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Abstract

The electric and photoelectric properties of the electrolyte—semiconductor interface in the chains formed by metal auxiliary electrode
electrolyte—multinary layered semiconductors have been investigated. The dependencies of flatband¢ggtentiatontact potential
¢ at the electrolyte—semiconductor interface on the concentratiof gfSs%~ ions and the value of pH of the electrolyte were studied.
The values of the photopotential up to 0.6V and the short circuit current up to 1 Afawe been obtained. It was shown that the
photoelectrode corrosion is practically absent. An energetic diagram for the investigated system is proposed. © 2001 Elsevier Science B
All rights reserved.

Keywords:Electrochemical cells; Multinary semiconductors; Photoelectric properties

1. Introduction on the base of such photoelectrodes and electrolyte are de-
scribed in this paper.
The problem of utilization of ecologically pure solar en-
ergy becomes more and more topical because of progres-
sive exhaustion of fossil fuel reserves and the environment2. Experimental
pollution. Besides solid state converters of solar energy into
electric one, the operation which is based on electric charges The layered multinary semiconductor crystals Z3n
separated by the electrostatic field in homojunctions, het- ZnaInoSs, Zm3lneSs, ZnzinGaS and CulsSzSe; were
erojunctions or Schottky diodes is intensively studied. The used as photoelectrodes. These crystals have been obtained
conversion by means of photoelectrochemical reactions inby chemical transport reactions method using iodine as
special devices containing electrodes from semiconductorthe transport agent [6,7]. They are stable in atmosphere,
materials is also intensively studied later [1-5]. irrespective of its humidity degree on acidic intensity and
The main distinction of such converters consists of the alkaline solutions at temperatures up to 500 K. For the con-
fact that the light generated carriers transmit their energy to version of the solar energy into an electric one while using
chemical substances which are found in electrolyte. To im- photoelectrochemical solar cells, we can simultaneously use
prove the technical characteristics of the photoelectrochemi-every crystal as photoelectrode from the multinary layered
cal converters, it is necessary to know the energetic diagramsulphides and sulphoselenids in combination with the elec-
of the electrolyte—semiconductor interface. The construction trolyte containing the sulphides and sulphoselenids redox
of the energetic diagram requires the knowledge of the ener-pair.
getic flatbandps, value and sign as well ag, dependence The n-type ZnlaS,; semiconductor, as well as other stud-
on different factors. ied crystals of this type, have a stratified structure. The
From our viewpoint the multinary layered sulphides and cleavage plane is perpendicular to the@®Q 1) crystallo-
sulphoselenides as photoelectrodes and electrolyte containgraphic axes, the electron concentration i$%Q0 cm—3
ing sulphides and sulphoselenides redox pair are perspectivd6]. The cleaved surface of the Zni®, crystals contains a
for the investigation and for the creation of photoelectro- monoatomic layer of sulphur with a perfect structure which
chemical solar cells. The results of the study of electrical ensures a small velocity of surface recombination.
and photoelectric properties of photoelectrochemical cells The main parameters of layered multinary semiconduc-
tor crystals which have been used as photoelectrodes are
* Corresponding author. Teki373-272-7157; fax:+-373-273-8149. shown in Table 1. The resistivity was measured with the
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Table 1 been found out extrapolating the linear part of the forward

Parameters of layered multinary semiconductors branch of the current—voltage characteristics.

Semiconductor Band gap (eV) Permittivity Resistivity The semiconductor compound ZaBy was used as a cer-
(S2cm) tain type material when the mentioned measurements were

ZninSy 2.8 8.90 5x 107 provided. The results, obtained by implementing as photo-

ZnzIn2Ss 3.0 8.63 2x 10° electrodes of other materials of this class, which are shown

Zn3InzSe 31 8.46 6x 10° in Table 1, demonstrate generally the same regularities.

ZnInGaS 3.26 7.83 3 10°

CulnsS3Ses 15 - 1x 10°

3. Results

help of terraometer on the samples with plate electrodes
from indium deposited in vacuum.

The investigation of the electric properties of the electro-
chemical chain In—carbon-(S?~ /S2%7)-layered multi-
nary semiconductor crystal-In, where the redox pairs in
the electrolyte are the ions’S and $2-, was carried out
in an organic glass cell with thin walls of 1 mm thickness
(see Fig. 1).

For a qualitative description of the electric charge trans-
port mechanism at the ZniB,—H,O(S%~/S,27) interface
it is necessary to underline the following.The polar struc-
ture of the water molecules (the permittivity = 78)
determines the exothermic dissociation of these molecules
in H* and OH" ions of the same concentratiofiy+ =
Con- = 10" gram— ion/I. At the same time there occurs

exothermic dissociation of the sodium sulphide in*Na

The design of this cell permits an easy changeﬂ o@fo the and $ ions, which are partially or completely hydrated
photoelectrodes, with semiconductor plates of 80 The electrical conductivity of the electrolyte is determined

thickness. The photoelectrode was stuck to the external part . . ) :
of the cell wall, while the contact with the electrolyte was only_by the concentratlo_n and the mop_mty of ions which
provided through an orifice in the wall. Two third of the cell persist thefe- The glectnc neutral qu|l|br|um -stat.e of the
volume was filled with an aqueous solution of the mixture of electrolyte is maintained by the following reactions:
sodium sulphide and disulphide in the proportion 1:1. Al, Zn, 28~ = S§‘+2e 1)
In, Sn, Cu, Ag, Pt and C were used as auxiliary electrodes. _ .
The electrical properties were measured in the darkness a12H +2e—Ha 1 @
T = 300K. Photoelectrical measurements were performed S~ + 2Ht — H,S 4 (3)
by irradiating the photoelectrode through the electrolyte.
The ¢, potential has been determined for different con-
centrations §a,s of sodium sulphide and for different val-
ues of pH in electrolyte. The value @fy, was found by
means of the establishment of the zero value of the surface
conductivity when changing the electric field which is in
between the photoelectrode and carbon auxiliary one [8].
At the same time current—voltage characteristics have been
measured for different concentrationsi£s and different
values of pH. The values of the contact potenialhave

The presence of the last reaction is confirmed by a specific
smell of H,S especially when N& begins to dissolve in
water. So, H, OH~, Na*, >~ and $%~ are present in the
electrolyte.

The reactions (1)—(3) cause the decrease ofitlelec-
trolyte; thus, pH decreases either. Further, electrolyte gains
more alcalynic properties.The interchange of electrons in
between the semiconductor and the electrolyte takes place
at the ZninSs—electrolyte interface. The rate of this inter-
change is much greater than the rate of ions interchange

which is stopped by the sulphur monoatomic layer on the
2 crystal surface. The positive space charge region due to
ionized donor centres appears in the semiconductor at the
1 interface [1,2]. In this region the energetic bands are de-
\ flected and a Schottky-type potential barrier is formed. The
value of the energetic band deflection determines the flat-
band potential which depends considerably on tfie &d
S,%~ ions concentration in the electrolyte. The current which

hv —b flows through the electrolyte—semiconductor interface is de-
termined mainly by the presence of the Schottky barrier in
/ ZnlnyS,. The direction of the reverse current corresponds
/ 4 to the electron flow from the interface to the semiconductor
volume and their value is limited by the discharge velocity
3 of S~ and $2 ions as in reaction (1).The analysed pro-
Fig. 1. The photoelectrochemical cell: (1) cell, (2) carbon auxiliary elec- cesses at the eIeCt_mlyte Iayered semiconductor mterf_ace are
trode, (3) aqueous solution of the mixture #8aNaS,), (4) single crys- consequently confirmed by the results of the electric and

talline photoelectrode and (5) ohmic contact. photoelectric measurements.
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Fig. 2. The dependencies of the flatband potentjgl(1) and the contact Pl | §
potentialgc (2) on the NaS concentration in the electroly®® = 300K, - -2
pH = 10.8. -
1 -4
The dependence of both flatband potengigl and con- Fig. 4. The dark current-voltage characteristics of the contact

22— i
tact potential on the concentration |&,s value in the HoO(S7 /S5 )—ZnlmS, for the different values of the N& concentra-
P pc S tion in the electrolyteT = 300K, pH= 10.8: (1) C = 0.15mal/I; (2)

electrolyte as well as the pH value of the electrolyte at the - _ 12 mol/l.
interface electrolyte—Znls4 was investigated. The charac-

teristics ofm and ¢ are often used for the quantitative The dark current-voltage characteristics of contact

description of: Ha0(S?~ /S,%7)-ZnInySy for the concentration of'y, o =

o the double electric layer of the semiconductor—electrolyte 0.15mol/I and Cl%lags = 1.2mol/l are demonstrated in
interface, Fig. 4. Here we can observe that the current flow through

e the space charge region in the semiconductor near thethe electrolyte—ZnlgS, contact is determined by the poten-
interface, tial barrier which is formed at the interface. The increase of

e the potential drops in the double electric layer and in the the concentration G,s leads to the growth of the forward
space charge region, etc. current and simultaneously decreases the reverse one.

A double electric layer with a strong internal electric field
is formed at the electrolyte—semiconductor interface, here
comes the separation of electron hole pairs generated by the
light in the photoelectrode. The minority non-equilibrium
carriers, holes in our case, enters into the electrode reac-
tion at the semiconductor—electrolyte interface. The major-

using the AgCl reference electrode, are shown. The values'lY arriers pushed into the ohmic contact pass through the
of ¢ are negative and they grow exponentially on the external circuit towards the auxiliary electrode, where they
concentration up to 1.2 molil. These values were obtained participate in the reaction in the opposite direction. It should
at temperature 300K in the dark. The valuesg@fgrow be especially noted, that the direction of the photopotential
linearly from 1.0V atCnapss = 0.15m0|/| up to 1.23V at gradient depends on the nature of the auxiliary electrode.
Chazs = 1.2mol/l. One can see in Fig. 2 that forng,s The photoelectrode (C_,_AI, Zn, In, Sn, Cu, Ag and Pt) is
which is greater than 0.8 molfl, the values @f and (pﬂ’) negative for all the auxiliary ele.ctrOQes except Zn.
and their dependencies on the concentration are similar. As the photoelectrode was irradiated through the elec-
The dependencies afs, and ¢ on the value of pH at trolyte (see Fig. 1) there was a necessity to know the spec-
300K andCnazs = 0.3 mol/I are shown in Fig. 3 tral distribution of their transmittancé€. It was found that
a ' T in the wave band range = 320-990 nm T is practically
independent of. with the exception of wavelengths in the

These potential drops in the dark thermodynamic equilib-
rium have the major influence on the electrical and photo-
voltaic properties at the semiconductor—electrolyte interface.

In Fig. 2 the dependencies of the flatband potentigl
and contact potential at the interface electrolyte—Znig,
for C as auxiliary electrode on the concentrationafs,

L2 | o=V %V |25 range of 380—400 nm, where a decreasing of observed.

’ This linear decrease depends on the concentration g6 Na
1,0 . 20 and Na$; in the electrolyte (Fig. 5). The thickness of the
08 >< 15 electrolyte is equal to 1 cm.

3 The spectral distribution of the open circuit photopoten-
0.6 10 tial (U) and the photoconductivityl of the photoelectrode
‘ ; ' semiconductor materials are shown in Fig. 6. It is seen
7 8 p19{ 10 from this figure that the photocurrent maximum for all

photoelectrode materials is situated at longer wavelengths.

Fig. 3. The dependencies of the flatband potentigl(1) and the contact ~ VW& suppose that it happened due to the influence of the
potentialg. (2) on the pH value of the electrolyte. negative value of the semiconductor electron affinity at the
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Fig. 5. The dependence of the electrolyte transmittahoa the concen-
tration C of NaS and Na$S; in the solution at room temperature.
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photoelectrode—electrolyte interface as a result of the po- o

larizational interaction of the emitted carriers in the polar Flgzj. 7.2The load current-voltage characteristics of the cell In-4G-H
- . (S5 /S77)-ZnIinpSy—In at different illuminationsE and concentrations

medium (gqueous SO|u.tIOIT1 of Ma+ Na;Sz) and alsq due C: (1) E — 40mWem?, C = 12mol/l (2)E = 100 mWen?,

to the_ additional potential jumps at the interface vyh|ch may ¢ — o.6moll; (3) E = 100mwWcm, C = 1.2mol/.

be stipulated, by the adsorption of uncontrolled impurities

in the solution.

The load current-voltage characteristics for different val- conditions in darkness and under illumination is described
ues of the illumination IntenSIty and electrolyte concentra- below as an examp|e for all materials used as photoe|ec-
tion are obviously seen in Fig. 7. The growth of illumination  {rodes [2].

intensity leads to an increase of the current in comparison  The magnitude of energetic flat band potentiglat NaS

with the voltage. . . concentration in electrolyte, which is more than 1.2 mol/l
The photoelectrical parameters of the investigated photo- a5 compared with standard reference electrode of AICI, is
electrochemical cells are included in Table 2. ™S = —1.2V (Fig. 2), but in the case of the reference

electrode of hydrogeps," = —1.0V.

The Fermi leveFsc in ZnlnpS, and in the auxiliary elec-
trode material (carbon) is the same as the level of potential
¢m" = —1.0V. On the physical energetic scale fop" =
—1.0V the Esc = —3.5¢eV. For free carriers concentration
in ZnlnoSy ng = 104 cm=3 [6], effective density of ener-
getic states in conductivity bamd. = 2.5 x 10°cm=2 and
its edgeEc = —2.55eV. AsEg = 2.8eV [4] the valence

4. Energetic diagram of semiconductor—electrolyte
interface

The method of calculation of the energetic diagram of
H,0(S?~ /S,%7)-ZnInS, interface under thermodynamic

I Upsarb.un. a band edge will bek, = —5.35eV (Fig. 8a).

] P At thermodynamic equilibrium in the electrolyte takes
place the reactiors,?~ + 2¢ < 252~ and the electrons
exchange with ZnlgS,, which obtain the potential of re-
dox pairs $/S,2. So, the potential in Znk8s ¢s" =

b Predox = (beh = —10V or Fsc = Fredox = —3.5eV
(Fig. 8a).

1 2 The bending of the conductivity bang." = —3.0V

(Fig. 8b) leads tap." = —3.0V < gredox’ = —1.0V.
c During the illumination, due to the appearance of pho-
topotential which is equal to 0.6 V (Table 2) gradual dimin-
1 2 o . o A
ishing of energetic bands bending is already seen in Fig. 8c.
d Table 2
Photoelectrical parameters of the photoelectrochemical cells
Photoelectrode AmaxOf the  Open circuit Short circuit current
material Voc, (NmM) voltageVoe, (V) s (MA/CP)
. L ST L ZninySy 510 0.60 1.2
400 450 500 550 A nm ZnoInSs 470 0.65 0.75
ZngIn,Ss 430 0.70 0.40
Fig. 6. The spectral distribution (300) of photoconductivity (1) and of ZnsInGa$ 410 0.80 0.15
the photoelectrochemical cells open circuit voltage €@)— ZnlnpSs; b CulnsSsSe; _ 0.43 8.00

— ZmInySs, ¢ — ZglneSg, and d — ZnInGa$.
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Fig. 8. The energetic diagram of electrolyte—semiconductor interface:
(a) energetic diagram of semiconductor; (b) energetic diagram of
electrolyte—semiconductor interface in the dark; (c) energetic diagram of
electrolyte—semiconductor interface under illumination.

5. Conclusions

The photoelectric properties of the electrolyte—semicon-
ductor interface in the chains formed by metal auxiliary elec-
trodes (Al, Zn, In, Sn, Cu, Ag, Pt, and C), aqueous solution
of the mixture (NaS—Na$) and layered multinary semi-
conductors crystals have been investigated. The following
results were found in the investigation:

1. The values of the flatband potentigj, in the range

of NaS concentration in electrolyte up to 1.2 mol/l are

negative and grow almost exponentially on this concen-

tration. The value of the contact potentig} linearly
depends on the N& concentration. At (a,s 1.2 mol/l

the values ofps, andg coincide.

. The values obs, depend fractionally on pH of the elec-
trolyte. Such a dependence confirms the small growth of
free electrons flow from Znk8, in the electrolyte, nec-
essary to maintain the reactions (1) and (2), respectively.

. The current—voltage characteristics of the electrolyte—
ZninpS, interface are determined by the potential
barrier which is formed in the semiconductor at the
interface.

185

4. The height of the potential barrier increases with the

growth of NaS concentration in the electrolyte, although
the current-voltage characteristics become more asym-
metric. The interface layered semiconductor—electrolyte,
which contains$2~ /5,2~ redox pairs is photosensi-
tive in the visible spectrum ranging from ultraviolet to
blue-green part. The open circuit voltage reaches the
value of 0.6 V.

. The presence of the monoatomic layer of sulphur or sele-
nium on the surface of the photoelectrode when it comes
into contact with the electrolyte, containing sulphides
and sulphoselenides redox pairs, leads to the essential
decrease of the photoelectrode corrosion, diminishing
the life time of the photoelectrochemical cells.

. The energetic diagram of interfacex®(S?~ /2 )—
ZnlnySqwas proposed.
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