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Abstract

A room temperature chemical synthesis of HgCr,S, films has been carried out using controlled precipitation method. The films were polycrys-
talline and exhibited p-type electrical conductivity. HgCr, S, films were found to be photoactive in KI solution. The PEC studies of these films
have been carried out using /-V, output characteristics, spectral, speed, transient response and C-V characteristics.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

It is noticed that there are very few p-type photocathodes
such as HgCr,Seq, CdCrySe; and CulnS;, CulnSe; [1-3] that
have been reported as compared to the large number of n-
type ferromagnetic spinel semiconductors (FSS) photoanodes
for photoelectrochemical (PEC) cells [4,5]. HgCr2S4 is one of
the important semiconductors with an insulating structure [6]. It
shows anomalous optical effects with unusual magnetic behav-
ior [7,8] attributed to the abnormal behavior of Hg. Recently, lot
of attention has been received on this material due to its strong
magneto-optical effects [9—11]. Due to simultaneous existence
of ferromagnetism and semiconductivity in the same material
offers many possibilities for novel devices and potential appli-
cations in a wide spectrum of electronics and optoelectronics
[12-16]. Literature survey reveals that no p-type HgCr2S4 FSS
film electrode has been reported till date in photoelectrode
cell. Therefore, in this paper, we report the synthesis of p-type
HgCr;S4 film electrode onto fluorine-doped-tin-oxide (FTO)
substrates at ambient temperature. We studied PEC properties
in potassium iodide electrolyte, which may enable capability of
ambient temperature fabrication of p—n junction diode using a
CdSe film for the n-layer.
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2. Experimental

All AR grade (Aldrich) chemicals were used while HgCr,S4
film electrode synthesis. For the deposition of HgCr,S4 thin
films, required amount of 0.1 M (10mL) mercury chloride
(HgCl,) solution was mixed with 0.1 M (20mL) chromic acid
(CrO3) solution in a glass beaker followed by 0.1 M (10mL)
disodium salt of ethylenediamine-tetraacetic acid (Na;EDTA)
solution. The pH of the bath (~10 % 0.2) was kept constant by
adding aqueous 25% ammonia solution. To this, under constant
stirring, 0.1 M (30 mL) thiourea [(NH»>),CS] solution was added.
The deposition was started by dipping the substrates (glass and
FTO) in an alkaline bath maintained at 65 °C using controlled
digital water bath for the period of 60 min. After the deposition,
the substrates were taken out, rinsed with the double distilled
water, dried and preserved in an airtight dark container.

Thickness of crystalline HgCr,S4 film electrode was mea-
sured by ellipsometry after standardization with Si single crys-
tal using 630nm monochromatic light source. As-deposited
HgCr,S4 film electrode of thickness 314 nm was examined from
X-ray diffraction pattern (XRD) recorded from Philips PW-1710
in the range of scanning angles 10-80° with Cu Ka radia-
tion (1.5406 A) and step size of 0.05°, and scanning electron
microscopy (SEM) (JEOL JSI-220) for its crystal structure and
surface morphology. For the PEC performance, HgCr,S4 film
electrode onto FTO substrates was preferred. All photoelectro-
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chemical experiments were made using 1 M potassium iodide
electrolyte, which is assumed to be an efficient hole scavenger.
The distance between working electrode and counter electrode
was 0.5 cm. Photocurrent—voltage curves were measured under
80 mW/cm? light illumination intensity. The spectral response
of the PEC cell was recorded with monochromator in the wave-
length range of 350-950 nm. The speed response of the cell was
recorded as a rise and decay of photocurrent with time. Transient
photoresponse of the cell was used to calculate decay constant.
Capacitance—voltage (C-V) characteristics of the cell in terms of
Mott—Schottky plot was used to determine the flat band poten-
tial (Vip) of HgCr2S4 electrode using saturated calomel electrode
(SCE) as a reference electrode.

3. Results and discussion
3.1. Crystal structure and surface morphology

Fig. 1 shows the X-ray powder diffraction pattern of the as-
deposited film electrode onto glass substrate. The halo is due to
the glass substrate. This halo peak position (15-35°) does not
correspond to any peaks of the crystalline phase. XRD pattern
shows remarkable textured growth structure along [2 2 0] direc-
tion, as evidenced by JCPDS data file card [27-0316] in addition
to few other minor peaks viz. (311),(331),(422)and (511).
There was good matching between observed, calculated, and
standard interplanar spacing (d) values suggesting the forma-
tion of HgCr,S4. Fig. 2 shows the scanning electron micrograph
(SEM) image of HgCr»S4 film electrode onto glass substrate. Itis
very easy to see under high magnification image, uniform grain
growth with good film coverage. Interestingly, deep observation
reveals well resolved, compact grains with irregular shape are
aggregated to form homogeneous local edge-sharing network
structure on substrate surface without void spaces. It shows a
close packed structure with the average grain size falling in the
nanometer range. Here, in support with reported phase, electron
diffraction X-ray analysis, EDAX (inset of Fig. 1) linked with
SEM unit, was carried out. The result is in agreement with that
of XRD analysis (i.e. chemical compositional ratio, 1:2:4).
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Fig. 1. X-ray diffraction pattern of 314 nm thick crystalline HgCr,S4 film. Inset
shows good stoichiometric with chemical composition ratio 1:2:4.
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Fig.2. SEMimage of as-deposited crystalline HgCr, S4 film electrode onto glass
substrate.

3.2. Conductivity type, I-V and output characteristics

PEC cell can be represented as HgCr,Sa/polyiodiode elec-
trolyte/graphite. It was observed that even when the external
voltage is zero, the PEC cell in the dark exhibits some voltage,
V4 and current, /4. The polarity of the voltage is negative towards
the HgCr,S4 electrode. The origin of this voltage is attributed to
the difference between two half cell potentials in the PEC cell
and can be written as:

E = Ecarbon - EHgCrgS4 (1)

where Ecabon and Engcr,s, are the half-cell potentials when
dipped in the potassium iodide electrolyte. From the above equa-
tion, one can write EHeCr,s, < Ecarbon-

Interestingly and as an expected, when above junction was
illuminated by light of intensity 80 mW/cm?, the magnitude
of the voltage was changed from negative to positive towards
the HgCr,S4 film electrode confirming p-type photoconducting
performance. Current—voltage (I-V) characteristics of designed
PEC cell with HgCr,S4 film electrode, under forward and
reverse bias conditions in dark and under light illumination are
shown in Fig. 3. The nature of the /-V curve indicates the for-
mation of rectifying junction. In support to earlier conclusion,
when the PEC cell was illuminated by light, the /-V curve was
shifted in the second quadrant suggesting hole as a majority car-
riers and electron as a minority i.e. p-type behavior. Jundale et
al. [17] showed same conducting behavior for p-Sm;S3 micro-
crystalline film electrode.

Increase in current under illumination indicates that HgCr, Sy
films are photoactive. Using famous diode relation, junction ide-
ality factor in dark and under light illumination were determined
as 5.73 and 5.85, respectively. Increase in junction ideality
factor under light illumination is attributed to average charge
transfer across the semiconductor electrolyte with significant
contribution from the surface states and deep traps [18,3]. The
photovoltaic output curve was studied under light for under-
standing performance and device conversion efficiency (%),
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Fig. 3. (a) Current—voltage (I-V) characteristic in dark and under light illumi-
nation where, photocurrent enhancement in second quadrant confirming p-type
performance of the cell is clearly seen with photovoltaic power output charac-
teristics (inset).

which was calculated using (Imax X Vmax X A/Phy) x 100%
equation, where Py, is the power density of the incident radia-
tion, A is the light collecting area (0.28 cmz), Imax and Viax are,
respectively, the current and voltage obtained at the maximum
power point on the photovoltaic power output curve. For fill
factor (FF) calculation, (Viax X Imax/Voc X Isc) relation was
refereed with I is the short circuit current and V. is the open
circuit voltage. Series resistance, Ry and the shunt resistance,
R¢y were evaluated from slopes of the power output curve [19].
Use of output characteristics (inset of Fig. 3) reveals 0.13% and
26% conversion efficiency and fill factor of the cell, respectively.
The low efficiency in this investigation might be due to high
series resistance (6600 £2) and low value of shunt resistance
(13.78 2) of the cell and interface states which are responsible
for interactive recombination. It is interesting to note that the
cell shows considerably high open circuit voltage (—135mV,
negative sign is due to its higher half cell potential), which in fact
enthusiastic challenge to use effectively p—n junction hetero-
junction diode with other amorphous and/or crystalline n-type
layer.

3.3. Spectral and speed response characteristics

Spectral response study of PEC cell can be described as a
plot of photocurrent against wavelength (1) for HgCr»S4 PEC
cell is shown in Fig. 4. Using the plot, peak X is obtained which
estimates band gap energy ‘Ey’ (2.61¢V in the present case)
of p-HgCr,S4 film electrode, which is in good agreement with
reported elsewhere (2.60eV) [14]. The decrease in photocur-
rent on longer and shorter wavelength sides is attributed to the
transition between defect levels [20] and absorption of light in
the electrolyte due to high surface recombination of photogener-
ated carriers by surface states [21], respectively. Speed response
of PEC cell was measured as a plot of photocurrent as a time
function (Fig. 5). It is noteworthy that rapid rise and fall (few
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Fig. 4. Spectral response of FTO/HgCr,S4/polyiodide/graphite PEC cell.

microseconds) of current makes feasible to use this material as
a light sensor.

3.4. Transient photoresponse and capacitance—voltage
(C-V) characteristics

Transient photoresponse of PEC cell is the photovoltage rise
and decay curve as shown in Fig. 6 reveals that increase in photo-
voltage is almost instantaneous. Interestingly, slow photovoltage
decay which is uncommon in semiconducting thin films, as a
function of time may be attributed to magneto-optical proper-
ties of ferromagnetic material [22,23] provides feature to see
photoinduced magnetic storage properties [24]. Using the rela-
tion Vo (1) = Vo (0) x e Y where symbols have usual meanings,
3.45 ‘b’ (decay constant) was calculated. Capacitance measure-
ment as a function of applied voltage (C-V) (Fig. 7) gives
useful information about photoelectrode such as type of con-
ductivity, depletion layer width and flat band potential, Vg,. Vi,
is an important factor in explaining charge transfer processes
across the semiconductor—electrolyte junction and estimated
from Mott—Schottky relation by standardizing with saturated
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Fig. 5. Rise and decay of photocurrent as a function of time, where instantaneous
performance was recorded enable to use electrode as light sensor.
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Fig. 6. Photoinduced open circuit voltage (Vo) as a time function, which was
further used (decay part) for decay constant measurement.
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Fig. 7. Mott-Schottky plot of above formed PEC cell for estimating flat band
potential, Vi,.

calomel electrode (SCE). The variation of 1/C2 versus elec-
trode potential (V) is non-linear as seen in Fig. 7, which is
an indication of graded junction formation between HgCr,S4
and potassium iodide electrolyte. Non-planar interfaces, surface
roughness, presence of stacking faults due to irregular and sharp
surface morphology, ionic adsorption on the film electrode sur-
face may be the possible reasons for the deviation from linearity
in C-V plot. The value of the flat band potential was obtained
by extrapolating the straight line portion to the zero value and
was found to be —0.14 V (SCE) for HgCr»Ss—potassium iodide
redox electrolyte, which is a measure of electrode potential at
which band bending is zero.

4. Conclusions
In conclusion, a simple chemical deposition method has been

used for the crystalline growth of stoichiometric p-type HgCrS4
film electrode consisting irregular and compact grains, since the

primary cause is the lack of a p-type crystalline ferromagnetic
semiconductor because the p—n junction is the origin of vari-
ous active functions of semiconductors onto FTO coated glass
substrates from an aqueous alkaline bath (pH ~ 10) at ambi-
ent temperature. X-ray diffraction measurement confirmed the
crystalline quality of as-grown film electrode with cubic struc-
ture and preferential orientation along (00 2) plane. The PEC
properties were studied in potassium iodide electrolyte. Nev-
ertheless, this chemical method shows promise as a low cost
for the preparation of p-type electrodes as essential for device
fabrication.
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