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Interface of n-type WSe, photoanodes in aqueous solution. II. Photoelectrochemical properties
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This paper is devoted to the study of the photoelectrochemical properties of the polyiodide
solution/WSe, interface. Cleaved, scratched cleaved, and stepped uncleaved surfaces were used in the
experiments. The photocurrent was strongly dependent on the surface conditions. Cleaved surfaces had
a high photocurrent with an abnormal decrease for short wavelengths. A model based on both the re-
sults of the electrical studies given in the preceding paper and those of optical transmission measure-
ments and atomic force microscopy is proposed and allows us to understand this behavior. Finally, the
yield of the photoelectrochemical cells was measured; it was observed that the yield of stepped surfaces

can be increased by oxidizing the surface.

I. INTRODUCTION

This paper mainly deals with the optical and pho-
toelectrochemical (PEC) properties of the polyiodide
electrolyte/WSe, interface.

In Sec. II, we report measurements of the photocurrent
and optical transmission versus the wavelength below the
fundamental absorption edge. Atomic force microscopy
was also used to image surface defects. Cleaved,
scratched cleaved, and stepped uncleaved surfaces were
investigated. A simple model is proposed to describe the
behavior of the photocurrent whatever the surface state
may be.

In Sec. I11, the conversion efficiency of the PEC cells is
discussed in relation to the state of the surface. A treat-
ment is proposed to improve the yield in case of stepped
surfaces.

II. MONOCHROMATIC PHOTOCURRENTS

The photocurrent versus the wavelength was measured
for various electrodes dived in the polyiodide
(2MKI+5X1073*M1,) aqueous electrolyte. Measure-
ments were performed under potentiostatic conditions in
a three-electrode electrochemical cell. All the spectra
were recorded under a reverse potential Vgc,5cg =0.3 V,
i.e., a surface potential of 0.8 V in the semiconductor,!
where SC denotes semiconductor and SCE denotes stan-
dard calomel electrode. The electrode was illuminated
through a quartz window, in the cell wall, using a 150-W
tungsten iodine lamp as a light source and a monochro-
mator (Oriel, model 7240) followed by a 590-nm cut-on
filter (MTO Photovex). The light intensity was measured
with a radiometer photometer (EG&G, model 550). Ac-
curate measurements were performed by attaching a dia-
phragm to the head detector. The diaphragm was select-
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ed to have the same area as the electrode, i.e., 0.05 cm?2.
The photocurrent was measured with a lock-in amplifier
working at 20 Hz.

In Fig. 1, typical spectra corresponding to an un-
cleaved, cleaved, and scratched cleaved surface are
shown. The highest photocurrent is obtained for a
cleaved surface nearly free of defects. However, the pho-
tocurrent has an unusual behavior; it decreases for short
wavelengths. Electrodes with a large amount of defects
on the surface have a photocurrent which increases weak-
ly as the wavelength decreases and reaches a plateau at
short wavelengths.

Similar behaviors were obtained by various authors in
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FIG. 1. Typical photocurrents vs the wavelength A for three
different states of the surface; the inset shows the absorbance vs
A. The photocurrent in the hatched zones is related to the oxi-
dation process. Hatched zones are guides for the eyes and do
not correspond to an exact calculation. Spectra have been
corrected for the solution absorbance.
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studying photocurrent with the same material’>~® or oth-

er layered type semiconductors such as MoSeZi’8 InSe,’

In the simple Gartner’s model, the photocurrent at a
wavelength A=cv ! is expressed as'®
qP

Iy==S |1

e —aW

 1+al,

b (1)

where a, W, and Lp are, respectively, the absorption
coefficient, the depletion width, and the diffusion length,
@, is the incident power (W m™2), and S the sample area.
In the following we note K ,,=qg®,/hv. Recombina-
tions inside the depletion zone are neglected in Gartner’s
model. This hypothesis is well verified for a high reverse
potential, i.e., a high electric field near the surface, lead-
ing to a very short transit time smaller than the carrier
lifetime.

As the wavelength decreases, the absorption coefficient
a increases. Most of the photons are then absorbed
within a region smaller than the diffusion length Lp, and
the photocurrent reaches a limit. The photocurrent of
electrodes with a large amount of defects seems to follow
this behavior, whereas Gartner’s law is not well suited to
describe the photocurrent of cleaved electrodes. In par-
ticular it is unable to describe why the photocurrent falls
down at about 750 nm. Comparing curves a and b in Fig.
1 suggests that the steps still present on cleaved surfaces
are responsible for this situation.

Interference patterns of the optical transmission below
the fundamental absorption show that steps are still
present on large cleaved surfaces. A typical transmission
spectrum of a cleaved electrode is given in Fig. 2. Beside
the usual interferences due to the difference of refractive
indexes between the material and the air, a modulation of
the interference amplitudes is observed. Below the fun-
damental absorption, in the case of a weak absorption,
the transmission T versus the wavelength A is usually well
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FIG. 2. Experimental and calculated transmission spectra
below the fundamental absorption edge for various heights of
the step.

BOUREZG, COUTURIER, SALARDENNE, DOUMERC, AND LEVY 46

described by the following formulas:!'
_ 16n3n’a
1+a’—2acos(4mnt /A)

T(A) a=-exp( —4mkt /L) .

(2)

n and k are the real and imaginary parts of the complex
refractive index of the material, respectively, ¢ is the
thickness of the sample, and n is the air index.

Minima and maxima of the transmission depend on the
thickness of the sample. In presence of steps the thick-
ness is no longer a constant, thus Eq. (2) has to be
modified to take into account this particular situation.
From a coarse point of view, we can expect some strange
behaviors when the height of the steps and the wave-
length A are of the same order of magnitude.

Assuming a rather simple model of an electrode with a
single step of height A, the transmission 7'(A) can now be
written as

)= S 16n3n’a
S 1+a’—2acos(4mnt /A)
S, 16n3n’a

— 3 . (3)
S 1+4+a*—2acos[4mn(t +h)/A]
S is the total area of the electrode and it is divided into
two areas S, and S, with S =S, +S,. In Fig. 2, calculat-
ed spectra using Eq. (3) are plotted for four values of the
height h. In our calculation, we used k£ =0.015 and
no=3.12 For instance, taking # =500 nm—1 pm in Eq.
(3) gives a relatively good fit for the experimental spec-
trum in Fig. 2.

Of course, the actual situation is more complicated.
There is not a single step with a height 4 but a large step
height distribution. This has been clearly observed by
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FIG. 3. Scan of a cleaved WSe, surface obtained by atomic
force microscopy.
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atomic force microscopy. Figure 3 shows a typical scan
(3 umX3 um) of a cleaved surface; steps with various
heights are the sole defects encountered.

Experimentally, the influence of the steps on the shape
of the photocurrent versus the wavelength is evidenced in
Fig. 4. In this figure, the photocurrents measured for
various wavelengths are plotted for several preparation
conditions of the WSe, surface. The photocurrent of a
freshly cleaved surface is taken as reference. We observe
a decrease of the photocurrent at short wavelengths for
scratched surfaces. Oxidation of the surface cancels this
decrease and thus neutralizes the step effect and even
enhances the photocurrent obtained for freshly cleaved
surfaces.

Consequently, Gartner’s model has to be modified to
take into account the effect of steps. For this purpose, we
assume an electrode of area S with only one step of height
h (see Fig. 5). From electrical measurements we know
that equipotentials are strongly modified near a step,’
thus the surface of the electrode is divided into three
parts noted I, II, and III which have respectively S, S,,
and S; as areas. In parts I and II, the potential drop is
unperturbed by the step (the electric field has its max-
imum close to the surface) whereas in part III the electric
field is very weak as mentioned in the preceding paper.
Holes which are generated in the parts I and II are nor-
mally collected at the surface and they react with I~
anions to form I,. In these regions, the photocurrent fol-
lows Gartner’s law:

e —aW

1_.___._._
1+aLp

I, =K ,,(5,+85,) 4)

Because the electric field is very weak in part III, the
diffusion takes place along the layers where the diffusion
coefficient is higher but most of the carriers generated in
this region within a depth s are recombined. Moreover,
the holes reaching the surface || to the c axis are probably
trapped by the surface defects. Consequently, carriers

1.5} b
\
*\‘\ [c]
"
"
1S
by, R
Lo ==TT--o==< - T :%}3:532—‘0:-—
~ fal .-~
2 pes
7 S
0.5F [a] scratched cleaved
- [b] +oxidation (48h at 40°C)
[c] +oxidation (144h at 40°C)
0.0 X . . . ) )
400 500 600 700 800 900 1000

A(nm)

FIG. 4. Ratio for various wavelengths of the photocurrent
for several treatments vs the photocurrent measured for a fresh-
ly cleaved surface.
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FIG. 5. Sketch of the surface near a step used in Eq. (5) to
calculate the theoretical photocurrent.

generated in the volume AS; are lost for the photo-
current. However, the situation is different for carriers
generated at a depth larger than the height A of the step.
In parts I and III the hole concentrations are very weak,
in particular in the depletion zone, so there is a large gra-
dient of concentration along the layers. Due to the high
value of the diffusion coefficient in the layers the holes
which are generated in part III can reach parts I and II;
then they contribute to the photocurrent. The total pho-
tocurrent can be coarsely written as

Iy =T oy 15

with
e—aW
Ion =K (,)($1+5;) l—ﬁa—Lp ’
IphZZK(V)S3(e*ah_e—a(h-f—W)) , (5)
alL
—alh +W) P
Tons=KSs |e 1+aL,

The first term I, stands for the photocurrent generated
in parts I and II whereas I, and I, are issued from
part III. I, is the photocurrent due to the carriers gen-
erated between the depths h and h + W, I3 for those
generated below the depth 2 + W.

In Fig. 6, plots of Eq. (4) as a function of height A of
the step are given for a particular value of
S3/(8;+8,)=15. These calculations use a depletion
width W =200 nm corresponding to a reverse bias
Vsc/sce=0.3 V, a diffusion length L, =2 um, and a sim-
ple square power law for the absorption coefficient
ax<(hv—E, )2/hv, because the fundamental absorption
is due to mdlrect transitions involving phonon absorp-
tion.!> 14 This  was confrmed by  plotting
(nhv)'/?« (ahv)'? versus the photon energy hv, as
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FIG. 6. Calculated photocurrents vs the wavelength A for
various heights 4 of the step.

shown in Fig. 7; n=1;, /(Sq¢,/hv) is the quantum yield
and ¢, the incident power per unit of area. An energy
gap E, of 1.27 eV was found, a value which is in good
agreement with the other values encountered for this ma-
terial.'# 1’

The diffusion length of minority carriers was measured
for a cleaved surface by plotting In[1/(1—%)] vs
(V——Vﬂ,)l/2 at a constant wavelength, as suggested by
Eq. (1), where ¥V, is the built-in potential. In this plot,
the y-axis intercept gives In(1+aL,), thus L, may be ob-
tained if the absorption coefficient a is known. A value
of a is given by the slope of the plot so long as the donor
concentration N, is known; here N;~3.5X 10" ¢cm™3
was measured by the Hall effect and also by C-V charac-
teristics.! In this manner, we obtain Lp ~2 um at A=750
nm (see Fig. 8). This value is in agreement with values
already measured in this material.!* 6

However, in the presence of steps, the determination of
L, by Eq. (1) is of course a rather coarse approximation,
because only a part ¢; of the incident light ¢, is active.
As a consequence we measure an apparent value L,
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FIG. 7. Normalized quantum yield as a function of the pho-
ton energy hv, the x-axis intercept gives the absorption edge E,.
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FIG. 8. Determination of the diffusion length L, of minority
carriers for two wavelengths by using the Gértner’s model.

smaller than the true value L,. We have so far neglected
the reflectivity, which is about 35% in the energy range
of our concern.!” Taking this correction into account, Lp
would be 2.4 um.

As shown in Fig. 6, Eq. (5) can describe all the experi-
mental results, in particular the case of electrodes with a
large amount of defects. For these electrodes, the surface
is very stepped and the mean height 4 can be higher than
a”!, so most of the carriers generated in part III do not
contribute to the photocurrent; that is the reason why the
photocurrent is so weak.

Experimental photocurrents exhibit a shoulder on the
short-wavelength part (see Fig. 1). This effect is not pre-
dicted by our simple model, but we know from results
presented in Fig. 4 that this is related to the oxidation
process. The oxidation tends to decrease the step-
electrolyte conductance! and thus to restore a normal po-
tential distribution near a step; consequently, the photo-
current increases.

III. PHOTOELECTROCHEMICAL EFFICIENCY

The last section of this paper is devoted to the PEC
efficiency and its relation to the state of the surface.

In these experiments the electrodes were illuminated
by a 150-W tungsten lamp. A water filter was set be-
tween the lamp and the three-electrode cell.

As shown in Fig. 9(a), for a cleaved electrode, the
current under illumination does not depend on the re-
verse potential for Vgc,5cg=0.1 V, it reaches ~27
mA cm 2. For large potentials, the depletion width W
becomes larger than the penetration length of the light
(~a™ "), thus in Eq. (5) the term e —a¥_,1 and the photo-
current develop a plateau. For small potentials V¢ scg>
the electric field in the depletion region becomes smaller
and the recombination through this region can no longer
be neglected, thus the photocurrent decreases; this behav-
ior is not taken into account in Gértner’s model. The
photocurrent-photopotential characteristic of such an
electrode is given in Fig. 9(b).

For a scratched cleaved surface the dark current is in-
creased and the photocurrent is strongly reduced. The
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& .0.15F S creasing the reverse current and thus ir}crea§ing the
'E 2 efficiency, probably by the formation of a thin oxide layer
© 2 on the surface || to the c axis. However, the oxidation
< 0.00 =10 process has a limit and it is difficult to completely cancel
£ g the dark reverse current [see Fig. 9(a)].
~ 4+0.15 115 All these results may be compared with those of the
= '_§| preceding paper where admittance spectroscopy measure-
S 1030 £ 130 ments of electrodes || to the ¢ axis have clearly shown
™ that the electronic transfers occurring at these surfaces
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FIG. 9. (a) Dark currents and (b) photocurrent-photovoltage
characteristics for a cleaved surface ( «—— ) and a scratched
cleaved surface (x»—x-x) followed by an oxidation at 40 °C under
atmosphere during 48 h (- — =) and 90 h (-«---). In (a), the
current under illumination for a cleaved surface is in dotted
lines. The sweep rate is 1 mV s~ !, the potential ¥ in (a) is refer-
enced to the SCE.

photocurrent-photopotential characteristic of this elec-
trode is given in Fig. 9(b). However, it is possible to im-
prove the efficiency of these electrodes by an oxidation of
the surface. We tried only oxidation at 40 °C under an at-
mosphere.

Results of this treatment are shown in Fig. 9(a), where
the dark current versus Vgc,scp is plotted for various
times of oxidation. The treatment has the effect of de-

(see curve b in Fig. 5 of the preceding paper).

IV. CONCLUSION

The monochromatic photocurrents have been studied
in relation to the state of the surface. For stepped sur-
faces the photocurrent is weak but it seems to follow the
simple Gartner model. The photocurrent of cleaved sur-
faces has an unusual behavior; it decreases at short wave-
lengths. Cleaved surfaces may still present steps which
are clearly observed by atomic force microscopy and by
optical transmission. The photocurrent begins to de-
crease when the inverse of the absorption coefficient is of
the same order of magnitude as the height A of the step.
Due to the weak value of the conductance of the step-
electrolyte interface and to the WSe, conductivity anisot-
ropy a large area S; near the step can be considered as
short-circuited. The photons which are absorbed in the
hS; volume do not contribute to the photocurrent.

Finally, we report measurements of the photoelectro-
chemical efficiency for various electrodes. Stepped elec-
trodes have a weak efficiency compared to cleaved elec-
trodes. However, we have shown that it is possible in the
case of stepped surface to increase this efficiency by oxi-
dation of the surface. The formation of a thin oxide layer
on surfaces || to the c axis allows one to reduce the re-
verse dark current and thus to improve the characteris-
tics of the device.
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FIG. 3. Scan of a cleaved WSe, surface obtained by atomic
force microsco py.



