriers dynamics should prove useful in the design of
high-voltage and high-speed transistors and photodetectors.

See supplementary material for similar results obtained
for a 500 lm thick, unintentionally doped, EFG-grown (100)
b-Ga2O3 crystal.
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