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ABSTRACT: Nanoscale oxide layer protected semiconductor photoelectrodes
show enhanced stability and performance for solar fuels generation, although the
mechanism for the performance enhancement remains unclear due to a lack of
understanding of the microscopic interfacial field and its effects. Here, we directly
probe the interfacial fields at p-GaP electrodes protected by n-TiO, and its effect on
charge carriers by transient reflectance spectroscopy. Increasing the TiO, layer
thickness from 0 to 35 nm increases the field in the GaP depletion region, enhancing
the rate and efficiency of interfacial electron transfer from the GaP to TiO, on the ps
time scale as well as retarding interfacial recombination on the microsecond time
scale. This study demonstrates a general method for providing a microscopic view of
the photogenerated charge carrier’s pathway and loss mechanisms from the bulk of
the electrode to the long-lived separated charge at the interface that ultimately drives
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the photoelectrochemical reactions.
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interfacial charge separation, interfacial charge recombination, built-in field, Franz—Keldysh oscillations, FKO

B INTRODUCTION

In recent years, metal oxide passivation of semiconductors has
emerged as an effective way to mitigate the long-standing
problem of photocorrosion.' '’ This has opened up the field
of photocatalysis to a much broader range of semiconductor
materials that were previously considered impractical due to
their poor photochemical stability. This protection scheme has
been demonstrated in Si,"~7 GaAs,” GaP,>'"'* ZnO,? Fe203,4
and InP"" with TiO, films deposited by atomic layer
deposition (ALD) using various precursors, including
TiCl,,'""* TDMAT (ie., [(CH;),N7,Ti),””"* and titanium
isopropoxide (i.e., C;,H,s0,Ti).""” TiO,-coated III-V
materials have been used for photocatalytic water splitting as
well as CO, reduction.'”” A record high solar-to-hydrogen
efficiency of 14% was achieved using TiO,-coated InP
nanopillars with a Ru catalyst." Qiu et al. observed a reduction
in the onset potential of TiO,-coated GaP with increasing
TiO, thickness from 1 to 10 nm and attributed this, at least in
part, to the formation of a p—n junction that provides a built-in
electric field to facilitate charge separation; however, no direct
evidence of these fields or their dependence on TiO, thickness
has been obtained."’

The built-in electric fields that are generated at the surface of
semiconductors and at semiconductor—liquid interfaces
provide the major driving force underlying photocatalytic
processes.' ”'> While the built-in fields in solid-state photo-
voltaic systems are well understood, these have largely gone
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unstudied in photoelectrochemical systems. Figure 1 illustrates
the band bending and depletion layer that arise from the
formation of p—n junction between the p-type GaP single
crystal and atomic layer deposited TiO,. A built-in electric field
(Epc) is associated with this depletion region, as indicated in
Figure 1, which separates the photoexcited electron—hole
pairs, sweeping the minority carrier (electrons) to the surface
and the majority carrier (holes) to the underlying GaP
substrate. TiO, deposited by atomic layer deposition (ALD) is
known to be doped n-type due to O-vacancies.'®"” Therefore,
passivating the surface of p-type GaP with an n-type TiO, layer
with increasing thickness has been hypothesized to increase the
depletion width and built-in field strength within the
semiconductor.”>"' ~'#'%'? This increases the effective volume
of charge separation, which reduces electron—hole recombi-
nation and improves photocatalytic efficiency. However, direct
probe of the effects of oxide layers on the built-in field strength
and charge separation and recombination kinetics has been
lacking. Although photogenerated carrier in semiconductor
electrodes have been probed by transient optical absorption
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Figure 1. Schematic diagram illustrating the built-in field and surface
depletion (i.e., charge separation) region in GaP coated with TiO,. In
this study, both the built-in field and the kinetics of charge carrier
generation, transport, separation, and recombination are probed by
transient reflectance spectroscopy.

sensitivity to allow unambiguous differentiation of bulk vs
interfacial carriers and cannot directly measure built-in field
strength. Because of their limited penetration depth, high
energy probe techniques, such as ultrafast extreme ultraviolet
(XUV) spectroscopy, X-ray absorption spectroscopy (XAS), X-
ray absorption near-edge structure spectroscopy (XANES),
and X-ray photoelectron spectroscopy (XPS), show unique
advantages in identifying photogenerated carriers,**™* reac-
tion specific sites,"~*® and polaron®’™** at the surface of
photoactive semiconductor but require careful design to be
applied in situ due to the strong absorbance of electrolyte.*®
Recent studies of GalnP,/TiO,,'® GaAs/TiO,,>* and
StTiO; **° electrodes show that transient optical reflectance
spectroscopy provides direct probe of interfacial field and is
sensitive to surface carriers.

In this work, we report a transient reflectance spectroscopy
(TRS) study of p-type GaP single crystal photoelectrodes
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Figure 2. Transient reflection spectra and kinetics of GaP/TiO,. 2D pseudocolor plots of the TR spectra of (a) bare GaP, (b) GaP/TiO,(5 nm),
and (c) GaP/TiO,(35 nm) plotted as a function of delay time from 1 ps to 1 ns. Their corresponding average transient reflectance spectra in
selected delay time windows are shown in (d)—(f), and the corresponding kinetics of free carrier signals probed at 1.8 eV (green circles) and FKO
signals probed at ~2.78 eV (pink circles) are plotted in (g)—(i). The FKO signal amplitudes are determined from the difference between the
amplitudes at the peak (2.78 eV) and valley (2.70 V) for (g) and (h) to remove the contribution of the free carrier signal. In (i), the amplitude of
the free carrier signal is much smaller than the FKO signal and the peak amplitude at 2.72 eV is taken as the FKO signal amplitude. Also shown for
comparison in (g)— (i) is the fit to multiexponential functions described in Supporting Information eq S2. The samples were excited at 400 nm (3.1
V) with 0.16 mJ/cm?* pulse energy density. The oscillations at 1.6—2.0 €V are noises from probe light.
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coated with TiO, of various thicknesses in order to explore the
effect of enhanced electrostatic fields and the dynamics of
photogenerated charge carriers at these p—n junctions. The
shallow probe depth of this technique enables the selective
observation of the surface charge carriers. These TR spectra
show two main features that can be attributed to the
photogenerated free carriers in GaP and separated carriers
across the GaP/TiO, p—n junction. The observed kinetics of
the free and separated carriers can be simulated based on a
model that considers the built-in electrostatic field, photo-
induced field, bulk recombination, charge carrier drift,
diffusion, and transfer. This work provides a detailed
microscopic view of the charge carrier’s pathway from
photoexcitation to the long-lived charge separation state that
ultimately drives the photoelectrochemical reactions.

B RESULTS AND DISCUSSION

To examine the effect of the TiO, layer thickness on
photogenerated carrier dynamics, we compare three p-type
GaP photoelectrodes with TiO, ALD layer thicknesses of 0 nm
(bare GaP, referred to as GaP), 5 nm (GaP/TiO,(5 nm)), and
35 nm (GaP/TiO,(35 nm)). These GaP single crystal
photoelectrodes are Zn doped with ~6 X 10'C cm™ dopant
concentration and oriented along the (100) crystal surface.
The TiO, layer is deposited by the atomic layer deposition
(ALD) method. Further details of the photoelectrode
preparation are provided in the Supporting Information.
Similar photoelectrodes have been reported to actively
photoreduce CO, and proton to produce solar fuels.'” Because
these photoelectrodes are opaque, transient reflectance spec-
troscopy (TRS) is used to probe the free carrier dynamics and
transient electrostatic fields on ultrafast time scales.'®>%>>°7
In this study, the GaP samples were excited at 3.1 eV and
probed at 1.6—3.1 eV. The pump penetration depth is ~140
nm as determined by the relation 1/(47x) (where « is the
imaginary part of the refractive index at the excitation
wavelength 1), and the probe depth is 21—8 nm at 1.6—3.1
eV, given by 1/(47n) (where n is the real part of the refractive
index at the probe wavelength).*

Figure 2a—c shows the 2D pseudocolor plots of the transient
reflection spectra (AR/R) of GaP, GaP/TiO,(5 nm), and
GaP/Ti0,(35 nm), respectively, at delay times from 0 to 1 ns
after 400 nm excitation at a pulse energy density of 0.16 mJ/
cm®. The corresponding TR spectra at selected delay times are
shown in Figure 2d—f. The TR spectra show two main
features: (1) a broad negative feature (i.e., photoinduced
decrease of reflectance) with decreasing amplitude at higher
photon energy from 1.6 to 3 eV that can be assigned to
photogenerated free carriers and (2) an oscillatory feature
centered at the direct band gap of GaP at 2.78 eV, which is
assigned to Franz—Keldysh oscillations (FKO),* as discussed
below. From 0 to 100 ps, the amplitude of the free carrier
signal decreases, while the amplitude of the FKO signal
increases. This can be seen more clearly in Figure S2 and
Figure 2g—i, in which the kinetics of free carrier signal at 1.8
eV and FKO signal at 2.78 eV are compared. The FKO kinetics
can be fit with three exponential growth functions, as shown in
Figure 2g—i and described in eq S2 and Table S1. A fast
growth (<32 fs) is present for all three samples and two slow
growths that are more pronounced in the GaP/TiO, (35 nm)
sample. The comparison in Figure S2 shows that the decay of
the free carrier signal agrees well with the growth of the FKO
signal after ~1 ps, suggesting that the decay of the free carriers

in GaP leads to the formation of FKO. Indeed, for the same
sample, the decay kinetics of the free carrier signal can be fit
with two exponential functions with the same time constants as
the slower growth components of the FKO signal. The fast (7,
< 32 fs) growth kinetics of the FKO signal is not observed in
the corresponding decay of the free carrier amplitude because
of the limited time resolution of the measurement, as discussed
below. A comparison of the free carrier kinetics of GaP
photoelectrodes with different TiO, layer thicknesses shows
that the time constant (7,) for the slowest component
decreases from 64 ps in bare GaP to 14 ps in GaP/TiO,(35
nm). The same trend can be seen in the slow component of
the FKO growth (Table S1), although they are less clearly
shown because of the smaller contribution of this component
to the overall FKO signal, especially in bare GaP and GaP/
TiO,(5 nm).

The broad negative feature is assigned to the reflectance
change induced by photogenerated free carriers and is
described by***"

AR 4n, cos(6)
AR _ .
R (nol _ 1)[n02 . sinz(e)]l/z tec(N ) "

According to the Drude model, the free carrier induced change
in the reflective index, Anpc(N,u), can be related to the
photocarrier concentration (N) according to eq 2.5081

2me? N

Angc(Ny) = ———

FC( )/") no(ha))z 4 (2)
In eqs 1 and 2, n, is the amplitude of the complex refractive
index. In the probe energy range of this study, the complex
refractive index of GaP is dominated by the real part n, with a
small imaginary part k (at 1.6 eV, n =32, k=0; at 3 eV, n =
4.1,k =0.2).>7 u is the reduced effective mass of the electron—
hole pair, and @ is the incidence angle. According to eqs 1 and
2, the amplitude of this broad band signal should increase at
lower frequency, which is in agreement with the observed
results shown in Figure 2a—c. Similar free carrier induced
reflectance changes have also been reported in other
semiconductor photoelectrodes.'®”

The FKO signal is attributed to the change of GaP dielectric
constant induced by the time-dependent electric field (E,c)
generated by the separated charges across the GaP/TiO,
junction.””® The photogenerated conduction band electrons
and valence band holes in the GaP depletion region can
recombine, diffuse (caused by the concentration gradient),
and/or be transferred into TiO, and the bulk GaP photo-
electrode (driven by the built-in electrical field in the depletion
region within GaP), respectively.”* The static built-in field in
the dark (or the DC field, Epc) is partially reduced (or
screened) by the photogenerated field (E,¢) of the separated
carriers, which leads to a change (AR/R signal) at the direct
band gap transition as shown in Figure 3. Similar FKO signals
have been observed in a recent TRS study of TiO, protected
GalnP, photoelectrodes.'®** In the weak field (small Epc), the
FKO spectra can be simplified to a third derivative form.*>°*%
In this regime, the light induced FKO signal is given by

2 222
AR _ D AjiEACEDCRe[ei{/)/(hv — B, +i0)™"]

Rw) 3 n
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Figure 3. TR FKO spectra of GaP (green), GaP/TiO, (5 nm) (blue),
and GaP/TiO, (35 nm) (red) averaged between 200 ps and 1 ns and
their fits (black lines) to eq 3.

Further details of the derivation of this equation can be found
in Supporting Information section 3.3. Here, j = 1, 2 for
excitonic transitions involving light and heavy holes, ; is the
effective mass of excitons, ¢; is the phase difference between
the real and imaginary part of the refractive index, hv is the
photon energy, Eg and I are the energy and width,
respectively, of the exciton transitions. m = 2.5 for the direct
transition critical point of GaP. As shown in Figure 3, the
measured FKO spectra can be fit by eq 3 and the fitting
parameters are listed in Table S2. According to eq 3, the FKO
spectral shape is determined by the energy and width of the
two excitonic transitions, and the FKO signal amplitude is
proportional to the strength of the AC and DC fields, AR/R(v)
& EpcExc.

The time dependence of the FKO signal reflects how E,¢
changes with time. At the direct band gap of GaP (2.78 eV),
where the FKO signal is observed, the probe beam penetration
depth is ~10 nm. The FKO signal should be the average value
within the probed region. For simplicity, we assume that the
field strength can be approximately given by that at the GaP/
TiO, interface. According to Gauss’ law, the field strength at
the GaP/TiO, interface is given by

c
(EAC)x=0 =
g,

(4)

In eq 4, o is the total transferred charge across the GaP/TiO,
interface per unit GaP surface area, € is the relative permittivity

of GaP (11.1),"° and &, is the vacuum permittivity. Thus, the
FKO induced AR/R signal amplitude is linearly proportional
to the concentration of the electrons that are transferred into
TiO,, providing a convenient probe of interfacial charge
separation in the GaP/TiO, p—n junction. This model is
consistent with the result shown in Figure 2g—i, in which the
FKO growth agrees with free carrier decay, indicating that both
signals depend linearly on carrier concentrations.

To provide a deeper understanding of the observed free and
separated carrier kinetics, we simulate the temporal evolution
of electron and hole spatial distributions in the GaP/TiO,.
This is done by numerically solving the coupled Poisson and
transport equations. The simulation details can be found in
Supporting Infomation section 3.4. Briefly, as shown in Figure
4a, the key processes include the following: recombination
including electron—hole Shockley—Read—Hall recombination,
surface recombination, and Auger recombination; transport of
electrons and holes by diffusion and drift; electron transfer
across the GaP/TiO, interface. The electric field is calculated
as Epc — Eac, where E, is position-dependent as calculated
from the Poisson equation and Ep (also position dependent)
is calculated from the depletion width w under the abrupt
approxjmation.(’(’ From the numerical simulation, the density
of electrons transferred from GaP to TiO, and E,; are
obtained, which yields the FKO kinetics, as shown in Figure
4b. In the simulation, the depletion width and the
recombination rate constant are used as the fitting parameters
to achieve the best fit of the measured kinetics.

As shown in Figure 4b, the model above provides a
satisfactory fit to the FKO kinetics, accounting for both the
slow and fast growth components of the FKO kinetics. At <1
ps, fast interfacial electron transfer from GaP to TiO, and fast
electron—hole Auger recombination within the depletion
region deplete the electrons near the GaP/TiO, interface,
which gives rise to the nearly instantaneous rise of FKO signal
shown in Figure 2g—i and Figure 4b. This also leads to a rapid
decay of the free carrier population in GaP.

The slower decay of the free carrier signals and growth of
the FKO signal at t > 1 ps are attributed to the diffusion and
drift of electrons generated from the bulk GaP toward the
interface. This trend is captured in the fit shown in Figure 4b.
From bare GaP and GaP/TiO,(5 nm) to GaP/Ti0O,(35 nm),
the contribution of the slow growth component to the
measured FKO signal increases from 61% to 81.8% as

(a)
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Figure 4. Simulation of photogenerated charge carrier kinetics. (a) Schematic diagram of the numerical simulation of a GaP/TiO, p—n junction.
(b) Comparison of simulated kinetics of the electron transfer from the GaP to the TiO, (black line) and measured FKO kinetics (color circles,
from Figure 2g—i) of bare GaP, GaP/TiO,(S nm), and GaP/TiO,(35 nm). The depletion layer (DL) width used for simulation is shown in the

legend.
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discussed above (a;, + a,, Table S1). To capture this trend in
the simulated kinetics requires decreasing recombination rate
k. and increasing depletion width w from GaP to GaP/
Ti0,(35 nm). For GaP/Ti0O,(35 nm) where the slow
component has the largest ratio, a large w (150 nm) is
needed. This suggests that the larger depletion width, which
reduces hole concentration near the surface, allows more
charge carrier to survive the initial fast (~32 fs) Auger
recombination phase and to be transported by the diffusion
and drift processes to the p—n junction interface on a slower
time scale. A comparison of the free carrier kinetics of GaP
photoelectrodes with different TiO, layer thicknesses (Figure
2g—i, Figure S2) shows that the decay time constant decreases
from 64 ps in bare GaP to 14 ps in GaP/TiO,(35 nm), which
can be attributed to faster drift times in the latter electrode
caused by their larger built-in electric fields. Both the increased
depletion width obtained from the fit and faster rate constant
of the slow component provide direct evidence for the
expected increase of built-in electric field in the junction as the
TiO, layer thickness increases.

To understand the effect of built-in field strength on
interfacial charge separation, we have also measured the charge
separation kinetics as a function of excitation power density
(detailed in Supporting Information section 3.5, Figure S4, and
Table SS). The E,c saturates at higher excitation power,
indicating larger electron—hole recombination, consistent with
the simulation results shown in Figure 4.

Interfacial Charge Recombination. The FKO kinetics at
longer time scales (up to 100 us) for GaP/TiO,(S nm) and
GaP/TiO,(35 nm) are shown in Figure S. The kinetics for

1.0

scaled)

~ 0.5

AR/R

0.0

T T T T
0.001 0.01 0.1 1 10 100
Time/microsecond

Figure S. Comparison of the FKO decay kinetics of GaP/TiO,(35
nm) and GaP/TiO,(5 nm). FKO signal is monitored at 2.78 eV and
measured with 3.1 eV excitation. Also shown by the black solid lines
are fits to multiple exponential functions with fitting parameters listed
in Table SS.

bare GaP are not shown because of their small signal amplitude
and poor signal-to-noise ratio. The FKO signal decays on the
100 ps to 100 us time scale and is assigned to the slow
interfacial recombination of the separated electrons in TiO,
and holes in GaP. The kinetics data are fitted to three
exponential functions (eq S2), and the fitting parameters are
listed in Table S4. The average amplitude weighted
recombination time, calculated by eq S7, is 13.9 us in the
GaP/Ti0,(35 nm) and 6.0 us in GaP/TiO,(5 nm). The
slower interfacial recombination in GaP/Ti0,(35 nm) is
consistent with the increase of band bending and depletion
width with thicker TiO,. The larger band bending leads to a

smaller hole density at the interface of GaP/TiO,(35 nm),
which reduces the interfacial recombination rate.

B CONCLUSIONS

Transient reflectance spectroscopic measurements establish the
role that amorphous TiO, layers play in controlling the charge
separating fields and depletion regions at GaP/TiO, interfaces.
The decay of photoexcited free carriers in GaP is observed as
the decrease of a broad AR/R signal below the direct gap of
GaP, and the extent of photodriven electron transfer across the
GaP/TiO, junction can be followed by the growth of the
Franz—Keldysh oscillation (FKO) signal at the GaP direct gap
transition. Growth of the FKO signal shows an instantaneous
phase with time constant of 32 fs and slower phase with time
constants of ~2 and ~14 ps in GaP/TiO, (35 nm). Simulation
of the kinetics of separated carriers and free carriers reveals that
the fast phase is attributed to the initial fast interfacial electron
transfer and bulk and surface recombination of photogenerated
carriers in GaP. The slow phase is caused by the carriers within
the bulk GaP and the depletion region away from the interface
that undergoes relatively slower diffusion/drift. Over the 100
ps to 100 us time scale, the FKO signal amplitude decays due
to the slow interfacial recombination of the electrons in the
TiO, with the holes in the GaP. Comparisons of GaP, GaP/
TiO,(5 nm), GaP/TiO,(35 nm) show that the built-in field
strength increases with TiO, thickness, which increases the
rate and efficiency of initial charge separation across the GaP/
TiO, interface by suppressing the charge recombination loss
within GaP and slows down the interfacial recombination of
separated electrons in the TiO, with holes in GaP. The
reported TR technique directly probes the kinetics of
photogenerated carriers in a photocatalytic p—n photo-
electrode along their path from the initial generation in the
bulk of GaP to the long-lived separated charges that ultimately
drive photocatalytic reactions, enabling the direct identification
of key loss pathways in semiconductor photoelectrodes.
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