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This paper presents structural, optical, and electronic properties of Si coated with a thin epitaxial layer
of n-type BP, which serves as protective optical window. n-Si/n-BP, as well as p-Si/n-BP heterostructures
have been grown by CVD and investigated. p-Si/n-BP heterojunction photo-electrodes produce large and
stable photocurrents up to 15 mAjem? when applied in liquid junction solar cells, The origin of this
photocurrent is discussed. Impedance spectroscopy is used to obtain Mott-Schottky plots from which the
flatband potential of crystalline boron phosphide is determined. The band structure of the heterojunction
is shown to agree with the optical features. Finally, the distribution of the potential drop in the hetero-
structure is elucidated.

Introduction

The application of photo-electrochemical (PEC) cells in
the conversion of solar energy into electrical energy or fuel
has attracted widespread interest recently. Since Fujishima
and Honda [1] reported on the successful utilization of TiO,
semiconductor electrodes, much effort has been directed to-
wards improvement of the PEC solar cell materials. A wide
variety ol semiconductor electrode materials have been in-
vestigated thoroughly and detailed information about the
physics and chemistry of semiconductor/electrolyte (sc/el)
interfaces has become available,

In general there are three major drawbacks which prevent
the successful conversion of solar energy employing PEC
cell configurations. Firstly, the semiconductors that are
known to be photochemically stable all have a bandgap of
3 eV or larger. However, as the maximum of the solar spec-
trum lies at about 1.4 eV, these semiconductors are not
sensitive for a substantial part of the solar spectrum. Con-
sequently PEC cells based on the photosensitivity of these
materials can operate only with very low efficiencies. Se-
condly, semiconductors that do have a suitable bandgap of
about 1.4 eV are known to be (photo)-chemically unstable.
This instability is caused predominantly by the presence of
electron holes at the sc/el interface. If the valence band com-
prises bonding orbitals, as is frequently the case, the presence
of holes at the sc/el interface offers species in the electrolyte
the opportunity to form chemical bonds with atoms on the
semiconductor surface. When a semiconductor surface atom
has formed one or more of such bonds it is thermodynam-
ically unstable and may eventually be solvated. In several
instances, like Si, however, an insoluble and insulating oxide
layer is formed rapidly. In p-type materials an appreciable
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number of holes is present at the sc/el interface if the elec-
trode is either in the dark or illuminated. In n-type materials
holes are absent in the dark, but are generated upon irra-
diation, and subsequently drift towards the surface when
depletion exists. Thirdly, many electrolytes with fast electron
kinetics are known to be photochemically active. In addition
to absorption of solar radiation, a concomitant photochem-
ical dissociation reaction may occur if the electrolyte is ir-
radiated strongly.

In order to overcome the first and second drawbacks, the
utilization of heterojunction electrodes has been proposed.
If a wide bandgap semiconductor is deposited onto a small
bandgap substrate it may serve as a protective optical win-
dow. Both the efficiency as well as the stability can be op-
timized in such configurations. Especially metal oxides were
investigated as wide bandgap optical windows [2—4].

In Fig. 1 the large bandgap oxides that have been dis-
cussed in the Ref. [5—13] as protective window materials
on Si photoelectrodes are listed along with their conduction
band and valence band energies. The conduction and va-
lence band energy of silicon is taken from the Ref.
[11,14—~16]. As can be seen easily from this figure, the va-
lence band energies of the oxides, with the possible exception
of Fe,O,, are found far below the valence band energy of
silicon. Hence, when n-type Si is to be used as a photoanode,
the optically generated holes in n-Si are unable to drift into
the valence bands of any of these oxides. The only alternative
way for holes to cross the Si/oxide junction is recombination
with electrons from the conduction band of the oxide. This
process leaves a “hole” in the conduction band of the oxide
that can subsequently be transported towards the electro-
lyte. This conduction mechanism can occur only when an
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Fig 1

Band positions of the semiconducting oxides that have been applied
as protective window material for silicon photoelectrodes. 1TO is
an abbreviation for Indium-Tin Oxide. The zero energy level is
defined at vacuum and the H*/H; redox potential lies 4.5 ¢V below
the vacuum level

n-type window material is applied. The oxidative potential
of the photoholes is only preserved if the conduction band
of the oxide lies close to the valence band of the substrate.
If these conditions are fulfilled the heterojunction is called
type A [11]. Using n-Si as a substrate, the best type A
heterojunction photoelectrodes are n-Si/n-SnO, and n-Si/
ll-T1203.

When p-Si is used as a photocathode, the photoelectrons
in the conduction band of Si are able to cross the Si/oxide
interface in two ways. They can recombine with holes from
the valence band of the oxide. In this recombination process,
however, the photoelectrons lose all of their reductive po-~
tential. For this mechanism a p-type window material is
required. Alternatively the photoelectrons can drift into the
conduction band of the n-type oxide. In order to preserve
their optical excitation energy, a good match between the
conduction band of the substrate and the conduction band
of the window is required. These helerojunctions are de-
noted type B [11]. From Fig. 1 it can be seen that with n-
TiO,, n-ITO (indium tin oxide), and with the presently stud-
ied epitaxial boron phosphide window material n-BP, the
most promising type B heterojunction photoelectrodes
based on Si substrates can be [ormed.

Ginley, Baughman, and Butler [17] proposed the utili-
zation of degenerale mono-crystalline n-type BP as window
material on n-type Si and n-type GaAs electrodes. Their
device basically resembled a metal coated semiconductor
electrode. Hence, the band bending in the substrate material
is in principle determined entirely by the work function of
the coating material, while the electrolyte only serves as an
electrical contact between the counter elecirode and the
“metal” coated photoelectrode. They showed that the n-Si/
n-BP system was stable in a ferri-ferrocyanide redox couple.
More than 10* Q charge could be passed through their PEC
cells without a significant loss of the efficiency of the cell.
While the importance of a good bandmatch was recognized,
these authors failed to determine the flatband potential of
BP experimentally. The position of the conduction and va-
lence bands of BP were calculated from their semi-empirical

electronegativity model [18,19]. In the band diagram which
was derived from these calculations, the conduction bands
of Si and BP are at about the same energy level. Hence, a
small band bending in the Si substrate must be expected for
n-Si/n-BP structures. The photoholes which are generated
in Si are unable to drift into the valence band of BP, and
instead recombine at the Si/BP junction with electrons from
the conduction band of BP. Therefore, the electrical charge
is carried through the BP window towards the electrolyte
by its majority carriers, i.e. conduction band electrons in-
stead of (photo) holes. The recombination process al the
Si/BP junction converts the exitation energy of the photo-
hole into heat and decreases the efficiency of the cell dra-
matically.

Here we present structural, optical, and electronic pro-
perties of crystalline non-degenerate n-type boron phos-
phide protective optical windows on silicon photoelectrodes.
Both n-Si/n-BP, and p-Si/n-BP heterojunction configura-
tions have been investigated. The photoelectrochemical
properties of polycrystalline BP were elucidated in our pre-
vious study [20]. In the work of Lee at al. crystalline p-type
BP is employed as photocathode [21].

Scanning Electron Microscopy (SEM), X-ray diffraction
(XRD), and Auger depth profiling are used to determine the'
crystal structure and the stoichiometry of the composite.
The spectral photocurrent response of both conligurations
n-Si/n-BP and p-Si/n-BP is recorded from which the quan-
tum yield spectra could be derived, Impedance spectroscopy
is used to determine the space charge capacitance of BP at
depletion. the Mott-Schottky plot of C~? versus the d.c, bias
provided the donor density of the BP layers and the flatband
potential of boron phosphide, the latter parameter being of
fundamental importance in the description of sc/el inter-
faces. The quantum yield spectra, and the Mott-Schottky
behavior of the space charge capacitance provides coherent
information about the band structure of the heterojunction.
Moreover, the potential distribution in this electrode could
be derived from the impedance data. Chemical information
about the sc/el interface is obtained by variation of the pH
of indifferent electrolytes, as well as, from the PEC cell’s
photoresponse in electrolytes with active redox species.

Only when the p-Si/n-BP configurations is used light en-
ergy can be converted at current densities of 15 mA cm ™2
without deterioration of the cell characteristics for more
than 1000 hours of continuous operation.

Experimental Aspects

Epitaxial layers of BP on Si substrates were obtained by Chem-
ical Vapor Deposition (CVD) using a cold wall reactor [22]. The
silicon substrates used were in all cases (100) oriented with resistiv-
ities of about 0.1 Q cm. The n-type Si substrates were doped with
phosphorus to a donor density (Np) of 107 ¢m =% The p-type Si
substrates were doped with boron to an acceptor density (N,) of
also 10'” cm =7, Prior to deposition the silicon walers were cleaned
in acetone followed by an ultrasonic etch in ultra pure 100% HNO,
for 30 minutes. Finally, a 1 minute dip in a 5% HF solution was
applied to remove the SiO, surface layer. Between cvery step the
Si wafers were rinsed thoroughly with distilled water. Finally, the
small water drops on the Si surface were removed by spinning the
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Si pieces under a flow of ultra dry methanol. Immediately after the
HF dip, the water rinse, and the methanol spin-drying, the wafers
were placed in the furnace which was cvacuated, and subsequently
filled with purified hydrogen.

Prior to every deposition the carbon susceptor was etched under
a 5% HCI/95% H, gas mixture at a temperature of 1100°C. This
etching procedure was necessary in order to remove the previously
deposited BP from the susceptor.

The carbon susceptor was heated inductively to about 900°C
during the deposition. Evaporated BBr; and PBr; reactants were
diluted with oxygen free and dry hydrogen and fed into the {urnace
in a molecular ratio of 1 to 20. A growth rate of typically 1 to 2 pm
per hour has been achieved. Details on the CVD procedure have
been published earlicr [23].

After chemical cleaning, an ohmic contact of aluminum was pro-
vided at the back of the Si electrode which was subsequently sealed
onto a PYC holder and brought into a teflon three electrode plhoto-
electrochemical cell. A large area Pt sheet (=40 cm?) was used as
counter electrode, and a saturated calomel electrode (SCE) served
as the potential reference. As indifferent aqueous electrolytes HaSOy
(0.5 M), buffered KCI (1 M) (with NaAc/HAc (0.02 M)), and KOH
(1 M) were used.

The clectrode could be irradiated through a quartz window. A
250 W tungsten-halogen lamp, and a 450 W high pressure Xe lamp
(OSRAM XBO 450 W) were used as light sources. A Zeiss MM12
double prism monochromator and a Bausch & Lomb high intensity
grating monochromator were used in combination with Schott
high-pass filter glasses to measure the spectral photocurrent re-
sponses, The complete optical system: lamp, condenser, mono-
chromator, high-pass filter glasses, positive focusing lens, and the
quartz optical window was calibrated with a Kipp & Zonen com-
pensated thermopile CA1. With this instrument, the photon flux at
every wavelength can be obtained and this flux can be used to scale
the spectral photocurrent of the cell.

The i — V characteristics in the dark and under illumination were
recorded at low scan rates, i.e. <1 mV/s, with an Electrochemical
Interface (Solartron ECI 1286) coupled to a plotter. In order to be
able to observe the small current responsc on monochromatic it-
radiation, the light beam was mechanically chopped at 12 Hz, am-
plified by the potentiostat, and recorded with an EG & G/PAR dual
Lock-In Amplifier (model 5210).

The impedance was recorded at 40 different [requencies between
10 Hz and 65 KHz (10 frequencies per decade) using a Frequency
Response Analyzer (Solartron FRA 1260) coupled to the Electro-
chemical Interface (ECI 1286), A 10 mV amplitude sinusoidal volt-
age stimulus was superimposed on the potentiostatically controlled
d.c. bias, and the current response was detected, The d.c. bias was
stepped through the desired potential region and an impedance
spectrum was recorded at the end of every step interval, The bias
intervals were 50 mV and a staibilization time of 500 s was main-
tained before an impedance spectrum was recorded. The impedance
spectra werc recorded fully automatically by control with a personal
computer.

Results
The Electrode Composition

Chemical Vapor Deposition in a cold wall reactor with inductive
substrate heating and BBry and PBr; as reactants is a suitable
method to obtain thin monocrystalline n-type BP layers on Si sub-
strates. When (100) Si is used, the crystallographic orientation is
preserved in the BP coating, i.e. epitaxial layers are formed. X-Ray
Diffraction (XRD) conlirms the top layer to be mono-crystailine
BP and its orientation to be (100). A twinning in the epitaxial BP
layers is observed. Infrared transmission spectra with the radiation
crossing the Si as well as the BP, reveals the characteristic funda-
mental optical plonon absorption of crystalline BP at 827 cm ™!
[24]. For all samples this characteristic infrared absorption was
observed.
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Auger depth profile of a Si/BP heterostructure @ @ @ denotes
phosphorus, QOO denotes boron, and + + + denotes silicon
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Fig. 3
i-V characteristics of n-Si/n-BP photoancdes (a) and p-Si/n-BP
photocathodes (b) = dark current (i), — — — = dark plus

photocurrent (iy + ipn)

Auger profiling provided insight into the distribution of the ele-
ments in the laminar composite. In Fig, 2 the depth profile of a Si/
BP heterojunction is presented. The interfacial region is sharp, and
the stoichiometry in the bulk of either Si or BP is well defined.

The spectral photocurrent response

When the electrode is irradiated with tungsten-halogen light, 100
mW cm ™2 and the potential sweeped slowly, 1 mV/s, from 1.5
to —1.5 V vs. SCE, a photocurrent is observed, For n-Si/n-BP
heterojunctions an anodic photocurrent in the pA cm™* range sets
in at -+0.3 Volt versus SCE. For p-Si/n-BP electrodes large cathodic
photocurrents in the mA cm~? range are observed for voltages more
negative than —0.4 Volt. Here H;SO,4 (1M) is used as clectrolyte.
In Fig 3a,b the dark current (iy} and the summation of the dark
and the photocurrent (i = iy + i) are plotted as a function of the
electrode potential for both studied configurations.

The excitation spectrum of the photogenerated minority carriers
was detected by recording the photocurrent at a fixed potential,
For n-8i/n-BP the polarization was +1 V, and for p-Si/n-BP clec-
trodes, —1 V vs. SCE was used, In this experiment a completely
different behavior is observed for the two studied configurations.
n-Si/n-BP electrodes reveal an anodic photocurrent that was gen-
erated by photons with hv > 2.0 eV. p-Si/n-BP electrodes show a
cathodic photocurrent generated by photons with hv > 1.1 eV, The
excitation spectra of the two studied configurations are presented
in Fig. 4a,b. In this figure the current response is divided by the
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irradiation flux to obtain the quantum yield (QY). The quantum
yield is plotted as a function of the incident photon energy (Ey,). It
should be noted that the fixed potentials at which these spectra
were recorded are not corresponding with the maximum of the
photocurrent response. By choosing a d.c. potential at which the
dark current and the photocurrent are still low, problems due to
diffusion limitations of species in the electrolyte and problems due
to extensive H, or O, formation at the electrode surface, which
disturbs the measurements severely, could be avoided.
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Fig. 4
Quantum yield (QY) spectra for n-Si/n-BP (a), and for p-Si/n-BP
(b) configurations
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Determination of the bandgap of BP in n-Si/n-BP eclectrodes (a),
and of the bandgap of Si in p-Si/n-BP electrodes (b) from the quan-
fum yield spectra

The optical bandgap can be obtained from a plot of (QY-Ey)*
as a function of Ey,. For direct transitions, o reads 2 and for indirect,
i.e. phonon assisted transitions, o reads 1/2 [25]. As shown in
Fig. 5a,b, a linear region is found for both electrode configurations
when for « the value 1/2 is chosen, The linear region extrapolates

to an intercept with the energy axis of 2.0 ¢V for the case of n-Si/
n-BP, and 1.1 eV in case of p-Si/n-BP.

The Flatband Potential of Boron Phosphide

To determine the positions of the conduction band and the va-
lence band of BP, impedance spectra at different d.c. electrode po-
tentials were recorded. In order to obtain impedance data from the
window material only, the interface between Si and BP was shunted.
Two Al ohmic contacts were provided symmetrically on the surface
of the BP window by thermal evaporation at 10~% mbar pressure.

After a subsequent anneal at 450°C for 30 minutes, a gold layer
was sputtered on the Al and on the back side of the Si. The gold
layers made contact and hence shunted the Si/BP interfacial region.
In Fig. 6a the electrode configuration is presented.
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Fig. 6
The electrode configuration with a shunted substrate (a) and with
the electrical path through the complete heterojunction (b)
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Fig. 7
The equivalent circuits used to model the impedance of shunted

substrate electrodes (a) and the impedance of heterostructure elec-
trodes (b)

The impedance spectra were recorded in the indifferent electro-
lytes, HaSO, (0,5 M), KCI ({ M) + HAc (0.02 M) 4+ NaAc (0.02 M),
and KOH (1 M). The impedance spectra of the shunted substrate
electrodes could be fitted to a simple cquivalent circuit comprising
an ohmic loss resistance, R,, coupled in series to a parallel com-
bination of a Faradaic charge transfer resistance Ry, the space
charge capacitance C,, and a series RC surface recombination
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Mott-Schottky plot of C~? versus electrode potential for a shunted
substrate electrode recorded in the dark with KOH (1 M) as clec-
trolyte. When measured through the complete heterojunction, iden-
tical MS-plots were obtained. The surface arca of the electrodes
was 7 mm?

branch. Fig. 7a depicts this cquivalent circuit. For a few samples
the accuracy of the fit could be improved by using the non-Debye
“Q-element” in stead of a true space charge capacitance. The im-
pedance of this element is Zy = Q™' (jw)™* The value of o was in
all cases larger than 0.9 which makes it is permissible to regard the
Q-element as a slightly disturbed capacitance. The used non-linear
least squares fitting program, “Equivalent Circuit” was developed
by Dr. B. Boukamp at the Technical University of Twente in The
Netherlands and kindly put at our disposal. From the C,, values
as a function of bias, the Mott-Schottky (MS) plots of (C.) ™2 versus
d.c. bias, V, were constructed. As shown in Fig. 8, linear MS-plots
were obtained. The applied experimental technique does not allow
a frequency dependence in any of the circuit elements. The extra-
polated bias intercept, ¥, was identical for both electrode config-
urations and read —0.55+4/—0,05V vs. SCE in the buffered KCl
electrolyte. The potential axis intercept is observed to shilt
—60+/—5 mV at unit pH increment over the full pH range of 0
to 14. The slope of the MS-plot was positive concordant with an
effective donor density Np ~ Ny of about 5- 10" em =3 for all studied
samples.

Impedance spectra were also recorded through the complete he-
terojunction. As shown in Fig. 6b an ohmic contact was provided
on the back side of the Si in these experiments. The cquivalent
circuit that could be used to model the small signal a.c. response
of the system n-Si/n-BP heterojunction photoelectrodes in indiffe-
rent electrolytes was similar to the equivalent circuit of the shunted
substrates extended with an additional parallel RC network, In
Fig. 7b this equivalent circuit is presented. Despite of the complex-
ity of this equivalent circuit, one of the capacitances could be related
to the space charge capacitance of BP at the BP/electrolyte inter-
face. Also for this heterostructure lincar and [requency independent
Mott-Schottky plots were obtained in KCl and KOH electrolytes.
From the slopes an effective donor density Np— N, of about
5% 10" em~3 was derived, which is in agreement with the value
found in the shunted substrate experiments. The potential axis in-
tercept ¥, was identical to the Mott-Schottky intercept as found in
the previously described experiments on the shunted substrates. The
clements of the additional RC nctwork, R; and C; were observed
to be nearly independent of the applied d.c. bias. R; was about 5 Q
em? and C; varied between 0.2 to 0.3 uF e¢m ~2 for the different
studied samples.

The Stabilization Efficacy

In order to determine the protective efficacy of the thin BP win-
dows, a p-Si/n-BP sample was placed in a H,SOy (1 M) electrolyte,

biased with —2 V (no reference electrode was used), and irradiated
with 100 mW cm~? tungsten-halogen light, A bias of —2 V cor-
responds with an electrode potential of approximately —1.5 V vs.
SCE. A photocurrent of about 10 mA ecm™? was observed, This
photocurrent was stable over 1000 hours of continuous operation.
After this period the experiment was terminated. The BP surface
that had contacted the electrolyte had a black, somewhat rough
appearance. With Scanning Electron Microscopy the presence of a
rough surface layer was observed indeed. X-ray diffraction unam-
biguously characterized this surface layer to be polycrystalline hex-
agonal B,O;. It must be noted that during the 1000 hours of op-
eration the photocurrent was stable, or in fact showed even a slight
tendency to increase. Hence the B,O; layer is probably both trans-
parent and conducting.

Discussion
Epitaxi of BP on Si

Epitaxial layers of BP can be grown on (100) Si substrates
by CVD. The large difference between the lattice parameters
of Si and BP, together with the difference in thermal expan-
sion induces stress in the interfacial region. This stress, how-
ever, is relaxed by twinning of the BP lattice in a small
interfacial region [26]. Both the crystallographic orientation
as the twinning is observed by XRD.

Despite the high deposition temperature of about 900°C,
the diffusion of Si into the BP layer, and of B or P into the
Si substrate is limited to a small (nanometer) interfacial re-
gion.

The Spectral Photocurrent Response

Heterojunction electrodes comprising n-Si/n-BP produce
small anodic photocurrents when irradiated with high en-
ergetic photons, i.e. E,, > 2,0 eV. Obviously this photo-
current is generated only in the window material n-BP and
not in the n-Si substrate. Apparently holes created in the Si
are unable to reach the BP/electrolyte interface. Hence an-
nihilation of the photoholes by conduction band electrons
of Si must occur at the n-Si/n-BP interface.

Configurations comprising p-Si/n-BP electrodes produce
large cathodic photocurrents when irradiated with low en-
ergetic photons, i.e. E,, > 1.1 eV. Here the photogenerated
electrons in Si do cross the Si/BP interface and reach the
electrolyte to drive a reduction reaction there. For Ej, >
2.0 eV, photoholes are generated in BP in addition to the
photoelectrons in Si. The photoholes in BP, however, are
so few in number with respect to the numerous conduction
band electrons, that recombination is likely to take place
before they reach the electrolyte.

The band structure of the Si/BP heterojunction prevents
Si holes to cross the SI/BP junction, but does make it pos-
sible for conduction band electrons of Si to cross the window
and reach the electrolyte.

The Flatband Potential and the Barrier Height of the
Si/BP Junction

From MS-plots the energy band structure of a semicon-
ductor can be elucidated. The flatband potential (Vy,) is re-
lated to the intercept of linear MS-plots with the potential
axis (V). If the Helmholtz capacitance is large with respect
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to the space charge capacitance, and if abundant charge
accumulation in surface states is absent; V= Vy—kT/e
[27]. For crystalline CVD layers of (100) oriented BP, the
flatband potential reads —0.55 V vs. SCE at pH = 4.6, and
is observed to show a Nernstian ~60 mV/pH dependence.
The point of zero charge (PZC) of BP was determined with
the method proposed by Ginley et al. [28], and lies at pH
= 6.4. The energy difference between the conduction band
of n-BP and the Fermi level was determined {rom the ther-
moelectric behavior of n-BP and was found to be about 0.05
eV [29]. Hence, the energy of the conduction band and the
valence band of crystalline BP is determined on the absolute
energy scale, i.e., versus vacuum.

E.(BP) = (+0.32 +0.06-pH) eV vs. SCE
E,(BP) = (—1.68 + 0.06-pH) eV vs. SCE
Experimental accuracy ~ 0.05 eV

PZC (BP) lies at pH = 6.4

SCE =~ 4.75 eV below vacuum level

The position of the conduction and valence band of rough
polycrystalline BP layers is determined in our previous
study [20]. Only a relative small difference of 0.26 eV be~
tween the bands of the presently studied crystalline BP and
the polycrystalline samples of our previous study appears
to exist.

Silicon is known to have a conduction band energy of
about + 0.7 eV vs. SCE and a valence band at —0.4 eV vs.

n-Si n-BP
o
- Pt ey +
W —H7H,
® —0H70,
p-Si n-BP

_____________ Cad
—H7H,

—0H70,

[

Fig. 9

Band structure of n-Si/n-BP and p-Si/n-BP heterojunction photo-
electrodes. The redox potentials of H*/H,; and OH~/0, are 4.5
respectively 5.73 eV below vacuum level

SCE. Therefore, the conduction band of Si matches excel-
lently with the conduction band of BP allowing conduction
band electrons to pass easily through the Si/BP junction.
However, the valence bands of Si and BP differ considerably.
Valence band holes in Si faces a 0.9 eV potential barrier at
the Si/BP junction and recombine with electrons instead of
crossing. In Fig. 9 the band structures of the n-Si/n-BP, and
p-Si/n-BP heterojunction configurations are presented. In
this Fig, Anderson’s approach [30], in which the band bend-
ing at the heterojunction interface is simply derived from
the bulk properties of both materials, is followed.

The Potential Distribution

When measured through the heterojunction device, the
space charge capacitance of BP at the BP/electrolyte junc-
tion is observed to have the same potential dependence as
measured with front contacts on the BP window, and a
shunted Si substrate. Also no differences were detected be-
tween the Mott-Schottky behavior of either n-Si/n-BP or
p-Si/n-BP heterojunctions. Apparently the externally ap-
plied potential difference falls across the depletion region of
BP at the BP/electrolyte interface, and not across any other
region in the heterojunction electrode. This is especially true
for the Si/BP interfacial region. Externally applied potentials
do not drop at the Si/BP interfacial region, and hence do
not influence the band bending of Si or BP there. In unil-
luminated heterojunction electrodes the electrons are in
equilibrium at every cell potential. In other words, the Fermi
level lies at the same energy level (is horizontal) throughout
the heterojunction photoelectrode at given electrode poten-
tial. When the electrode potential is changed by means of
an externally applied potential or by addition of a redox
couple to the electrolyte, an additional electric field is cre-
ated in the space charge region of BP at the BP/electrolyte
interface. The electric field at the Si/BP junction, however,
is not influenced by external applied potential differences.
In Fig. 10 the influence of an externally applied bias on the
band bending in a BP window on Si substrates is presented.

n-BP

n-BP

n-BP

p-Si p-Si

p-Si

depletion flat-band accumulation

Fig. 10

The influence of an externally applied potential on the band bend-
ing in p-Si/n-BP electrodes. Depletion at an anodic bias, the flat-
band situation, and accumulation at cathodic bias

The extension in the equivalent circuit which occur when
measured through the heterostructure must be attributed to
the Si/BP interface. Since R;is much smaller than Ry, the
quantitative accuracy of the fit results is rather poor for both
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R; and C;. Despite of this, however, our notion that the
potential drop occurs primarily at the BP/electrolyte inter-
face is supported by the observation of the parallel R;-C;
circuit. The d.c. potential drop is distributed as follows: a
portion Rg/(Rp + R;) falls across the depletion layer in BP
at the BP/electrolyte interface, and a portion R;/(Rp + Ry)
across the Si/BP junction. Although Ry depends strongly
on the electrode potential, it never reduces below 1 K Q
em™2, while R; reads about 5 Q cm™2 Consequently, the
portion of the potential drop that occurs at the Si/BP in-
terface is negligible for every electrode potential. As a result
of this C;, being the space charge capacitance of Si, is un-
affected by an externally applied bias. Its magnitude is fixed,
and so is the band bending of Si. The constant value of C;
corresponds with a constant bending of the bands in Si at
the Si/BP interface of 0.5+4/~0.2 Volt.

Photoelectrochemical Energy Cenversion with Si/BP
Electrodes

From the durability test of p-Si/n-BP photoelectrodes in
H,SO, it is observed that this electrode sustains large pho-
tocurrents even at unfavorable circumstances such as high
irradiation intensities, large cathodic bias, and an indifferent
electrolyte. During the full test more than 30,000 Q cm~?
charge passed through the device which means that for every
atom present in the thin coating, B or P, more than 40,000
electrons crossed the window. Qbviously the device is ex-
tremely stable with regard to the photocurrent for photo-
cathodic processes in H,SO,.

The observation that a polycrystalline hexagonal B,O,

layer is formed on the BP surface in acidic electrolytes needs
further investigation. We assume that phoshorus is reduced
at the surface and solvates as a phosphate. The formation
of B,0; finally prevents the continuation of this process
because it inhibits phoshorus diffusion. Consequently the
degradation of the surface stops after the formation of a
certain amount of B,O; The mechanism of the formation
of B,O; is presently under study.
The p-Si/n-BP electrode must be biased negative vs. SCE in
order to reduce the band bending in BP. Only when the
potential barrier for the conduction band electrons in BP is
absent or small, a cathodic reduction reaction can occur.
This necessary negative bias can be provided by a suitable
redox electrolyte. A redox couple of V2*/V3* was prepared
following the description of Heller et al. [31]. The redox
potential was —0.35 V vs. SCE at properly de-airated elec-
trolytes. Despite the large optical absorption of this electro-
lyte, a maximum short circuit photocurrent, i, of 15 mA
cm 2 could be reached with 80 mW cm ™2 irradiation power.
The open circuit potential, ¥,,, was about 0.5 V and the fill
factor, #, about 0.5. The maximal gained power at 80 mW
em 2 irradiation power equals (V X Dyax = #{(Voe +ise) =
3.75 mW cm~? which yields a conversion efficiency of tung-
sten-halogen light of 4 to 5%.

In this heterojunction liquid junction solar cell the ca-
thodic photocurrent is generated in the p-type Si substrate
and is involved in the reduction of V**, ie. V¥* + e~ —

V2+, at the BP/electrolyte interface. The open circuit poten-
tial is determined by the band bending in Si and not by the
band bending in BP. The former is determined by the dif-
ference in the Fermi level between p-Si and n-BP which
amounts to about 0.8 V. The latter, however, is determined
by the difference between the Fermi level in n-BP and the
redox potential of the V2*/V** couple. This couple has a
redox potential of about —0.35 V vs. SCE which is equal
to the Fermi level in n-BP. Consequently, the band bending
of n-BP is about zero in a V**/V3* couple.

Conclusions

The utilization of large bandgap semiconductors as pro-
tective optical windows on small bandgap photoelectrodes
can stabilize the PEC-cell’s performance satisfactory. In or-
der to achieve an efficient solar cell, the following four con-
ditions must be fulfilled in such configurations.

(a) In order to be optically transparent, the window ma-
terial must possess a significantly larger bandgap than the
substrate semiconductor. (b) The window material must
have a high conductivity in order to avoid ohmic losses in
the cell. (c) If the substrate material is chosen to be p-type
and the window material to be n-type (type B electrodes),
holes are never present at the sc/el interface which ensures
a durable cell operation. In the dark the n-type window
inhibits the holes from the p-substrate to flow towards the
surface, Upon irradiation, the minority photoholes from the
window are annihilated by the photoelectrons from the sub-
strate, (d) A p-substrate/n-window configuration can only
be conductive for the photo-electrons if a good bandmatch
between the conduction bands of the two materials is pres-
ent.

All four requirements are fulfilled in a p-Si/n-BP hetero-
junction configuration. The externally applied potential
drop falls across the depletion layer of BP at the BP/elec-
trolyte interface. Hence a strong reductive electrolyte can by
used to reduce the band bending in the BP window, and
makes it possible for photoelectrons to drift into the liquid
phase, Employing p-Si/n-BP heterojunction photoelec-
trodes in liquid junction solar cells can lead to durable and
efficient solar energy conversion.
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