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ABSTRACT: The steady-state photoelectrochemical re-
sponses of p-GaP photoelectrodes immersed in aqueous
electrolytes and sensitized separately by six triphenylmethane
dyes (rose bengal, rhodamine B, crystal violet, ethyl violet, fast
green fcf, and brilliant green) have been analyzed. Impedance
measurements indicated that these p-GaP(100) photoelectr-
odes operated under depletion conditions with an electric field
of ~8.5 X 10° V cm™" at the p-GaP/solution interface. The set
of collected wavelength-dependent quantum yield responses
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were consistent with sensitization occurring specifically from adsorbed triphenylmethane dyes. At high concentrations of
dissolved dye, the measured steady-state photocurrent—potential responses collected at sub-bandgap wavelengths suggested
unexpectedly high (>0.1) net internal quantum yields for sensitized hole injection. Separate measurements performed with rose
bengal adsorbed on p-GaP surfaces pretreated with (NH,),S verified efficient sensitized hole injection. A modified version of
wxAMPS, a finite-difference software package, was utilized to assess key operational features of the sensitized p-GaP
photocathodes. The net analysis showed that the high internal quantum yield values inferred from the experimental data were
most likely afforded by the internal electric field present within p-GaP, effectively sweeping injected holes away from the interface
and minimizing their participation in deleterious pathways that could limit the net collection yield. These simulations defined
effective threshold values for the charge carrier mobilities (>107° cm® V™! s™' and >107" em® V™' s7" at dopant densities of 10'
and 10" cm ™, respectively), hole injection rate constants (>10'* s™!), and surface trap densities (10'> cm™) needed to attain
efficient hole collection with the quality of p-GaP materials used here. The cumulative experimental and modeling data thus
provide insight on design strategies for assembling new types of dye-sensitized photocathodes that operate under depletion

conditions.

B INTRODUCTION

As the only commercially available photoelectrochemical cell
for solar energy conversion, n-type metal oxide nanoparticle
films coated with adsorbed molecular chromophores have
largely defined dye-sensitized photoelectrochemistry for the
past two decades.'™ Specifically, the current dogma for the
design of dye-sensitized photoelectrochemical cells consists of
five nearly immutable features: (1) wide-bandgap metal oxides,
(2) panchromatic dyes that overcome the minimal sunlight
absorbance by metal oxides such as TiO,, (3) charge injection
of photoexcited electrons from an excited chromophore into an
n-type semiconductor immersed in a nonaqueous solution
(Figure 1a), (4) sunlight to electricity conversion, and (S)
ultrasmall semiconductor nanoparticles that provide a large
surface area for dye loading but are too small to support
appreciable internal electric fields.*

An alternative direction in dye-sensitized photoelectrochem-
istry is the development of dye-sensitized photocathodes.
Several reports have recently detailed sensitized p-type
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nanoparticle film photocathodes for solar-to-electrical energy
conversion.” ™' Many of these efforts use dye-sensitized
photocathodes as a means to supplement/boost the activity
of conventional dye-sensitized photoanodes. Alternatively,
comparatively few efforts have focused on understanding and
exploiting sensitized hole injection processes in their own right.
This report describes specifically the operation of dye-sensitized
p-type phosphide photoelectrodes in aqueous electrolytes
(Figure 1b). Such photocathodes are interesting for both
fundamental and practical reasons. First, the valence band
energetics of phosphides favor sensitized hole injection as
compared to the valence band energetics of most metal
oxides'**° (Figure 1b), facilitating measurement of sensitized
hole injection from a variety of dyes. Second, sensitized
photocathodes in water are naturally suited for solar to
chemical storage since the regeneration of the reduced dye
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Figure 1. Depiction of dye sensitization at semiconductor photoelectrodes. (a) Dye-sensitized electron injection from a photoexcited chromophore
at the surface of a metal oxide semiconductor. (b) Dye-sensitized hole injection from a photoexcited chromophore at the surface of a phosphide
semiconductor. (c) Dye-sensitized hole injection from a photoexcited chromophore at the surface of a phosphide semiconductor under depletion
conditions. The constituent processes that favor and limit the magnitude of the net sensitized photocurrent are enumerated. These processes are (1)
optical excitation/relaxation of the dye, (2) hole transfer between the dye and semiconductor, (3) electron transfer between the dye and
semiconductor, (4) electric-field-induced transport within the semiconductor, (5) charge recombination at surface states at the semiconductor
interface, (6) charge recombination in the depletion region, and (7) charge recombination in the bulk of the semiconductor.

(following hole injection) can be coupled with reductive
transformations in solution (Figure 1b). The development of
such sensitized photocathodes requires a thorough under-
standing of all rate-impacting processes.

Our initial efforts in this area are focused on sensitized
gallium phosphide (GaP) photoelectrodes,”" which have several
properties advantageous for study. First, GaP can be prepared/
obtained with well-defined bulk optoelectronic properties (e.g.,
mobility and dopant density) that are favorable for efficient
light-harvesting systems. Second, as will be described in detail
herein, dye-sensitized p-GaP can support substantial levels of
light-stimulated hole injection. In contrast to previous reports
of dye-sensitized p-CuSCN,'*'7 p-NiQ,%%2!1131822 and p-
Cu0,'® this report details high internal quantum yields
attainable with p-GaP photoelectrodes specifically operating
under depletion conditions (ie., featuring a large internal
electric field). Third, the response characteristics of planar p-
GaP photoelectrodes operating under depletion conditions can
be readily modeled and understood using finite-difference
simulations, offering the opportunity for detailed analysis.”®
Fourth, as a midsized bandgap semiconductor, GaP can absorb
light at wavelengths shorter than 550 nm, relaxing the required
panchromaticity of a sensitizer for complete absorbance of
sunlight.

We present data for single-crystalline p-GaP(100) photo-
electrodes operated under potentiostatic control and sensitized
by a set of triphenylmethane dyes in aqueous solution.
Specifically, data are presented for two xanthene dyes (rose
bengal (RB) and rhodamine B (Rh B)), two triaminotriphenyl-
methane dyes (crystal violet (CV) and ethyl violet (EV)), and
two diaminotriphenylmethane dyes (fast green fcf (FG) and
brilliant green (BG)). We report and assess the observed
steady-state photoelectrochemical responses with these dyes,
highlighting the unusually high internal quantum yields (>0.1)
observed at p-GaP photoelectrodes without prior optimization
in the form of surface passivation or dye engineering. Through
comparison of experimental results to those generated from a
finite-difference model, we conclude that the promising
photoelectrochemical responses for these dye-sensitized
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systems are due to the presence of an internal electric field
within the depletion layer at the p-GaP photoelectrode surface.
A version of the Analysis of Microelectronic and Photonic
Structures (AMPS) code previously used to study solid-state
photovoltaics**** was modified specifically for this work. The
experimental system investigated herein was modeled with
WXAMPS'®** to identify explicitly how experimentally control-
lable features such as surface trap density, charge transfer rate,
and the bulk optoelectronic properties of the semiconductor
photoelectrode impacted the attainable net quantum yields for
sensitized charge injection at steady state. Finally, aspects
relevant to designing efficient phosphide-based dye-sensitized
cells are discussed.

B EXPERIMENTAL SECTION

Chemicals and Materials. Rhodamine B (95%), ethyl violet
(>80%), crystal violet (>90%), fast green (>85%), rose bengal (95%),
brilliant green (98%), copper phthalocyanine-3,4',4"4"-tetrasulfonic
acid tetrasodium salt (85%), nickel(II) phthalocyanine tetrasulfonic
acid tetrasodium salt (50%), methyl viologen dichloride (98%),
ammonium sulfide (20%, aqueous solution), and potassium chloride
(>99%) were used as received from Sigma Aldrich. Concentrated
HCl(aq) and 40% v/v NH,F(aq) were obtained from Fisher Scientific
and Transene, respectively. Zinc(II) phthalocyanine tetrasulfonic acid
was obtained and used as received from Frontier Scientific. H,O was
purified (>18 MQ cm) with a Barnstead Nanopure III purifier and
used throughout. N,(g) and O,(g) were obtained from Metro
Welding. GaP photoelectrodes were prepared from a 400 pm thick,
single-crystalline, single-side polished p-type GaP(100) wafer doped
with Zn at 1.1 X 10'® cm™ and featured a hole mobility of 70 cm® V™!
s”'. GaP wafers were obtained and used as received from ITME.

Electrodes and Photoelectrochemical Cell. GaP wafers were
diced into 0.5 cm X 0.5 cm sections and ohmic contacts were prepared
by etching the back side for 30 s with concentrated NH,F, rinsing with
distilled H,O, soldering a thin, even film of an In—Zn amalgam onto
the etched surface, and annealing for 10 min at 400°C. Electrodes were
then prepared by using silver print (GC Electronics) to attach the GaP
section to a copper wire coil threaded through a glass tube and sealing
with inert epoxy (Hysol C). Unless otherwise indicated, electrodes
were etched for 30 s in 12.1 M HCl(aq), rinsed with H,0, dried under
N,(g) and immediately used. Photoelectrochemical measurements
were made in an airtight quartz cell with an optically flat bottom. A
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Figure 2. Measured wavelength dependence for net photocurrent generation of p-GaP(100) electrodes poised at —0.6 V vs Ag/AgCl while
immersed either in (blue) only deaerated 1 M KCl(aq) or (red) deaerated 1 M KCl(aq) containing S M dissolved dye; BG = brilliant green, FG =
fast green fcf, Rh B = rhodamine B, CV = crystal violet, EV = ethyl violet, RB = rose bengal. The transmitted light through the ~1 mm spacing
between the electrode face and optical window is indicated in black (right-hand y-axes). The structure of each dye (without counterions) is also

shown.

carbon fiber counter electrode and a Ag/AgCl reference electrode
were used. For all photoelectrochemical measurements, the distance
between the optical window and GaP photoelectrode face was
nominally 1 mm. One molar KCl was used as the background
electrolyte unless noted otherwise. For measurements with adsorbed
rose bengal, p-GaP(100) electrodes were first etched, rinsed, dried,
and then soaked in ammonium sulfide solution for 6 h. The pH of the
ammonium sulfide solution was set to 7 through addition of HCl(aq)
aliquots.®® This treatment resulted in surface-bound ammonium
moieties. Electrodes were then immersed in aqueous solutions
containing rose bengal for 30 min followed by an immersion in
nanopure water for 1 h to remove weakly physisorbed dye before
undergoing further photoelectrochemical analyses.

Optical and Photoelectrochemical Measurements. All meas-
urements were performed at room temperature (23 + 3 °C).
Transmittance measurements were obtained with a Varian Cary 5000
ultraviolet—visible—near-infrared (UV—Vis—NIR) photospectrometer.
Absorptance (i, the fraction of total light absorbed) values are
reported rather than absorption values, where noted. All photo-
electrochemical measurements were performed in a three-electrode
cell under potentiostatic control (Princeton Applied Research 267A),
facilitating analysis of the specific operation of the dye-sensitized
photocathode. The net photocurrent collected per incident light
intensity is reported here as an external quantum yield on a scale from
0 to 1. Internal quantum yield, also given on a scale from 0 to 1,
represents the net photocurrent collected per absorbed light intensity.
Wavelength-dependent external quantum yield measurements were
taken with a setup described previously.”” Illumination intensities
ranged from ~0.1 to 1.0 mW cm > External quantum yield
measurements were corrected for solution transmittance using the
Beer—Lambert relation and dye absorption spectra as measured with a
Cary 5000 UV—Vis—NIR photospectrometer. Internal quantum yield
values were calculated by dividing the measured external quantum
yield values by the fraction of incident light absorbed by a monolayer
of dye. Monolayer absorptance was estimated via the Beer—Lambert
relation, with the extinction coefficient determined from transmittance
measurements of dilute dye solutions. The density of an idealized
close-packed dye monolayer was estimated using the areal footprint of
the dye oriented parallel to the surface plane. Current—potential
characteristics were measured either under monochromatic illumina-
tion from a 150 W Xe arc lamp and an Oriel quarter-turn single-
grating monochromator (both Newport) or with a 500 mW green

LED laser. The latter source type was used specifically for intensity
dependence measurements.

Steady-State Model of Dye-Sensitized Charge Injection. The
net efficiency for charge injection between a photoexcited dye and a p-
type semiconductor under depletion conditions (Figure 1c) is
controlled primarily by features intrinsic to the semiconductor (hole
mobility, internal electric field, band energetics, charge carrier lifetimes
and populations), the dye (excited state lifetime, ground and excited
state redox potentials), and the interface (rate of heterogeneous charge
transfer). To determine the explicit dependence and interplay of the
features described in Figure 2 on net sensitized charge injection at
steady state, a custom-designed variant of AMPS (wxAMPS) was used.
wxAMPS is a software package for modeling planar semiconductor
heterojunctions in one dimension that utilizes the finite-difference
method to determine the concentration of charge carriers throughout
the system as a function of position and applied potential according to
egs 1 and 2,

S S¢p(x) _
—g(e(x) o )—qp

(1)

&
— = —qG(x) + qR(x) (2a)
5]P
™ = qG(x) — qR(x) (2b)

where ¢ is the local electric potential, g is the unsigned charge of an
electron, ¢ is the material dielectric constant, p is the summed (free,
ionized impurity, and trapped) charge density, ], is the electron
current density, J, is the hole current density, G(x) is the optical
generation rate of carriers at x, and R(x) is the total charge carrier
recombination rate at x. Equation 1 is Poisson’s equation, relating
charge carrier populations and the electric potential in one
dimension.** Equations 2a and 2b are the current continuity equations
for electrons and holes, respectively.”® The key revision made to the
version of AMPS used in this work is a reformulation of the boundary
conditions at the material interfaces. Charge transfer rates between
GaP and a dye layer were expressed in the general framework used for
semiconductor electrochemistry and the principle of detailed
balance.”®*® Equations 3a and 3b describe the electron and hole
current densities at the interface between the adsorbed dye and GaP,
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where each term is defined in Table 1. The origin of these boundary
conditions is discussed in detail in section S2 in the Supporting

Table 1. List of Terms

symbol description symbol description
q unsigned charge of electron Egcp  GaP conduction band
edge
kg Boltzmann’s constant Egpp  GaP valence band edge
T temperature Nycp  effective density of states
in GaP conduction
band
Eiymopye ~ LUMO energy for dye Nypcap  effective density of states
in GaP valence band
Epomopye HOMO energy for dye 1y Gap GaP surface electron
concentration
A charge transfer reorganization  p, .p GaP surface hole
energy concentration
[dye], surface concentration of dye ny, cap  GaP surface electron

concentration in the
dark at equilibrium
GaP surface hole
concentration in the
dark at equilibrium

in the dark at equilibrium

[dye*] surface concentration of Pso,Gap
photoexcited dye at steady-
state under illumination

Information (SI). Notably, in eq 3 the electron and hole charge
transfer rate constants (k% and ki, respectively) and concentrations
refer to adsorbed dyes. Although the basic design of this version of
AMPS allows for the input of heterogeneous rate constants with the
more famlhar units of cm* 57" for charge transfer to an acceptor in
solution,*® the model used herein has been designed so that this rate
constant translates directly to that of an adsorbed dye with units of cm®

s through division of the input rate constant by the dye layer
thickness. The products of these modified rate constants and the
effective densities of states (k% X Nygp and &’ X Nucup
respectively) have units of s™' and are commensurate with the charge
injection rates from an adsorbed dye. Accordingly, direct comparison
to published reports of experimentally measured charge injection rates
from spectroscopic quenching measurements can be made. Mono-
layers of adsorbed dye were approximated by defining a 5 A dielectric
layer at the GaP surface with the optical, electrical, and electrochemical
properties appropriate for a generic organic dye (SI). A description of
all the default input parameters, including mesh size, spacing used for
discretization, and recombination velocities at the front and back
contacts, is given in section S3 in the SL

B RESULTS

Sensitization of p-GaP with Dyes Dissolved in
Aqueous Solutions. In deaerated 1 M KCl, impedance
measurements with freshly etched p-GaP electrodes yielded an
apparent flatband potential of +0.98 & 0.16 V vs Ag/AgCl (S,
Figure S2), indicating an approximate value for the potential of
the valence band edge, Ey,g.p, of +1.02 + 0.19 V vs Ag/AgCL
Since the open circuit rest potential of these electrodes was
typically ~0 V vs Ag/AgCl, these p-GaP electrodes were under
strong depletion conditions and supported internal electric field
strengths, & of ~8.5 X 10° V cm 1% The flatband potential,

barrier height, and GaP valence band level inferred from
capacitive measurements changed by several tenths of a volt for
electrodes that were allowed to age in solution for prolonged
periods of time. Accordingly, all subsequent measurements
were performed immediately after immersion into the test
solution.

Figure 2 illustrates the observed photoelectrochemical
responses for p-GaP(100) photoelectrodes biased at —0.6 V
vs Ag/AgCl while immersed in deaerated 1 M KCl(aq)
containing various organic sensitizers at a concentration of S
HUM. Each dye solution elicited a photocurrent response with a
wavelength dependence that followed the absorptance profile of
each respective dye. The peak molar extinction coeflicients
from 500 to 700 nm for these dyes ranged between 107 to 10°
mol™ cm? For each presented dye solution, measurable
photocurrent was obtained at sub-bandgap wavelengths, i.e. at
wavelengths corresponding to energies smaller than the
bandgap energy of 2.26 eV (549 nm) for GaP. Under the
employed conditions, the magnitudes of the external quantum
yields for all six dyes at this concentration ranged from 0.001 to
0.002. Replacing the p-GaP photoelectrodes with a metal
electrode in these electrolytes did not produce any detectable
net photocurrents. The total light transmitted through the dye
solution is indicated in black in Figure 2. Correction of the
experimentally measured external quantum yields for optical
losses incurred by light absorption from the dye solution
through the ~1 mm path length between the cell window and
electrode surface did not substantially change the profiles
shown in Figure 2 (SI, Figure S3). Hence, at S uM, the
observed photoelectrochemical responses qualitatively indi-
cated the innate spectral profile for sensitization by each dye.
Notably, for each plot in Figure 2, the wavelength
corresponding to the maximum sub-bandgap external quantum
yield was uniformly offset from the wavelength of maximum
absorbance of the dissolved dye (Table 2), consistent with the

Table 2. Dye Absorptance and Sensitization Properties

dye absorptance peak” /nm  sensitization peakb /nm
BG brilliant green 625 645
FG fast green fcf 624 640
Rh B rhodamine B 555 570
Ccv crystal violet 590 610
EV ethyl violet 595 610
RB rose bengal 549 570

“Measured at 7.5 uM in water. “Maximum quantum yield at sub-
bandgap wavelengths measured at S M in 0.1 M KCl(aq) with p-GaP
poised at E = —0.6 V vs Ag/AgCl

notion that sensitization occurred specifically through adsorbed
dye at the photoelectrode surface."**'3* Sensitized photo-
currents at sub-bandgap wavelengths were not observed for all
investigated dyes. Specifically, sensitization was not detected in
electrolytes containing dissolved metal phthalocyanine tetra-
sulfonic acid dyes (SI, Figure S4) with standard potentlals for
oxidation that were more negative than E I

For every dye shown in Figure 2, the measured sensitized
photocurrents were a function of the concentration of dissolved
dye in solution. Figure 3 shows a representative plot
highlighting the observed dependence of the external quantum
yield of rhodamine B at 570 nm (i.e,, wavelength of maximum
sensitization) on the dissolved concentration of rhodamine B.
At low (<50 uM) concentrations, the sensitized photocurrent
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Figure 3. Observed dependence of the as-measured external quantum
yields for a p-GaP(100) electrode recorded at 570 nm as a function of
the concentration of rhodamine B. The electrode was poised at —0.6 V
vs Ag/AgCl and immersed in a 1 M KCl(aq) electrolyte containing
dissolved dye.

markedly increased with increasing concentration of rhodamine
B, consistent with the premise that higher adsorbed dye
concentrations were promoted by higher solution concen-
trations. At approximately SO uM, the measured photocurrents
reached a maximum value and then decreased with further
increase in concentration. At the highest concentrations, the
total light loss by absorption of dye dissolved in bulk solution
was significant (transmittance <0.4). Optical correction of the
transmittance losses at the highest concentrations was difficult
due to the strong dependence on the absolute distance between
the cell window and p-GaP surface and is not incorporated in
Figure 3. Hence, for every dye listed in Figure 2, additional
photoelectrochemical responses for p-GaP(100) photoelectr-
odes biased at —0.6 V vs Ag/AgCl while immersed in deaerated
1 M KCl(aq) with dye concentrations of 50 uM were collected
(SI, Figure SS). Each dye elicited a sub-bandgap photoresponse
that qualitatively followed those shown in Figure 2, except
convoluted more strongly with light absorption from the bulk
solution. This effect contributed to slight shifts in the
wavelengths corresponding to the maximum photocurrents.

The photocurrent—potential profiles for p-GaP(100) electro-
des in these dye solutions are presented in Figure 4. Each plot
represents typical photoresponses obtained with monochro-
matic illumination (nominal power density of 0.3 mW cm™2) at
the wavelength corresponding to the maximum photocurrent
response in 50 yM dye solution. The dashed line at the top of
each plot serves as a reference value that corresponds to the
expected quantum yield from a close-packed monolayer of
adsorbed dye that injects photogenerated holes with an internal
quantum yield of 1, accounting for light transmission losses
through the bulk solution (SI, Figure S6). For each plot in
Figure 4, two photoelectrochemical responses are shown that
illustrate the behaviors observed in aerated and deaerated
solutions, respectively. Several features were uniformly
observed for all six dyes. First, all measured responses yielded
external quantum yield values at —0.6 V vs Ag/AgCl that were
at least 10% of the predicted value for a close-packed
monolayer operating with an internal quantum yield of 1.
These features implied that the internal quantum vyields for
sensitized hole injection in all of these systems were >0.1.
Second, sensitized photocurrents measured in aerated solutions
were uniformly larger at every potential than sensitized
photocurrents measured in deaerated solutions. The degree
of difference between photocurrent—potential responses
recorded in aerated and deaerated solutions varied across all
six dyes but seemed consistent within each subset of xanthene,
triaminotriphenylmethane, and diaminotriphenylmethane dyes.
No photoelectrochemical response recorded in aerated
solutions exceeded the expected limit for a close-packed
monolayer operating with an internal quantum yield of 1,
although the responses for the triaminotriphenylmethane dyes
(crystal violet and ethyl violet) implied internal quantum yields
>0.5. Third, the profiles of the photoelectrochemical responses
recorded in aerated solutions were more rectangular, i.e.
attained the plateau photocurrent value at potential closer to
the rest potential. For the triaminotriphenylmethane dyes, the
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Figure 4. Measured potential dependence for net photocurrent generation of p-GaP(100) electrodes under monochromatic illumination while
immersed in aerated or deaerated 1 M KCl(aq) containing S0 zM dissolved dye; BG = brilliant green, FG = fast green fcf, Rh B = rhodamine B, CV =
crystal violet, EV = ethyl violet, RB = rose bengal. Red and black lines indicate measurements obtained in electrolytes that were sparged with O,(g)
and N,(g), respectively. Each measurement was done at a wavelength that corresponded to the maximum external quantum yield in Figure 2. The
dashed line near the top indicates the response for an ideal monolayer coverage of each dye operating with an internal quantum yield of 1 (i.e., every

absorbed photon yields a carrier that is collected as current).
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photoresponses did not reach a true plateau photocurrent value
within the potential range of interest.

The effect of a dissolved redox mediator on measured
photoresponses was further investigated by replacing O, with
the outer-sphere redox couple methyl viologen (MV**/*) at a
concentration of 1072 M. The addition of MV**/* increased
both the attainable photocurrents and open-circuit rest
potentials under illumination for all dyes relative to responses
measured in deaerated solutions without a dissolved mediator.
However, these responses were uniformly lower than the
responses in aerated solutions. Still, the augmented photo-
responses in the presence of O, were inconsistent with hole
injection from sensitized singlet oxygen, O,('A), rather than
from the photoexcited dye. First, all of the investigated
triphenylmethane dyes yielded comparable sensitization levels
even though the capacity of each triphenylmethane dye to
generate O,('A) varies considerably. Specifically, although the
xanthene triarylmethane dyes are efficient sensitizers for
0,('A) generation,*®?” the two triaminotriphenylmethane
dye types are known to not produce O,(*A) readily under
illumination.>*** Second, photoelectrochemical measurements
with ethyl violet were performed before, during, and after
injection of a large excess of O,(*A) quenchers (SI, Figure S8).
N;~ and histidine are strong ‘physical’ and ‘chemical’
quenchers, respectively, of O,('A) in solution. Appreciable
suppression of the sensitized photocurrent measured with ethyl
violet was not observed after addition of either 2 mM N;™ or 2
mM histidine. Third, no photocurrents were observed with
illumination at sub-bandgap wavelengths in experiments that
employed Zn(II) phthalocyanine tetrasulfonic acid as the
sensitizer (SI, Figure S4). Zn(II) phthalocyanine tetrasulfonate
has previously been shown as an eflicient sensitizer for
generation of O,(*A) under illumination in aqueous solution.*
Fourth, the peak wavelengths for sensitization were red-shifted
relative to the absorbance band of each dye dissolved in
solution, consistent with the premise that dye specifically at the
p-GaP interface was the primary sensitizing species rather than
0,("A) generated in bulk solution.

Sensitization of p-GaP by an Adsorbed Dye. The six
dyes featured in Figures 2 and 4 did not possess functional
groups suitable for deliberate binding to etched GaP(100)
surfaces. Accordingly, emersion of p-GaP(100) photoelectrodes
from the dye solutions used in Figure 4 did not produce
consistent dye loadings that persisted after reimmersion in 1 M
KCl(aq). However, prior treatment of p-GaP(100) surfaces
with (NH,),S(aq) did facilitate the persistent adsorption of
rose bengal. Following treatment with (NH,),S(aq), immersion
of GaP(100) surfaces in aqueous solutions with 6 mM rose
bengal for 30 min resulted in an appreciable amount of
adsorbed dye. Figure S7 (SI) highlights the absorptance at sub-
bandgap wavelengths measured for a GaP(100) substrate
treated in this way. Figure Sa shows the wavelength-dependent
external quantum yield responses recorded for p-GaP(100)
photoelectrodes that were first treated with (NH,),S(aq),
soaked in aqueous solutions of rose bengal with varied
concentrations for 30 min and then transferred to a deaerated
solution of 1 M KCl(aq). The magnitude of the photoresponse
at wavelengths >550 nm strongly followed the concentration of
dye in solution during the soaking (adsorptive) step, increasing
after being soaked in more concentrated solutions. Figure Sb
shows a plot of the measured external quantum yield at 570 nm
as a function of the concentration of rose bengal during the
soaking (adsorptive) step. The line in Figure Sb is a fit of the
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Figure 5. (a) Measured external quantum yield at sub-bandgap
wavelengths for a p-GaP(100) photoelectrode immersed in deaerated
1 M KCl(aq). The electrode was previously treated with (NH,),S(aq)
as described in the text and soaked in aqueous solutions containing
concentrations of dissolved rose bengal ranging from 0.05 mM to 6
mM for 30 min. (b) Dependence of the measured external quantum
yield at 570 nm as a function of the concentration of rose bengal in the
solution used for dye adsorption. The line indicates a fit to a Langmuir
adsorption model with an adsorption constant of 2.8 x 10* M. (c)
Measured potential dependence of p-GaP(100) sensitized with
adsorbed rose bengal via a 30 min soak in a 6 mM solution while
(black dashed line) in the dark or (solid lines) illuminated with 570
nm light at 0.34 mW cm™ The black solid line indicates observed
response in deaerated solution with no methyl viologen dichloride.
The blue solid line shows the measured response after addition of 10
mM methyl viologen dichloride. The black dashed line indicates the
expected photocurrent if sensitization occurred with unity internal
quantum yield for the given loading of adsorbed dye. (d) Measured
dependence of the photocurrent obtained with a p-GaP(100)
electrode sensitized by adsorbed rose bengal on monochromatic
light intensity.

data to a simple Langmuir adsorption model with a binding
constant of 2.8 X 10* M™". Figure Sc highlights representative
photoelectrochemical responses obtained with monochromatic
illumination at 570 nm and a p-GaP(100) electrode in
deaerated 1 M KCI that was first soaked in 6 mM rose bengal
solution for 30 min. In the absence of illumination, p-GaP(100)
electrodes showed no appreciable cathodic currents in the
investigated potential range. Photoresponses obtained under
illumination in deaerated solutions featured a decidedly
nonrectangular photocurrent—potential profile. The plateau
photocurrent at —0.6 V vs Ag/AgCl, in conjunction with the
measured absorptance of the adsorbed rose bengal in Figure S7
(SI), corresponded to an internal quantum yield of 0.17.
Photoresponses obtained under illumination in deaerated
solutions with 10 mM methyl viologen yielded a modestly
higher plateau photocurrent value at —0.6 V vs Ag/AgCl.
However, the addition of methyl viologen dichloride more
significantly changed two other aspects of the overall
photocurrent—potential profiles. First, the rest potential under
illumination was shifted approximately +0.1 V. Second, the
photocurrent—potential profile was significantly more ‘rectan-
gular’, i.e. the plateau photocurrent was obtained at potentials
closer to the open-circuit rest potential. P-type GaP(100)
photoelectrodes with deliberately adsorbed rose bengal in
solutions containing methyl viologen all showed good response
characteristics at higher photon fluxes. Figure Sd shows that the
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plateau photocurrent at —0.6 V vs Ag/AgCl was linearly
dependent on the illumination intensity from 1.6 to 140 mW
cm™,

Finite-Difference Modeling of the Steady-State
Photoresponses of Sensitized p-GaP. Modeling studies
were performed to isolate the contributions from specific
carrier transport processes to the observed steady-state
photoelectrochemical responses of sensitized p-GaP(100).
Specifically, these simulations were employed to interpret the
unexpectedly high internal quantum yields observed in this
work and to determine quantitatively the interplay between the
processes identified in Figure 1. Accordingly, simulations were
performed using system parameters that approximated the
experimental conditions present in this work (SI, section S3).
The simulation results in Figures 6—8 describe the sensitized
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Figure 6. (a) Modeling results for the potential dependence of the
internal quantum yield for sensitized hole injection as a function of
charge carrier mobility within p-GaP at N = 1.0 X 10'7 cm™. (b) The
internal quantum yield for hole injection modeled at —0.6 V vs Ag/
AgCl as a function of charge carrier mobility at four different dopant
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Figure 7. (a) Modeling results for the potential dependence of the
internal quantum yield for sensitized hole injection for various values
of the interfacial charge transfer rate, ky,, for GaP electrodes with N, =
10" cm™ (b) The internal quantum yield for hole injection at —0.6 V
vs Ag/AgCl as a function of k.. Major simulation parameters: Np = 1.1
X 10" cm™; p, = p, = 100 em® V7' 575 Ny = § x 10" em ™.

photoresponse of a p-GaP photoelectrode under the same
depletion conditions as for the data in Figures 2, 4, and S. Since
this modeling approach was one-dimensional, all simulations
corresponded to a perfect monolayer of dye at the p-GaP
surface. The simulation results in Figures 6—8 model the
responses of a sensitized p-GaP photoelectrode illuminated
with 625 nm light at 0.3 mW cm™ as a function of changes in
several system variables. In these plots, the ratio of the net
collected carrier flux and the total light flux absorbed by the dye
film represents the internal quantum yield of the sensitized
system.
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Figure 8. (a) Modeling results for the potential dependence of the
internal quantum vyield for sensitized hole injection at various GaP
surface trap densities. (b) The modeled internal quantum yield for
hole injection at —0.6 V vs Ag/AgCl as a function of surface trap
density. The corresponding values for surface recombination velocity
are also shown. Major simulation parameters: N, = 1.1 X 10" cm™;
Ho =y = 100 em® V7' 5715 ki = 3.8 X 10" 571

inj

Figure 6 shows a set of simulation results that specifically
describe the influence of process (4) in Figure lc, i.e. the drift-
based removal of majority carriers from the interface following
charge injection, with the parameters for the other processes
held constant. Figure 6a shows the dependence of the internal
quantum yield on applied potential for values of charge carrier
mobility, y, spanning 8 orders of magnitude in p-GaP with
doping density Np = 10" cm™. At this doping density,
simulation results indicated that u values >107* cm®> V™! s7!
were sufficient to sustain the maximum net photocurrent at an
applied bias of —0.6 V vs Ag/AgCl. Charge carrier mobility
values less than 107" cm® V™' 57/ resulted in a steep drop in
overall energy conversion at this value of Ny, effected both by
decreased photocurrents and a loss of rectangularity in the
photocurrent—potential profile. Figure 6b summarizes these
data for several values of Np,. For Np = 10'7 cm™, the internal
quantum yield at —0.6 V vs Ag/AgCl dropped precipitously to
zero at a mobility value of 107 cm® V™' 57", Simulations with
other dopant density values show similar behavior, with the
falloff in high vs low internal quantum yield occurring at larger
charge carrier mobility values for lower values of Np. For a
dopant density of 1.1 X 10'® cm™, the simulations indicated a
threshold charge carrier mobility value of 107 cm® V™' s™". For
a dopant density of 1.0 X 10" cm™, charge carrier mobilities
>10° cm? V7! s7! were required to obtain high net internal
quantum yields. In total, the data in Figure 6 indicated that the
doping level (1.1 X 10'® cm™) and mobility properties (70 cm?
V™! s7!) of the p-GaP(100) materials used in this work were
sufficient to afford high internal quantum yields.

Figure 7 presents a series of simulations that detail the effect
of changes in process (2) in Figure 1, i.e. the heterogeneous
charge transfer of holes between the adsorbed dye and the p-
GaP valence band, with the parameters for the other relevant
processes held constant. Figure 7a shows a set of photo-
current—potential responses that feature values of k;,; that span
S orders of magnitude. For simulations with hole transfer
occurring at frequencies faster than 10" s7', the model
predicted high internal quantum yields for sensitization and
rectangular photocurrent—potential profiles. For simulations
with hole transfer frequencies slower than 10'* s™', the model
indicated pronounced changes in the photoelectrochemical
response. Although the rest potential under illumination was
not predicted to change appreciably, the attainable photo-
current at —0.6 V vs Ag/AgCl and sharpness of the
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photocurrent—potential profile decreased gradually as the time
scales for hole transfer increased. Figure 7b shows that the
model predicted a drop of the internal quantum yield to ~0
when k;,; was 10® s7%. Conversely, these simulations indicated a
minimum value of 10'? s™! for ki,; to ensure that process 2 in
Figure 1 was not the rate-limiting factor in the sensitization
process.

Figure 8 shows a series of simulations that illustrate the effect
of changes to process (S) in Figure 1, i.e. Shockley—Read—Hall
charge recombination at surface states at the semiconductor/
dye interface. In Figure 8a, the photocurrent—potential
responses are shown at several values of the surface trap
density, N,. For Shockley—Read—Hall recombination, N, is
proportional to the total surface recombination velocity, S,
through eq 4,

S = ovrN, (4)

where ¢ is the effective surface trap cross section (~107"°
cm™) and vy is the thermal velocity (107 cm s™) of carriers in
GaP. N, values from 10" to 10" cm™ for these simulations
corresponded to S values between 10% and 10° cm s\
Assuming a nominal surface atom density of 10" cm™, this
range of N, values corresponded to surfaces with as few as one
trap per 100,000 surface atoms and as many as one trap per 10
surface atoms. The results in Figure 8a show no appreciable
change in the sensitized photocurrent—potential response for
N, values between 10'° and 10" cm™ (10> < S < 10* em s7%),
implying that surface recombination is not rate limiting for
defect densities on the order of one trap per 1000+ surface
atoms. For higher surface trap densities, the photocurrent—
potential profile became slightly less square and did not plateau
at more negative potentials. The principal effect, however, was a
strong attenuation of the maximum attainable photocurrent
density. Figure 8b details this point more explicitly. The
internal quantum yield at —0.6 V vs Ag/AgCl estimated from
these simulations dropped sharply for N, > 2 X 10> cm™ The
model results indicated attainable quantum vyields of <0.1 for
defect densities greater than one trap per 100 surface atoms (N,
> 10" cm™).

B DISCUSSION

The major conclusions from the data shown here are that
sensitized hole injection from a variety of common triphenyl-
methane dyes to p-GaP immersed in an aqueous electrolyte has
been confirmed and that p-GaP photoelectrodes under
depletion conditions supported sensitization with high internal
quantum yields in otherwise nonoptimized systems. These data
collectively provide insight on new strategies for designing
high-efficiency sensitized photoelectrodes. These points are
discussed in detail below.

Sensitized Hole Injection in Water. Several results from
the photoelectrochemical measurements in 1 M KCl(aq)
performed with sensitizers either dissolved in solution or
adsorbed onto p-GaP implicate sensitized hole injection from
adsorbed excited chromophores into the valence band of GaP.
First, in both measurement types, the general spectral profile of
the measured cathodic external quantum yields followed the
absorptance profile of each dissolved dye, indicating sub-
bandgap photocurrents arose specifically due to the photo-
excited dye. In all cases, the wavelength for maximum
absorptance was red-shifted from the wavelength of maximum
sensitization. Irrespective of whether the dye was purposely
tethered to the electrode surface or partitioned from solution

onto the electrode surface (i.e., physisorbed), a red-shift in the
sensitized spectrum is a hallmark of sensitized injection from
photoexcited chromoghores specifically at a semiconductor
electrode interface’***™>* and suggests that a sensitization
process occurred at the semiconductor electrode/electrolyte
interface. Second, sensitized cathodic currents were only
measured in experiments featuring dyes with excited states
that had enough oxidizing strength to abstract an electron from
(i.e., inject a hole into) p-GaP(100). Specifically, the triphenyl-
methane dyes have standard potentials for oxidation equal to or
more positive than Evb,cap-41_44 In contrast, assuming redox
properties similar to that of Zn phthalocyanine, the first
oxidation process for Zn phthalocyanine tetrasulfonate is at a
significantly more negative potential®> (~+0.76 V vs SCE) than
for this set of triphenylmethane dyes. Accordingly, these
observations are consistent with the general sensitization
scheme described in Figure 1 and further indicate that the
cathodic photocurrents do not arise purely from reduction of
photogenerated species dissolved in solution. In addition, the
observed photoelectrochemical responses were inconsistent
specifically with the reduction of O,('A) generated from
photoexcited dye. Notably, hole injection from O,('A)
(generated via energy transfer from a dissolved photoexcited
chromophore) into p-type semiconductors in acetonitrile has
been noted previously. Specifically, Gritzel and Frei reported
photoreduction of O,(*A) in acetonitrile with dissolved
methylene blue after irradiation with visible light and raised
the possibility that the main overall source of cathodic
photocurrent at sub-bandgap wavelengths in other systems
was hole injection from photogenerated singlet oxygen,
0,('A).® However, the observed invariance of cathodic
photocurrents measured here in the presence of known, potent
0,('A) quenchers and the lack of sensitized photocurrents
specifically in experiments containing Zn phthalocyanine
tetrasulfonate directly counter this premise. A similar increase
in hole injection levels in the presence of O, has been reported
for cyanine dyes adsorbed onto CuSCN and was attributed to
O, accepting electrons from depleted chromophores.'*
Although the specific sensitivity of the observed sensitized
photoresponses toward dissolved, reducible species in solution
like MV** and O, was not elucidated here, these cumulative
observables strongly support the notion that sensitized hole
injection from photoexcited triphenylmethane dyes at the p-
GaP(100) surface was the primary process responsible for the
measured photocurrent.

Influence of an Internal Electric Field on the Net
Photocurrent Yield. A notable finding from this report is the
measurement of uniformly high (>0.1) internal quantum yields
for hole injection from all investigated triphenylmethane dyes
into p-GaP(100) in aqueous electrolytes. These systems
possessed several features that could preclude efficient charge
injection. First, the dyes were not bonded to the surface of GaP
through well-defined covalent bonds. Even for purposely
adsorbed rose bengal using GaP surfaces pretreated with
(NH,),S, there was no deliberate attempt to strongly couple
the dye and p-GaP electronically. Second, all measurements
were performed in an aqueous electrolyte where suppressed
sensitization levels are common.*® Third, no measures were
taken to preserve the electronic integrity of p-GaP(100)
surfaces. As is common with most III—V semiconductors, the
native oxide on p-GaP that forms quickly in ambient conditions
is known to have an exorbitantly high density of surface traps
(N, > 10° ecm™2).*”*® The cumulative effect of these three
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separate aspects could be expected to severely limit the
measurable level of sensitized photocurrents. Clearly, the results
shown here indicate that a separate feature(s) mitigated these
three possible problems.

The combined experimental and modeling results implicate
the internal electric field within the p-GaP(100) photo-
electrodes in this study as a primary factor for why high
internal quantum yields were observed. As observed here,
freshly etched, nondegenerately doped p-GaP(100) in this
electrolyte in the dark possesses nominally a 1 V potential drop
in the near-surface region. The resultant electric field within the
near-surface region of GaP will direct any holes at the interface
away from the surface toward the bulk (Figure lc) at a drift
velocity, vg,

= e (3)

The results shown here specifically suggest that large values of
vy in sensitized photoelectrodes are sufficient to offset
suboptimal conditions such as poor (ill-defined) dye con-
nectivity to the surface and a high density of surface trap states.
To be clear, these data do not suggest that sensitized
photoelectrodes cannot operate with high efficiency for charge
injection in the absence of an appreciable internal electric field.
The prevalence and success of the system popularized by
O’Regan and Griitzel clearly show that high net charge injection
yields are possible at semiconductor photoelectrodes with little
or no internal electric fields. However, one interpretation of the
present work is that the inability to support large internal
electric fields limits the possible means to achieve maximum
energy conversion. In the conventional sensitized photoanodes
described by O’Regan and Gritzel, a high net collection
efficiency was obtained only with a specific set of semi-
conductor, dye, and redox couple components that collectively
featured fortuitously slow deleterious chemical/electrochemical
rates.*”® In essence, that system leveraged only chemical/
molecular aspects to achieve high net collection efficiencies.
Enormous efforts over the past two decades have been directed
at modifying one or many of the chemical components, with
little overall gains or improvement.* In fact, only recently have
sensitized systems with substantially different dyes, semi-
conductor morpholo§ies, and redox couples been able to attain
high efficiencies.>'

As described in Figure Ic, a sensitized photoelectrode that
possesses a large internal electric field (i.e., operates under
depletion conditions) can also utilize rapid carrier drift to
suppress deleterious processes. Specifically, a sufficiently large
value of vy limits the availability of holes at the photoelectrode
interface to participate in deleterious chemical/electrochemical
processes. The successful competition of carrier drift processes
with undesirable electrochemical reactions at semiconductor
photoelectrodes under strong depletion conditions underpins
the field of nonsensitized regenerative photoelectrochemistry.®’
Sweeping majority carriers away from semiconductor electrode
interfaces through carrier drift in the depletion region has been
exploited to produce nonsensitized semiconductor/liquid
heterojunctions with solar energy conversion properties that
match or exceed conventional solid state semiconductor
photovoltaics.” In the context of dye-sensitized systems, the
value and utility of internal electric fields has been less clearly
defined.

Recently, a modeling report concluded that internal electric
fields within nanostructured TiO, photoelectrodes would not
substantially augment their performance as sensitized photo-

anodes in the standard cell design.”> The findings reported here
do not contradict that work. Instead, the modeling results and
the apparent high internal quantum yields measured exper-
imentally in this work indicate that carrier drift within a
semiconductor electrode can ameliorate the operation of
sensitized systems in systems with ‘suboptimal’ rates for
relevant chemical processes. Several other groups have
postulated this beneficial feature of sensitized semiconductor
electrodes operating under depletion conditions. Most notably,
Spitler et al. utilized a model based on an Onsager treatment to
describe the influence of electric fields in the depletion region
on carrier transport.*>** Separately, Parkinson et al.%° and
Honda et al.%%” have independently reported data that show
low sensitized photocurrents at either undoped or lightly doped
planar semiconductor photoelectrodes that cannot support
large internal electric fields. The modeling performed with the
WXAMPS code in this work directly describes this phenomenon
and indicates that high net sensitization yields are achievable
when the semiconductor electrode supports an appreciable
electric field and charge carrier mobilities are above a threshold
value, consistent with both our current results and previous
reports.

Numerous modeling approaches have been used to describe
the operation of dye-sensitized cells.®*~”° The majority of these
models were not designed to describe a semiconductor
photoelectrode under depletion conditions, and many do not
provide direct chemical insight into the kinetic properties of the
system. The salient feature of the wxAMPS code used in this
work is that rather than usin§ an approach based on an
equivalent circuit modeling’®”"”* or one that assumes transport
conditions,***7>7% a4 direct, quantitative description of the
interrelation of several system parameters is possible for a
planar photoelectrode sensitized by a dye layer. The approach
taken here with wxAMPS could be further improved to address
submonolayer dye loadings, image charges,”> and possible
Frumkin corrections’” for heterogeneous rate constants. The
latter point has been previously shown to be small for
semiconductor electrodes under depletion conditions as
compared to metal electrodes, where the primary potential
drop is across the double layer in solution and can sometimes
affect the rate of charge transfer by more than an order of
magnitude.”” Irrespective, the interpretation of the data shown
here is that, if bulk optoelectronic properties such as dopant
density and charge carrier mobility are sufficiently large to
minimize deleterious ‘back’ charge transfer processes (Figure
1c), efficient sensitization does not require ultrafast (107" s)
time scales for hole transfer and/or semiconductor surfaces that
are rigorously free of surface trap states (<10 cm™) to
function. Instead, semiconductor photoelectrodes operating
under strong depletion conditions should have a high tolerance
toward both slow interfacial charge transfer rates with an
adsorbed chromophore and high populations of trap states.
More detailed studies are needed to further describe the
generality of these ‘tolerances.” Nevertheless, these simulation
results are in line with the empirical observations for sensitized
p-GaP(100).

Design Strategies for Achieving Large External
Quantum Yields from Sensitized Photocathodes in
Water. The data shown here for planar, macro-scale p-GaP
electrodes provide useful insight on design criteria for sensitized
photocathodes with high external quantum vyields and,
correspondingly, the capacity for efficient solar energy
conversion/storage. One obvious requisite feature is a higher
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total optical absorptance by the sensitizer film. A planar
photoelectrode coated by a sensitizer monolayer with an
absorption coefficient of 10° mol™' cm? can have an
absorptance value of ~0.01, representing the upper limit for
the external net quantum yield for charge injection if the
internal net quantum yield is 1. For lightly doped semi-
conductors with poor electronic properties in ‘nonoptimized’
cells (e.g, no I;7/I7, tert-butyl pyridine, N3 dye, etc.), low
internal quantum yields require a significant (>1000) increase
in total surface area to support enough dye to achieve high
external quantum yields. In contrast, for a sensitized
semiconductor under depletion conditions operating with an
internal quantum yield of 1, electrodes with an order of
magnitude smaller surface area would likewise achieve high
external quantum efficiency. A p-GaP electrode that has just 2
orders of magnitude greater surface area than that of a planar
electrode is still capable of supporting large internal electric
fields”® and could in principle support high external quantum
yields. Ultrasmall semiconductor nanoparticles (<50 nm)
provide ample surface areas but cannot typically support large
internal electric fields.”® However, alternative photoelectrode
form factors with high aspect ratios can satisfy both criteria.
Although sensitized nanowires/nanotubes in the conventional
dye-sensitized photoanode design have been explored,””™®'
sensitized high aspect ratio p-GaP photoelectrodes have yet to
be explored in the context of the work presented here.
Previously, we have demonstrated that doped thin nanowire
arrays®> and macroporous films®’ with large aspect ratios
(>10%) that support appreciable internal electric fields can
function as promising photoelectrodes for conversion of supra-
bandgap illumination with high quantum yields. An additional
advantage of high aspect ratio GaP architectures is their
excellent light-scattering properties at sub-bandgap wave-
lengths,®> an aspect that could be used to further increase the
effective light absorptance of a sensitizer coating without
sacrificing the ability to operate under depletion conditions.
A second feature required in sensitized photocathodes with
high external quantum yields for hole injection is a different/
improved surface chemistry relative to the native surface of p-
GaP(100). Three separate deficiencies in the surface chemistry
of GaP must be addressed. First, the native interface of GaP is
prone to chemical attack and degradation.** Second, the native
surface of GaP has a high density of electronic defects.*”**
Third, the typical binding mode strategies for dyes on metal
oxides like TiO, are not appropriate for the native surface of
GaP. Unlike for indium phosphide (InP),** neither native nor
thermal oxides are tenable surfaces for GaP in optoelectronic
applications. Recent results from our group suggest a possible
wet chemical surface modification strategy to circumvent these
issues. Deliberate alkylation of GaP interfaces using nucleo-
philic (Grignard) reagents has been shown to be a viable
strategy for introducing organic groups that substantially
impede chemical degradation of the surfaces of GaP and
related III-V materials.’® Further, the same alkylation
chemistry has been shown to lower substantially trap densities
at GaAs interfaces.®” Additional work is needed to determine to
what extent surface traps can be reduced at GaP surfaces.
However, the simulation results in this work suggest that only a
modest decrease in surface trap density to a level of 10'* traps
cm™ (approximately 1 trap per 1000 surface atoms) would
effect a meaningful gain in the internal quantum yield. This
benchmark is significant because significantly lower densities of
surface traps are presently unattainable for most semiconductor

materials but are not necessary for this application under
depletion conditions equivalent to those shown here. Further
work is also needed to demonstrate whether functional groups
that simultaneously passivate electronic defects (i.e., do not
involve binding through surface oxides) as well as introduce
secondary chemical handles for binding sensitizers are possible.
The attachment scheme used here with ammonium sulfide
provided a means to make measurements with persistently
adsorbed sensitizer. However, none of the data presented here
featured a dye attached to p-GaP(100) through a well-defined,
stable covalent bond. In all cases, each dye was randomly
physisorbed. A binding strategy that uses deliberate chemical
bonding has more potential for long-term stability. The
experimental data shown here for persistently adsorbed rose
bengal and the simulation results for k,,; demonstrate that
sensitization can occur without deliberately induced strong
electronic coupling, potentially widening the useful bonding
motifs that can be used to tether a sensitizer to the electrode
surface.

A final comment can be made regarding two additional
aspects in the design of sensitized photocathodes. Many of the
desirable features identified here (band edge energetics,
capacity to be doped p-type, large charge carrier mobilities)
are not specific to GaP. P-type InP has lon% been recognized as
a potential photocathode material in water.”®* However, many
other binary and ternary phosphides with the same or related
crystal structures (zincblende and chalcopyrite, respectively)
also share many of these desirable properties without including
rare earth elements such as In.”® Related phosphides like BP
and ZnGeP, have been prepared with high aspect ratio form
factors.”* Separately, this work did not focus on identifying
particular dye-redox mediator combinations. Sensitizer/redox
mediator combinations that can be used for a fuel-forming
reaction such as H'(aq) reduction to H, would enable such
sensitized photocathodes to be used for generating chemical
fuels rather than solely electricity. A recent report that describes
dissolved H, generation in water by cobalt complexes sensitized
with rhodamine B suggests such systems may be possible.”

B CONCLUSION

The cumulative experimental and modeling results shown here
illustrate an alternative design strategy for constructing dye-
sensitized photoelectrochemical systems that differ in compo-
sition, configuration, and function from existing convention in
the arena of dye-sensitized solar cells. Specifically, the present
report shows that sensitized hole injection from photoexcited
dyes is readily observed at p-type GaP photoelectrodes.
Further, when operating under depletion conditions, p-GaP
photoelectrodes support sensitization with high internal
quantum yields in aqueous electrolytes. Electrochemical
measurements and finite-difference simulations using a
modified version of the wxAMPS program showed that these
high internal quantum yield values were most likely afforded by
the internal electric fields present in the depletion region in
GaP. These fields effectively swept injected holes away from the
interface and minimized their participation in deleterious
pathways that would otherwise limit their net collection yield.
The results of these simulations defined effective benchmark
values in dopant density, charge carrier mobilities, injection rate
constants, and surface trap densities for attaining high net
internal quantum yields for hole collection. Operating dye-
sensitized systems under depletion conditions therefore
embodies a revision to the general sensitized photoelectrode
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design strategies and potentially adds new flexibility in using
sensitized photoelectrochemistry for direct solar energy storage
in chemical bonds.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information contains a detailed description of
wxAMPS boundary conditions and simulation parameters,
representative capacitance—voltage responses, external quan-
tum yield measurements with and without corrections for
solution transmittance for dye concentrations of 5 uM, external
quantum yield measurements and solution transmittance
measurements for dye concentrations of 50 M, external
quantum yield measurements of three phthalocyanine dyes,
absorptance data for the dyes shown in Figure 4, absorptance
data for rose bengal tethered to the p-GaP(100) surface and
hole injection currents into p-GaP as a function of time
throughout the addition of the O,(*A) quenchers NaN; and
histidine. This material is available free of charge via the
Internet at http://pubs.acs.org.
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