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ABSTRACT: We report the carrier transport properties of
CuIn(S1−xSex)2 (0 ≤ x ≤ 1), a promising chalcopyrite
semiconductor series for solar water splitting. A low
concentration Mg dopant is used to decrease the carrier
resistivity through facilitating bulk p-type transport at ambient
temperature. Temperature-dependent resistivity measurements
reveal a four-order magnitude decrease in bulk electrical
resistivity (from 103 to 10−1 Ohm cm) for 1% Mg-doped
CuIn(S1−xSex)2 as x increases from 0 to 1. Hall effect
measurements at room temperature reveal p-type majority
carrier concentrations that vary from 1015 to 1018 cm−3 and
mobilities of approximately 1−10 cm2 V−1 s−1. These results
provide insights into the fundamental carrier transport
properties of CuIn(S1−xSex)2 and will be of value in optimizing these materials further for photoelectrochemistry applications.

■ INTRODUCTION
To enhance optical to electrical conversion efficiencies in
photoelectrochemical (PEC) measurements, work has been
directed toward improving charge separation and transport at
the surface of photocathodes. This has been achieved by
Domen et al.1−3 through surface modification of I−III−VI2
photocathodes with n-type layers to form a p-n junction
facilitating a more efficient photogenerated charge separation.
However, the mobility of charge carriers through the bulk of
the photoelectrode is another important factor, which has
received little attention to date. For charge carriers to
contribute to PEC half-reactions, they must first reach the
semiconductor/electrolyte or semiconductor/substrate inter-
face; therefore, the internal electrical transport of the charge
carriers is significant. In support of this statement, it is noted
that several studies on hematite photoelectrodes for solar water
splitting have taken a closer look at the poor bulk charge
transport of this material to improve PEC water splitting.4−6

Recently, van de Krol et al.7 concluded that charge carrier
transport is a major limiting factor in the photoconversion
efficiency of p-CuBi2O4 for PEC water splitting. It was noted
that the poor charge carrier transport of holes (the majority
charge carrier) reduced the obtainable photocurrent density by
2 orders of magnitude. n-BiVO4, a well-known and charac-
terized metal oxide photoanode for PEC water splitting, is most
limited in its photoresponse due to its poor bulk electronic
conductivity.8,9 The poor bulk electronic conductivity has been
confirmed by time-resolved microwave conductivity studies and
temperature dependent bulk transport studies.10,11 It is clear
from these studies on well-known PEC materials that the basic
charge transport properties of other promising light-harvesting
materials, like I−III−VI2 chalcopyrites, merit deeper study in
order to optimize them for further PEC applications.

The utilization of ternary chalcopyrite semiconductors for
light-harvesting processes, such as PEC water splitting, stems
from their innate, high optical absorption coefficients. Among
I−III−VI2 chalcopyrites, copper indium disulfide (CuInS2)
possesses a band gap that is well matched to the solar spectrum
on Earth (1.5 eV). In addition to its spectral response, this
material possesses favorable band edge energetics relative to H2
evolution. Despite this favorable bandgap range and alignment,
CuInS2-based photocathodes have only been reported to
achieve a maximum solar conversion efficiency of 1.82% (at
+0.25 V vs RHE).1 High bulk electrical resistivities have been
reported as a contributing factor to the low efficiency of I−III−
VI2 materials when used as photocathodes,12−14 as charge
transport properties are one of the major factors (along with
spectral response and band gap alignment) to consider for PEC
processes.
The bulk, electrical properties of I−III−VI2 materials largely

depend on their atomic composition.12,15−17 One method used
to decrease resistivity in CuInS2 is to introduce an aliovalent
impurity atom into the system. This technique was employed
on CuInS2 thin films using an aliovalent Zn2+ impurity on the
In3+ sites, which demonstrated a decrease in resistivity with an
increase of Zn content up to 15%, generating the quaternary
compound CuIn0.85Zn0.15S2.

18 In other work, such as in the
CuGaS2−ZnS or AgInS2−ZnS solid solutions, Zn is present,
but the ZnS substitution is not nominally expected to yield a
change in dopant concentration.19,20 A related approach is to
modify the ratio of cations in the structure; when varying the
ratio of the cations in CuInS2 thin films (0.98 ≤ Cu/In ≤ 1.02)
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the resistivity can vary by 1 order of magnitude,12,13indium rich
samples being the most resistive due to the compensation of
the p-type defects present through the presence of donors.21,22

Studies reporting on the effect of anion ratio in CuInS2 have
introduced Se into the system, creating the series CuIn-
(S1−xSex)2 in nanoparticle or thin film form.23−26 Although no
transport studies on this series have been reported, these
CuInS2−CuInSe2 alloys allow a linear tuning of the
fundamental bandgap (Eg) from pure CuInS2 (1.5 eV) to
pure CuInSe2 (1.0 eV). This Eg tuning could in turn increase
efficiency of CuInS2 systems for PEC applications by
manipulating the position of the valence band edge of
photocathodes.25,26

CuIn(S1−xSex)2 alloys not only offer the opportunity for Eg
tuning, but also provide an environment for studying the effects
of varying the bulk electrical resistivity on the efficiency of
charge transport processes (like PEC H2 evolution). High Se
content reduces the absolute bandgap energy of the alloy away
from optimal values and, additionally, shifts the absolute energy
levels of the valence and conduction bands to potentials
unsuitable for PEC applications.27,28 However, limited
substitution of Se for S can be expected to alleviate high
resistivity issues in CuInS2 while keeping the bandgap energy
within range of the visible spectrum. The purpose of the
current work is to elucidate the transport properties and
bandgap trends of well characterized bulk materials in this
series as a context for future PEC studies.

■ EXPERIMENTAL METHODS
Synthesis. Ternary and quaternary [we use the conven-

tional term quaternary (four elements in major proportion) to
describe the mixture of the two ternary compounds with
different chalogenide end members] CuIn(S1−xSex)2 (x = 0, 0.2,
0.4, 0.6, 0.8, 1.0) polycrystalline ingots were prepared by
loading stoichiometric amounts of elemental Cu (Sigma-
Aldrich 99.999%), In (Alfa Aesar 99.99%), S (Alfa Aesar),
and Se (Alfa Aesar 99.99%) into quartz ampules. Mg (Sigma-
Aldrich 99.99%) was used as a p-type dopant on the In site for
all transport property measurements. All samples were doped
with 1% Mg, hereby abbreviated as Mg-CuIn(S1−xSex)2. Mg
was chosen for the p-type dopant because of its high
electropositive nature, ensuring efficient hole donation to the
system. The ampules were purged with Ar and sealed under
vacuum. The ampules were heated stepwise to 400, 700, and
finally 1100 °C, annealing for 24 h at 400 and 700 °C to allow
volatile S and Se vapor to react. After 6 h at 1100 °C, the
samples were quenched to room temperature to allow
maximum dopant dispersion in the crystal lattice. The resultant
polycrystalline ingots were then ground into a powder and
pressed into pellets (2.4 mm thickness, 3.17 cm2 area) with 2
tons of pressure. The pellets were sintered under vacuum at
650 °C for 3 h. The resulting pellets (≥80% of theoretical
density) were then used for subsequent characterization.
Sample Characterization. All structural characterization

presented in this manuscript was performed on stoichiometric
CuIn(S1−xSex)2. First-principles calculations on ternary chalco-
pyrites have revealed that divalent dopants like Mg are shallow
acceptors on the group-III site.29 Thus, the 1% Mg dopant
needed for transport property measurements is not expected to
change the characterization data beyond the measurement error
of the analytical techniques employed. The polycrystalline
ingots and sintered pellets were analyzed using powder X-ray
diffraction (PXRD) on a Bruker D8 Advance Eco with Cu Kα

radiation and a LynxEye-XE detector. The scan parameters
were 0.02°/step with 0.085 s/step, for a total scan time of 8
min. A Quanta 200 field emission gun environmental scanning
electron microscope (SEM) equipped with an integrated
Oxford System was employed for energy dispersive X-ray
(EDX) analysis. The X-ray penetration depth was 1−2 mm,
and the detection limit of a specific element was 10%. X-ray
photoelectron spectra (XPS) were collected under 10−9 Torr
using a ThermoFisher K-Alpha X-ray photoelectron spectrom-
eter. All spectra were recorded using Al Kα radiation (1487 eV)
with a survey and pass energy of 100 and 20 eV, respectively.
Measured peaks were fit using Casa XPS software and a Shirley
background. The C 1s peak at 284.5 eV of adventitious
hydrocarbon was used as an internal binding energy reference.
Optical band-gaps were measured with a UV−vis diffuse
reflectance HITACHI 131-9007-1 model U3210/U3410
recording spectrophotometer with incident light from 200 to
1300 nm. KBr was used as a calibration standard. Each sample
pellet for absorbance measurement was made from a
homogeneously ground mixture of the powder and KBr
(1:20 by weight).

Transport Property Measurements. Transport property
measurements were performed on the sintered polycrystalline
pellet samples with 1% Mg dopant, Mg-CuIn(S1−xSex)2. Hall
effect data and electrical resistivities were collected using a
Quantum Design Physical Property Measurement System. The
samples were cut from the pellets into 1.20 mm-thick
rectangles, measuring approximately 1.5 mm × 0.5 mm in
area. Hall effect data were obtained at 300 K by sweeping the
magnetic field from −9 to +9 T at a constant current of 0.1 μA
through the sample. The carrier concentration, N, was
estimated by assuming a single dominant carrier type and the
relationship

=
Ne

Rt
B

1
(1)

where e is the electron charge, R/B is the slope obtained from
the measured Hall resistance vs magnetic field measurement,
and t is the sample thickness. Resistivity (ρ) measurements
were performed over a range of 395−10 K. Both Hall and
resistivity four probe measurements were facilitated by
attaching platinum wires to the samples using conductive Ag
paint.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of CuIn(S1−xSex)2.

PXRD patterns of CuIn(S1−xSex)2 (x = 0, 0.2, 0.4 0.6, 0.8,
1.0) sintered pellets can be seen in Figure 1a. The variation of
the S/Se ratio in the polycrystalline pellets is clearly reflected in
the XRD data, without any evidence of a structural phase
transition or phase separation throughout the series. The
patterns show pure, tetragonal CuInS2 chalcopyrite for x = 0,
pure tetragonal CuInSe2 chalcopyrite for x = 1.0, and
homogeneous solid solutions for x = 0.2, 0.4, 0.6, and 0.8. As
the Se content increases, the diffraction peaks shift toward
lower 2θ angles, attributed to the increased lattice spacings
when substituting Se atoms for smaller S atoms. CuIn(S1−xSex)2
lattice parameters a and c for the tetragonal crystal structures
were determined from the refined XRD patterns and are listed
in Table 1. The lattice parameters as a function of composition
(x) are plotted in Figure 1b. The lattice parameters show a clear
linear relationship with increasing Se content, consistent with
Vegard’s law behavior.
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The bulk chemical composition of the pellets was analyzed
by EDX. The quantitative analysis (listed in Table 1) shows the
smooth evolution of the material from pure CuInS2 to pure
CuInSe2. Although the precision of the technique employed for
a specific element is 10%, the Se content increases linearly with
increasing x. This is shown in Figure 2a, where the Se content
as detected by EDX is plotted as a function of Se content in the

synthetic feed.30 A representative SEM image and correspond-
ing EDX data of a dense CuIn(S1−xSex)2 pellet used in this
study can be seen in Figure 2b. By SEM, the dense
polycrystalline pellets display evenly distributed grain sizes
along the entire pellet surface area. Several different points on
each pellet were sampled. The 1% Mg dopant could not be
quantified by EDX analysis due to characteristic X-ray overlap
of Mg Kα (1.253 keV) and Se Lα (1.379 keV). XPS was used
to probe the chemical composition on the surface of the pellets.
All binding energies were referenced to C 1s (284.5 eV).
Representative XPS spectra of CuIn(S1−xSex)2 where x = 0.6
can be seen in Figure 3. Figure 3a shows Cu 2p core splitting
into Cu 2p3/2 (932.0 eV) and Cu 2p1/2 (951.8 eV) peaks with a

Figure 1. (a) PXRD patterns for the sintered pellets of CuIn(S1−xSex)2
for x = 0, 0.2, 0.4, 0.6, 0.8, and 1 recorded at 300 K. The red and
purple lines on the bottom of the plot correspond to the powder
pattern of tetragonal phase (I4 ̅2d) for pure CuInS2 and CuInSe2,
respectively. (b) Lattice parameters a and c plotted as a function of
composition (x) displaying a clear linear increase in the unit cell as Se
content increases. The dotted, linear trendline is a guide for the eyes.

Table 1. CuIn(S1−xSex)2 Material Characterization: Lattice
Parameters a (Å) and c (Å); Mole Ratio of Cu, In, S, and Se
as Measured by EDX; and Eg (eV) from UV-vis Diffuse
Reflectance Measurements

x a c Cu:In:S:Se Eg

0.0 5.5240(6) 11.140(1) 1.00:1.02:1.98:0.0 1.39
0.2 5.572(1) 11.227(2) 1.17:1.02:1.69:0.4 1.24
0.4 5.622(2) 11.315(3) 1.18:1.02:1.13:0.8 1.16
0.6 5.677(1) 11.418(3) 1.01:1.08:0.8:1.12 1.09
0.8 5.7312(6) 11.521(1) 1.18:1.14:0.4:1.62 0.99
1.0 5.7838(5) 11.622(1) 1.08:1.00:0.0:1.92 0.92

Figure 2. (a) Ratio of Se content in CuIn(S1−xSex)2 as measured by
EDX as a function of Se content in the synthetic preparation feed. The
dotted, linear trendline is a guide for the eyes. (b) Representative SEM
image at 558× magnification for sample CuIn(S1−xSex)2 with x = 0.6,
showing evenly distributed grain size of the dense, polycrystalline
pellet.

Figure 3. Representative XPS spectra of CuIn(S1−xSex)2 at x = 0.6. (a)
Cu 2p peaks in the +1 oxidation state. (b) In 3d peaks in the +3
oxidation state. (c) Orbital deconvolution of the S 2p and Se 3p peak
overlap. Both S and Se peaks are in the −2 oxidation state. (d) Se 3d
peaks in the −2 oxidation state.
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peak separation of 19.8 eV, signifying Cu is in the +1 oxidation
state. Figure 3b shows the In 3d peaks located at 444.4 and
451.9 eV with a peak separation of 7.54 eV, signifying In is in
the +3 oxidation state. Figure 3c shows the overlap region of S
2p and Se 3p. The S 2p3/2 is located at 161.5 eV and S 2p1/2 at
162.7 eV with a peak separation of 1.18 eV. The Se 3p3/2 is
found at 160.2 eV and Se 3p1/2 (166.0 eV) with a peak
separation of 5.8 eV. Both S 2p and Se 3p peak positions
support a −2 oxidation state. Figure 3d shows the Se 3d region
with Se 3d5/2 at 53.9 eV and Se 3d3/2 at 54.8 eV with a peak
separation of 0.86 eV. The 1% Mg dopant could not be
identified by XPS due to peak overlap with the Mg 2p (51 eV)
and Se 3d (54 eV) signals.
Diffuse reflectance UV−vis was used to determine the optical

bandgap of the opaque, dense pellets used in this study. Figure
4b shows the absorption spectra of the CuIn(S1−xSex)2 series.

The direct optical band gap (Eg) was established using a Tauc
plot31 considering the following relationship:

α ν ν= −h A h E( ) /( )2
g (2)

where α is the absorption coefficient, A is a constant, and hν is
the radiation energy.32 The experimental values of (αhν)2 were
plotted against hν, and Eg was determined by extrapolating the
absorption edge to the x intercept. These values are reported in
Table 1. Figure 4a shows the linear decrease of the optical band
gap Eg of CuIn(S1−xSex)2 from 1.39 to 0.92 eV with
composition varying from x = 0 to 1. This linear relation
agrees with previous optical bandgap studies on CuIn(S1−xSex)2
thin films25,26 and, in addition, agrees with the prediction by
Wu et al. in 2002 on the linear relationship of the band gap
energy values of the mixed chalcopyrite CuIn(SxSe1−x)2 (x =
0.2, 0.4, 0.6, 0.8) solid solution with composition.33

Transport Properties of Mg-CuIn(S1−xSex)2. The tem-
perature-dependent bulk resistivity of each sample was probed
on cooling from 395 K. A representative temperature profile of
the electrical resistivity, for Mg-CuIn(S1−xSex)2 at x = 0.8, is
plotted in Figure 5a from 300 to 150 K. All samples display an

exponentially increasing resistivity with decreasing temperature,
a signature of semiconducting materials. The bulk resistivity of
each sample at 300 K is listed in Table 2. To highlight the

general decreasing trend in resistivity from x = 0 to 1, the
resistivity (ρ) vs composition (x) at 300 K is plotted in Figure
5b. The plot shows that the transition from x = 0 to 1 does not
have perfect linear behavior. This nonlinear behavior can be
attributed to the interplay of both intrinsic defects and the Mg
dopant in the crystal lattice.34 To elucidate the charge transport
energetics present in the temperature range near room
temperature (395−250 K), the resistivity data for all samples
is plotted as log(ρ) vs T−1 in Figure 6b. The activation energy
was thus estimated for each sample based on the relationship:

ρ ρ=
−⎛

⎝⎜
⎞
⎠⎟

E
k T

exp0
a

B (3)

where ρ is the sample resistivity, ρ0 is the pre-exponential term,
kB is Boltzmann’s constant, and T is the temperature. When
plotting log(p) vs T−1, as in Figure 6, a linear semilogarithmic
fit can be made to estimate Ea values. The calculated Ea’s are
much less than half of the optical band gaps measured by UV−
vis diffuse reflectance spectrophotometry (Table 1), indicating
that all materials are in the extrinsic semiconductor regime near

Figure 4. (a) Energy bandgap vs composition (x) of CuIn(S1−xSex)2
recorded at room temperature. (b) Diffuse reflectance UV−vis of
CuIn(S1−xSex)2 series plotted as (αhν)

2 (eV/cm)2 versus hν (eV). The
optical bandgap energy, Eg, was estimated from extrapolating the linear
absorption edge to the x axis.

Figure 5. (a) Representative temperature profile of Mg-CuIn-
(S1−xSex)2 for x = 0.8 ranging from 300 to 150 K. The same
temperature profile is exhibited for all samples, with resistivity
increasing as temperature decreases, a signature of semiconductor
temperature profiles. (b) The ρ values at 300 K plotted with
composition (x). A general decreasing trend is seen from x = 0 to 1,
with a total decrease in ρ of 4 orders of magnitude. The dotted, linear
trendline is a guide for the eyes.

Table 2. Carrier Transport Properties for Mg-
CuIn(S1−xSex)2

x
resistivity
(Ω cm)

p-type carrier
concentration (cm−3)

mobility
(cm2 V−1 s−1)

Ea
(meV)

0.0 3300 1.6 × 1015 1.2 70
0.2 650 8.7 × 1015 1.1 49
0.4 46 1.2 × 1017 1.2 35
0.6 1.9 5.2 × 1017 6.1 33
0.8 2.9 1.3 × 1018 1.6 25
1.0 0.26 2.7 × 1018 8.9 7.2
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room temperature, with acceptor level defects dominating the
transport. Thus, the Ea values represent the estimated acceptor
ionization energies for each sample and are reported in Table 2.
Figure 6a shows the Ea values reported in Table 2 as a function
of composition (x). A general decreasing trend is seen going
from x = 0 to 1. This suggests that as the Se content increases
the acceptor energies become more shallow.
To clarify the identity of the extrinsic acceptor defect as our

Mg dopant and indirectly validate the presence of Mg in our
samples, a stoichiometric sample of CuInSe2 was analyzed. The
resistivity was probed in the same temperature range, and the
resulting data was used to calculate its activation energy. Figure
7a shows the log(ρ) vs T−1 plot (Figure 7b shows the resistivity
temperature profile) comparing the resistivities of stoichio-
metric CuInSe2 and 1% Mg-doped CuInSe2. It is clear from
Figure 7a that the slope of the stoichiometric sample is much
steeper, signifying a higher activation energy. In the temper-
ature regime near room temperature (395−250 K), the Ea for
stoichiometric CuInSe2 ≈ 83 meV, over ten times the activation
barrier found in the Mg-doped sample. We attribute the
acceptor level defect to the presence of Mg dopant, showing
the Mg dopant does indeed have acceptor levels lying below the
Fermi level of all semiconductor samples. Similar measure-
ments on stoichiometric CuInS2 were attempted, but nondoped
samples of this material had a resistivity above the measurement
limit of our apparatus, supporting the presence of Mg dopant in
our samples.
Majority carrier concentrations were estimated by Hall

measurements. Representative Hall resistivity data as a function
of magnetic field for Mg-CuIn(S1−xSex)2, x = 1 and 0.8 with 1%
Mg dopant at 300 K are shown in Figure 8. The samples exhibit
a reliable linear fit of the Hall data (R2 ≥ 0.90) to applied field,
allowing for the majority carrier concentrations (np) to be
estimated (Table 2). For samples x = 0.8 and 1, np (∼1018
cm−3) is 3 orders of magnitude greater than for samples x = 0
and 0.2 (∼1015 cm−3). Despite all samples being synthesized
with the same amount of p-type dopant (1% Mg) this increase
in np at high values of x is expected given the innate difference
in acceptor level depths and band gap energies between pure

CuInS2 and CuInSe2. Samples x = 0.4 and 0.6 display carrier
concentrations of ∼1017 cm−3.
Once the carrier concentrations were in hand, the mobilities

of the majority carriers were estimated by assuming a single
dominant carrier and band-like carrier motion. Using the
measured quantities and the relationship

σ μ= Ne (4)

where σ is the conductivity at 300 K, μ is the mobility of the
carrier, e is the the electron charge, and N is the carrier
concentration, the mobilities were estimated (Table 2) as
varying from approximately 1−10 cm2 V−1 s−1. The 4-order-of-
magnitude decrease in bulk electrical resistivity seen as x
increases from 0 to 1 can therefore be primarily attributed to an

Figure 6. (a) Activation energy (Eg) vs x for all of the composition
series. As Se content increases, it is kinetically easier for transport of
holes through the valence band. The dotted, linear trendline is a guide
for the eyes. (b) The log(ρ) vs 1000/T in the temperature range of
395−250 K, in order to extract the Ea for each sample.

Figure 7. (a) log(ρ) vs 1000/T for the temperature range of 395−250
K comparing stoichiometric CuInSe2 to the 1% Mg-doped CuInSe2.
The difference in the slopes in clear, with stoichiometric CuInSe2
displaying a much steeper slope, signifying stoichiometric CuInSe2 has
a larger activation energy than 1% Mg-doped CuInSe2. (b) Inset shows
the ρ vs T profile for both stoichiometric CuInSe2 and 1% Mg doped
CuInSe2 in the same temperature range.

Figure 8. Representative Hall measurements for Mg-CuIn(S1−xSex)2
for x = 0.8 and 1 measured for the magnetic field from −9 to +9 T.
The positive slopes from this plot were extracted to calculate the p-
type carrier concentrations. The red solid lines are the linear fit to the
experimental data points.
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increase in carrier concentration but also to a much smaller
increase in mobility.

■ CONCLUSIONS
Temperature-dependent bulk resistivity and Hall effect
measurements revealed a 4-order-of-magnitude decrease in
electrical resistivity with increasing x value in the quaternary
alloy system CuIn(S1−xSex)2. Hall measurements revealed a
corresponding 3-order-of-magnitude increase in p-type carrier
concentration with increasing the x value. The extrapolated
electrical mobilities of the p-type majority carriers of CuIn-
(S1−xSex)2 were determined to increase somewhat with x. The
use of 1% Mg-dopant in CuIn(S1−xSex)2 enabled the study of
the bulk resistivity of the materials near ambient temperature.
The bandgap and carrier transport properties presented here
strongly suggest that the chalcopyrite series CuIn(S1−xSex)2
warrants further study as photoelectrodes to fully realize their
potential for PEC applications.
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