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The compound Cu(IngsGag4)sSes prepared by fusion in sealed tube is a wide band gap semiconductor;
it crystallizes in the P-chalcopyrite structure with a direct transition of 1.42 eV. Its transport pro-
perties exhibit a semi-conducting behavior, which seem to be not intrinsic but rather attributed to
selenium vacancies, and the conductivity is well described by small-polaron hopping:
6 = cexp{-29/kTHQ-cm)™ with an effective mass of ~ 2 mo. The thermo-power is negative and
changes little with temperature, suggesting that the conduction mechanism is mostly due to electron
hopping. The analyzed material shows a chemical stability over a broad pH range; the semi-
logarithmic plot in KOH solution displays an exchange current density of 27 pA-cm™ and a corrosion
potential of -0.204 Vsce. The capacitance measurement (C2-V) exhibits a linear behavior, characteris-
tic of n type conductivity, from which a flat band potential of -0.530 Vsce and an electron density of
3.49 x 10%° cm™ are determined. The Nyquist plot shows a semicircle due to the predominance of the
bulk contribution (= 127 Q-cm?) and a low density of surface states. The centre is localized below the
real axis with a depression angle of 12° ascribed to a constant phase element (CPE). The straight line
in the low frequencies region is due to the Warburg diffusion.
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INTRODUCTION

The past decades have seen a surge of interest in-
to using optically active materials for the solar ener-
gy conversion owing to the depletion of fossil ener-
gies reserves [1]. We have been attempting to study
compounds with a new band structure for the photo-
electrochemical (PEC) conversion [2]. Group
I-111-VI compounds have attracted considerable
attention due to their large scale applications and
because they are state-of-the-art power sources for
the absorber-layers and solar devices [3]. They have
emerged as attractive materials for optoelectronic,
photovoltaic devices and PEC cells due to their high
absorption coefficients (~ 10 cm™) and moderate
surface recombination rates [4]. The progress has
been very rapid and today the point is reached when
it is necessary to evaluate their physical properties
since the reported efficiencies of the incident pho-
ton-to-electrical conversion raise the question related
to the intrinsic properties.

The growth of defect chalcopyrites in the bulk
crystal form has been investigated but, to the best of
our knowledge, there are few publications on chal-
copyrites containing gallium on the In sublattice
[5, 6]. Cells of CulnSe, have been developed over
the past years, achieving the solar cell efficiency
close to 19% [7]. The output depends on the band

bending at the interface solid/liquid, and n type
semiconductor should give rise to a large open cir-
cuit voltage. In this respect, gallium contributes to
the reduction of the electron affinity of the semicon-
ductor and favors the charges separation within the
depletion width. A strong difference in the physical
properties but close similarity of structures between
CulnsSes and CuGasSes motivated us to investigate
the solid solution and particularly the composition
Cu(IngeGag4)sSes because of its band gap of
1.42 eV, close to the ideal value required for terres-
trial applications. The present work is devoted to the
preparation of Cu(lngsGag4)sSes by direct fusion as
well as to the analysis of its physical and PEC
properties.
EXPERIMENTAL

Addition of gallium in the ternary system Cu-In-
Se is known to easily form additional phases.
Through a careful selection of synthesis conditions,
it has been found that the composition
Cu(Ing4Gagg)3Ses can be prepared in a homogeneous
single phase with a slightly modified technique
described elsewhere [8]. Ingots are treated in a silica
ampoule using programmed speed to preclude sele-
nium loss and oxidation of elements. The silica am-
poule containing stoichiometric amounts of Cu, In,
Ga and S, all of 5 N purity, is sealed under low
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pressure (< 1 mbar), using an inclined growth sys-
tem. The segregation is precluded by using a ther-
mally controlled furnace, as specified in our previ-
ous work on isotypic compounds [2]. The ampoule
is heated up to 473 K (300 K-h™*) with an isothermal
step of 4 h to permit the reaction of elements with
a low melting point. After that, the temperature is
raised to 723 K (70 K-h™), then to 1423 K (11 K-h™)
and is thus maintained for 24 h. The ampoule is first
cooled slowly down to 940 K (11 K:h) and then
quickly (72 K-h™) to ambient temperature. The
phase is identified by X-ray diffraction using Cu K,
radiation in the 20 range (10-90°) and a step size of
0.1°. The chemical composition is established by the
energy dispersive spectroscopy (EDS) at an acceler-
ating voltage of 25 kV. The electrical conductivity is
measured on slices cut from the ingot, by the two
probe technique, in the temperature range
(190-460 K), under argon atmosphere. For the ther-
mo-power, the slice is maintained between two
pieces of stainless steel in a sample holder. The
thermal gradient (AT) is determined by two differen-
tial chromel alumel thermocouples, and the electro-
motrice force (e.m.f.) is measured with a high im-
pedance voltmeter (Tacussel, Aris 2000, 10% Q). It
should be noted that the precision of measurements
strongly depends on the quality of the thermal con-
tacts. In our case, an electrical contact is made by
soldering copper wires onto the back pellets with
silver paint; the linear domain of the ohmic law is
automatically checked. The pellets are encapsulated
in glass holders leaving an exposed surface area of
0.5 cm®. The polarization curves and the electro-
chemical impedance spectroscopy (EIS) are plotted
in a standard cell. A platinum electrode (Tacussel,
1 cm® and a saturated calomel electrode (SCE)
equipped with a lugging capillary serve are auxiliary
and reference electrodes, respectively. The potential
of the working electrode (WE) is controlled with a
PGZ301 potentiostat (Radiometer analytical). Before
each run, the working electrode is polished with fine
emery paper, degreased with acetone and
thoroughly rinsed with water. The support electro-
lyte (KOH 0.5M) is continually flushed by nitrogen
bubbling. The capacitance is measured as a function
of the potential at a scan rate of 10 mV-s’. AC
voltage signal of 10 kHz in frequency is applied to
the system. The WE is illuminated by a 200 W tung-
sten lamp equipped with an IR cut off. The light
intensity is measured with a digital flux meter (mod-
el Testo 545) placed at the same position as the WE.
For the EIS, a response analyzer generates 10 mV
perturbing signals with the frequencies range of
1 mHz - 100 kHz and subject the WE to various
potentials. All solutions are prepared from reagents
of the analytical grade quality and demineralized
water (~ 1 MQ-cm).
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RESULTS AND DISCUSSION

Compound Cu(IngsGag.4)sSes prepared by fusion,
crystallizes in the P chalcopyrite structure with the

space group 143 m. The X-ray pattern does not
reveal any extra peaks of weak intensity that could
have resulted from the ordering between In and Ga
atoms (Fig. 1) [9-11]. The refined lattice constants:
a =0.562 nm and ¢ = 1.136 nm, are in good agree-
ment with those in literature [12]. The volume of the
unit cell is larger than that of the end member
CulnsSes according to Vegard’s law; this simply is
attributed to a longer radius of In compared to that
of Ga in fourfold coordination. The apparent density
(5.54 g-m™®), calculated by the hydrostatic method, is
90% of the theoretical one (5.23 g-cm™®).
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Fig. 1. X-ray diffraction pattern of bulk Cu(Ing¢Gag 4)sSes.

The morphology, illustrated by SEM micrograph
(insert, Fig. 2), clearly shows that Cu(InysGag.4)3Ses
has a lamellar-type structure. The composition,
evaluated with the EDS (Fig. 2), gives the atomic
percentages of Cu, In, Ga and Se: 10.39, 20.16,
12.28 and 50.55 at%, respectively, close to the nom-
inal composition. The band gap (Eg) is a dominant
parameter of any compound while determining its
application for the PEC conversion. The Munk-
Kubelka relationship is used to determine Eq from
the diffuse reflectance spectrum through [13]:

F(R.) = (1 -R.)% 2R, =kis (1)

Re = (/lp)gifiuse 1S the diffuse reflectivity from an
infinitely thick layer (about 2-3 mm), k the absorp-
tivity (cm™) and s is the scattering factor, indepen-
dent of the wavelength for particle sizes larger than
the wavelength of the incident photon. The gap
(= 1.42 eV) is obtained by extrapolating the linear
part of (k/s-hy)”? to hi-axis and the transition is
directly allowed (Fig. 3). The observed transition is
shifted toward longer energies with respect to
CulnsSes. The substitution of Ga for In makes the
gap better match the sun spectrum. Such behavior
could be explained by the fact that the Ga-Cu bond
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Fig. 2. EDS spectrum of bulk Cu(lngGag4)sSes. Inset: SEM
micrograph of Cu(IngsGag4)sSes ingots showing the lamellar
structure.
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is more covalent than the In-Cu bond. As gallium is
substituted for indium, the width of both the lying
valence band and the conduction band increase
because of a lower electro-negativity of gallium. If
we assume that the conduction band which consists
mainly of copper orbital lies approximately at the
same energy regardless of the Ga concentration, the
broadening of the bands would then be responsible
of the larger gap [14]. Each element is tetrahedrally
coordinated to four neighboring atoms. The valence
band derives from the hybridation of Se: 4p/Cu: 3d
orbitals while the conduction band is made up of Cu:
4s states, and the upper valence band is strongly
influenced by the d metal.
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Fig. 4. Thermal variation of thermopower. Inset: Logarithmic
plot of conductivity vs. reciprocal temperature.

The transport properties of the compounds under
study are dominated by the intrinsic nature and the
contribution of the granular structure and minority
phases is insignificant due to the robustness of the
pellet, a not surprising result since the material is
prepared by fusion. The sample is nominally non
stoichiometric; the electrical conductivity is moni-
tored by the chemical composition and
Cu(IngsGap 4)3Ses displays semi conducting beha-
vior. The stoichiometric change in the polycrystal-
line chalcopyrite gives rise to electrically native
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Fig. 3. Direct optical transition obtained by Kubelka-Munk
equation.

defects, which in turn provide an increase of the
carriers concentration. The exponential dependence
of the conductivity on the reciprocal temperature
gives activation energy of 29 meV (Fig. 4, insert).
Accordingly, nearly all donors are ionized at room
temperature (KT ~ 26 meV). Therefore, all electrons
are excited over the activation energy and the varia-
tion o(T) should result mainly from a thermal activa-
tion of the mobility of the carriers localized at the
Fermi level (Ef). The electrons supplied by selenium
vacancies are mainly responsible of the conductivity
and the order of magnitude implies an electrons dop-
ing of ~ 10" cm™,

Such behavior is attributed to the temperature in-
dependent density (Np) in conformity with the ther-
mo power (S) measurement. Indeed, S, defined as
the proportionality constant between the temperature
gradient and the induced electric potential
(= AVIAT), is less sensitive to defects states. S is
negative, indicating that the majority carriers are
electrons and the strong dependence S(T), at least up
to ~ 350 K, is at the limit of degenerate conductivity
(Fig. 4). In the first hypothesis, an extrinsic genera-
tion of electrons would result from a slight selenium
deficiency leading, at least formally, to a copper
mixed-valence. The Fermi level crosses the mobility
edge near the top of the d-band, while this composi-
tion is probably in the insulating side. The constancy
of S above 350 K is attributed to a thermal genera-
tion of electrons by impurity ionization (extrinsic
process) and, in this case, S is expressed by the
equation below [15]:

S = k/e{Es/KT + B} = (K/e) Ln No/Np. (2

All constants have their usual meanings; B is a di-
mensionless constant involving the entropy of
transport and can be ignored for small polarons in
semiconductors. A large difference between the
activation energies E, and Es is a sign of the conduc-
tion mechanism by small-polaron hopping, based on
the electron lattice interaction. The electron mobility
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(K300 k = 1.8 x 10 V-cm?:s™) is calculated from rela-
tion (c = e p Np). Hence, an effective mass' of
~ 2my is determined, my being the electron rest mass.
The chemical inertness is an essential require-
ment for the solar applications. A preliminary test
showed that the amount of dissolved copper in the
working solution (KOH 0.5M) is too small for a
reliable determination by atomic absorption. The
stability is due to the fact that the valence band is
made up of hybridized Se: 4p/Cu: 3d orbitals. As
noticed above, the deviation from the stoichiometry
alters the transport properties and allows us to
characterize the material photoelectrochemically.
The electrochemistry is a sensitive technique to de-
tect mixed valences in semiconductors. Figure 5
shows the intensity-potential J(V) curve of
Cu(IngeGag4)sSes in KOH solution. The material
exhibits a good electrochemical stability with a dark
current Jq less than 10 pA-cm, leading to rectifying
the junction at the electrolyte contact (chemical di-
ode). An additional support of the electron localiza-
tion is brought by the peak corresponding to the
electrochemical couple Cu/Cu?* in agreement with
our earlier studies [15]. The separation between the
anodic (0O, 0.62 V) and cathodic (R, 0.47 V) peaks is
relatively constant and is in the range of ~ 60 mV
(~ 0.06/n), n being the number of exchanged elec-
trons. In addition, the ratio of anodic and cathodic
currents is close to unity, indicating a high chemical
reversibility. The large current flow below ~ -0.9 V
is due to H; evolution (gas bubbles were noticeable
on the electrode). The chemical stability is supported
by the semi logarithmic plot (Fig. 5, insert): in alka-
line medium, a corrosion potential of -0.204 V, an
exchange current density of 23 uA.cm? and a pola-
rization resistance 2.18 kQ-cm™ are determined.
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Fig. 5. The cyclic J(V) profile of Cu(lngsGag4)sSes in KOH
(0.5M). Inset: semi logarithmic plot of the system.

The photoelectrochemistry gives useful infor-
mation about the solid state properties of the chalco-
pyrite. The transient photocurrent-onset-potential
(Von), for which Jp, appears (-0.50 V) does not vary

-1.0

significantly with pH, confirming the predominant
cationic character of the electronic bands; Jy, is
given by the relation:

J%, =consta’s’ (V,, -V) ©))

d is the width of the space charge region. The linear
plot of N intercepts the V-axis at the potential V,

(+0.56 V) (Fig. 6, insert). However, the potential Vs,
is accurately determined from the capacitance
measurement:

C'=Cy' +Csc™ 4

where Cy is the double layer capacitance and Csc is
the space charge capacitance. Due to a low conduc-
tivity of Cu(lngsGags)s:Ses, the approximation
Ca >> Cqc is valid and the term (Cg™) can be ne-
glected. Moreover, the selected frequency (10 kHz)
is high enough for Csc to dominate the global capa-
citance, given by the Mott-Schottky equation:

C?=—(2/eee,Ny ) {V -V, | (5)

where all the symbols have their usual significations.
The positive slope lends an unambiguous evidence
of the n type behavior. The potential Vg, (-0.530 V)
and the electrons density Np (3.49x10%° cm™®) are
provided, respectively, from the intercept with the
potential axis and the slope of the straight line
(Fig. 6). The Vg value should give rise to the large
band bending at the interface with a depletion width
given by?:

& = {2eg0 (V — Vi)/eNp}°>. (6)

The permittivity € (~ 11) is evaluated from the em-
pirical relation ” = 181.8/E, [18]. The potential drop
occurs exclusively in the depletion length (8) which
extends over ~ 13 um? because of the low density
Np. The potential difference (V — Vy,) precludes the
loss of (e/h") pairs and varies to some extent with
the semiconductor considered; it represents the band
bending at the interface Cu(Iny¢Gag.4)sSes/electrolyte
and an optimal value of 0.5 V is taken, as previously
claimed by Gerisher [19]. The EIS is useful for elu-
cidating the electrochemical reactions in heteroge-
neous charge transfer. The EIS is measured at the
open circuit potential (OCP = 0.205 V) by the tech-
nique of low perturbation, which allows the system
to remain in a state close to the initial one. The
Nyquist plot (Fig. 7) exhibits one semi-circle arc
attributed to the bulk contribution at the junction
Cu(IngeGag4)3Ses/solution suggesting a single rela-
xation  time of the junction  Cu(Ingge
Gayp 4)3Ses/electrolyte [20]. The centre lies below the
real axis (-12°) and this indicates that the electron
hopping occurs by crossing a single potential barrier
(intrinsic behavior) which prevails over the grains

LE = (e*m*)(16 megoh) where e is the electron charge and h the Planck constant.

2 Calculated for an optimal band bending of 0.5 V.
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Fig. 6. Mott-Schottky plot in KOH 0.5M solution at 10 mVs™
and 10 KHz. Inset: J,,*(V) curve.

Fig. 8. EIS diagrams (Bode and phase) with fitting plots in
KOH (0.5M).

boundaries, a not surprising result owing to the high
compactness of the electrode. To take into account
the capacitive behavior, a constant phase element
(CPE) is introduced by Q(jw)™ where k denotes the
homogeneity factor (0 < k < 1) and j the imaginary
number (j°= -1). Figure 8 gives the Bode representa-
tion of the same phenomenon. The exchange density
is deduced from the relation:

Jo = RTINFRy @

(0.1 pA-cm™) is one order of magnitude lower than
that obtained from the semi-logarithmic plot, R is
the charge transfer resistance (127 Q-cm?), F the
Faraday constant and T the absolute temperature.
The straight line with a slope of 1, in the low fre-
guency range, is due to the Warburg diffusion of the
mass transport. The frequency dependence of the
impendence of the electrochemical cell is simulated
by an equivalent electrical circuit (Fig. 7, insert)
composed by a capacitance of the double layer (Cg,
350 pF-cm™) and the charge transfer resistance (R)
in series with the Warburg impedance (Zy) them-
selves in parallel with CPE, which in turn are con-
nected in series with the resistance of the electrolyte
(Rel)-

A high carriers recombination rate is expected
owing to the low electron mobility. So, a high
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Fig. 7. EIS diagram (Nyquist representation) with fitting plot in
KOH (0.5 M) at the free potential. Inset: the equivalent electri-
cal circuit.
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Fig. 9. Time responses of the short circuit current (Js;) under
chopped light.

anodic bias is required to induce the transient re-
sponse. Figure 9 shows the photocurrent time plot
under full light illumination. The electrode is biased
at the free potential which is more anodic than the
potential Vi, the last property is attractive in photo-
catalysis. The anodic photocurrent confirms the n
type character of Cu(IngsGaps)sSes. However, the
photocurrent decays rapidly because the anodic bias
is not large enough. This behavior also reflects an
electron tunneling from Se: 4p valence band to lo-
calized holes in copper atoms, which is inhibited at
low anodic polarization.

CONCLUSIONS

Chalcopyrite Cu(IngGag 4)3Ses has been prepared
by fusion from very pure elements. The substitution
of gallium for indium is used to increase the gap in
order to better match the sun spectrum. Similarly,
light absorption begins at higher energies compared
to CulnsSes. The deviation from the stoichiometric
yields electrically native defects providing im-
provement of the transport properties. The sign of
the thermopower is that of the n type carriers whose
origin results from selenium vacancies with a low
activation energy. The conductivity occurs by small-
polaron hopping with an enhanced electron mobility.
The photoelectrochemical characterization confir-



med the n type behavior. The absence of a right hand
semicircle in the electrochemical impedance spec-
troscopy agrees with the high compactness with a
neglected grain boundaries effect. The straight line
in the low frequencies domain is due to the Warburg
diffusion.
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Coenunenne Cu(InggGag4):Ses, monydyeHHOe CHHTE-
30M B 3alasHHOI TpyOKe, SBISETCS MIMPOKO30HHBIM II0-
JYIPOBOAHMKOM, KOTOPBI KpHUCTAILIM3YeTCs, IpHOOpe-
Tasi XaJIbKOIIMPUTHYIO CTPYKTYpPY p-THIIA C TPSMBIM Iie-
pexonom 1,42 5B. [Ipu TpaHcnopre, IPOSBISIOTCS MOTY-
IPOBOJHUKOBBIE XapaKTEPUCTUKH IIOMYYEHHOTO COCIH-
HEHH, KOTOpBIE HE SBISIOTCS €ro COOCTBEHHBIMHM, H3HA-
YaJbHO MPUCYIINMH, &, CKopee, IPUOOPETEHHBIMU BCIIE-
CTBHE HaJIMYMsl BaKaHCHH CeJieHa, €ro IPOBOJUMOCTh
XOpOIIO ONHKCHIBAETCSl TEPECKOKOM IOJISIPOHA MAJIOr0
pamnyca: ¢ = ceexp{-29/kTHQ-cm)?, ¢ s>ddexruHOI
Maccoit ~ 2 mo. Ero TemioBast sHeprus oTpuLAaTeNbHA U
NOYTH HE W3MEHSAETCS INPU HM3MEHEHHWSX TeMIIepaTyphl,
YTO MOXKHO OOBSCHHTH TE€M, YTO MEXaHH3M TEIUIONpPO-
BOJHOCTH 3aBHUCHT OT IIEPECKOKOB IOJSAPOHA. AHAIU3H-
pyeMoe coequHeHHe 00JamaeT XUMHYECKOH yCTOWYIHBO-
CTBIO B IIMPOKOM nuama3oHe 3HaueHwmid PH. Ilomymora-
pudmuueckuii rpaduk B pacrBope KOH moxkassiBaer
IJIOTHOCTh TOKA IHpH mepeckoke 27 WA-CM” u Bepost-
HOCTh Koppo3uu -0,204 Vsce. EMKOCTHOE conpoTHBIICHHE
(C*-V) noxkasbiBaeT JHHEHHOE MOBEICHUE, XapaKTEePHOE
JUIsL IPOBOJMMOCTH N-THIIA, OTKyJa MOXXHO ONpPEAEIUTH
BEPOATHOCTH IUIOCKOH 30HBI Kak -0,530 Vscg M IUIOTHOCTH
ANEKTPOHOB Kak 3,49 x 10% cm®. Ha nuarpamme Haiik-
BHCTa NPHUBEIEH IOJIYKPYT H3-3a MpeoOiaJaHus BKIaaa
BHYTpeHHEil cTpyKTypbl (= 127 Q-cM?) ¥ HH3KO# IOTHO-
CTU TIOBEPXHOCTHBIX cOCTOsiHUMU. LleHTp pacnonoxex
HIDKE pealibHO# OCH, C yIJIOM HakJoHa menu 12°, 3a cuer
nocrossHHOTO 3nemeHTa (aspl ([IDD). [psmas nuHUS B
o0ylacT HU3KHMX 4acToT oObsicHsiercs: auddysueit Bapt-
Oypra.

Kmiouesvie cnosa: xanvkonupum Cu(IngeGag4)sSes,
NepecKkoK NONAPOHA MAN020 paouycd, (HOmodIeKmpo-
XUMU4ecKue — Xapakmepucmuki, — INEeKMpPOXUMULECKas
UMREOAHCHASL CNEeKMPOCKONUSL.



