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Nanostructured chalcopyrite compounds have recently been proposed as absorber materials for 
advanced photovoltaic devices. We have used photoreñectance (PR) to evalúate the impact of 
interdiffusion phenomena and the presence of native defects on the optoelectronic properties of such 
materials. Two model material systems have been analyzed: (i) thin layers of CuGaSe2 (£g=1.7 eV) and 
CuInSe2 (1.0 eV) in a wide/low/wide bandgap stack that have been grown onto GaAs(0 0 1) substrates 
by metalorganic chemical vapor deposition (MOCVD); and (ii) thin In2S3 samples (£g=2.0 eV) 
containing small amounts of Cu that have been grown by co-evaporation (PVD) intending to form 
CuxInySz (£g~1.5 eV) nanoclusters into the In2S3 matrix. The results have been analyzed according to 
the third-derivative functional form (TDFF). The valence band structure of selenide reference samples 
could be resolved and uneven interdiffusion of Ga and In in the layer stack could be inferred from the 
shift of PR-signatures. Hints of electronic confinement associated to the transitions at the low-gap 
región have been found in the selenide layer stack. Regarding the sulphide system, In2S3 is 
characterized by the presence of native deep states, as revealed by PR. The defect structure of the 
compound undergoes changes when incorporating Cu and no conclusive result about the presence of 
ternary clusters of a distinct phase could be drawn. Interdiffusion phenomena and the presence of 
native defects in chalcopyrites and related compounds will determine their potential use in advanced 
photovoltaic devices based on nanostructures. 

1. Introduction 

The use of nanostructured thin-film chalcopyrite absorbers for 
high-efficiency photovoltaic applications has been recently pro
posed [1]. The driving forcé behind this interest is the possibility 
of combining the potential and unique properties of these 
compounds for the realization of thin-film solar cells with the 
domains of quantum-size effects and novel designs of related 
devices. Among such designs, the realization of a quantum-dot , 
intermediate-band solar cell based on thin-film technology and 
related materials is currently under study. The architecture of the 
device will consist of nanostructures made of an absorbing 
material embedded into a semiconducting matrix of a wider 
bandgap. The discrete electronic levéis of ideally zero-dimen-
sional quan tum dots form minibands within the bandgap of the 
host compound. These minibands provide an intermedíate band 
isolated from the valence and conduction band of the host by an 
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energy range of zero density of states, as originally proposed by 
Luque and Martí [2]. The device is completed with two emit ters 
that selectively extract electrons and holes at either side of the 
absorber. In this way, three absorption onsets are expected at 
photon energies corresponding to transitions from the valence 
band to the intermedíate band, from the intermedíate to the 
conduction band, and from the valence to the conduction band, 
leading to an increase of the generated photocurrent. The proper 
use of the emitters and the isolation of the intermedíate band 
material from the contacts ensure that the expected voltage 
delivered by the device will be limited by the main gap of the 
material and not by any of the sub-bandgaps associated to the 
intermedíate band. The overall balance is an increased efficiency 
of energy conversión [3]. 

Chalcopyrites lead the efficiency ranking of thin-film technol-
ogies and therefore appear as potential candidates for advanced 
designs [4]. Different approaches to the growth of nanostructured 
Cu-containing chalcogenides have been reported [5], many of 
them based on solvothermal reactions leading to the formation of 
powders. These methods, despite the fact of having demonstrated 
intrinsic properties associated to reduced dimensions, appear 
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nevertheless inadequate to implement nanostructured chalcopyr-
ites into solid-state devices. This inadequacy results from the 
absence of a suitable semiconductor matrix that may be used to 
embed the nanostructured material. In particular, a suitable 
semiconductor matrix must have a larger bandgap than the 
nanostructured material, providing the confining potential energy 
barrier in the form of a suitable band offset. Procedures for the 
growth of chalcopyrite nanocrystals and mesoscopic clusters in 
the form of thin films have also been proposed that allow for the 
embedding step [6]. The embedding process of chalcopyrite 
nanocrystals into a barrier material, typically a related binary 
chalcogenide or a widegap ternary counterpart, can in principie 
be accomplished either during the growth of the nanostructured 
material itself or following a sequential process, like in the case of 
conventional quantum well structures. In any case, the quality of 
the interface between the buried material and the barrier matrix 
appears critical, as it will determine (i) the electronic properties of 
the metallurgical junction between both materials, and (ii) the 
profile of the confining potential. Elemental interdiffusion 
processes between components of barrier and buried compounds 
will prevent the formation of abrupt interfaces and will determine 
the profile of the potential barrier. Interdiffusion does indeed 
govern the alloying in the chalcopyrite system Cu(Ga,In)(S,Se)2 as 
used for high efficiency solar cells [4] and is therefore expected to 
play a central role in the fabrication of nanostructured interfaces 
between chalcopyrite compounds of two different types. Addi-
tionally, chalcopyrites and related binary compounds show high 
concentrations of native defects of different types, despite their 
overall relative benign character for efficient devices. In this 
contribution, results of the optoelectronic characterization of 
nanostructured chalcopyrites will be presented, with the aim 
of determining the impact of these two important issues: 
(i) interdiffusion phenomena between elements of the matrix 
and the embedded nanostructure; and (ii) the presence of native 
defects in the nanostructured material. 

2. Experimental 

We have devised two different nanostructured material 
systems to study separately interdiffusion phenomena, occurring 
at standard processing temperatures, and the impact that the 
presence of native defects may have on the optoelectronic 
properties of the samples. For the study of interdiffusion 
phenomena, epitaxial selenide samples in the form of a quantum 
well, with alternating layers of different compositions and wide/ 
low/wide bandgaps, have been grown by metalorganic chemical 
vapor deposition (MOCVD) onto GaAs substrates [7]. For the study 
of native defects and their effects on the optoelectronic proper
ties, we have analyzed evaporated microcrystalline In2S3 samples 
grown at low temperature that included reduced amounts of Cu 
during processing, in an attempt to form nanocrystals of CuxInySz 

within the In2S3 matrix. 

2.1. Selenide samples 

MOCVD-grown samples have been processed at a substrate 
temperature of 500 °C onto clean semi-insulating, epi-ready 
GaAs(0 0 1) wafers (500 um, EPD < 3 x 103 c i rr2 , Wafertechnol-
ogy Ltd.). Details on the growth system and procedures can be 
found in Ref. [6] and references therein. A triple-layer structure 
has been analyzed consisting of GaAs(substrate)/CuGaSe2/ 
CuInSe2/CuGaSe2. In addition, two single-layer samples, namely 
GaAs/CuInSe2 (1.0 eV) and GaAs/CuGaSe2 (£g=1.7eV) served as 
reference. For both the reference samples and the layer stack, each 
single chalcogenide layer had a nominal thickness of ~100nm, 

confirmed by scanning (SEM, LEO-Gemini 1530) and transmission 
electrón microscopy (TEM, Zeiss Libra operated at 200 kV 
equipped with a Thermo Noran EDX analysis unit) cross-sectional 
analysis. The samples showed c(0 0 1) orientation, according to 
X-ray diffraction analysis and electrón channeling experiments [8]. 
Fig. 1 shows a cross-sectional SEM image of the CuInSe2 reference 
sample (70° off-normal), revealing the closed interface between 
the substrate and the layer and the grooves resulting from the 
typical faceting into polar {1 1 2}-planes of the free chalcopyrite 
surface [9]. 

2.2. Sulphide samples 

Polycrystalline PVD-grown samples of In2S3 (£g=2.0eV) have 
been grown onto Mo-coated, Na-free glass (Corning 7059) at a 
low substrate temperature (200 °C) by co-evaporation. Bare In2S3 

samples served as a reference, to be compared to identical 
samples that included a small amount of Cu during the process 
(total [Cu]/([Cu] + [In]) ratio~2-3 at% according to EDX analysis). 
The process sequence followed for the metáis of the Cu-contain-
ing sample was 

• In (55 nm)-Cu (1 nm)-In (60 nm)-Cu (1 nm)-In (65 nm)-Cu 
(1 nm)-In (70 nm) 

with constant supply of S in excess over the nominal stoichio-
metry during the entire process, for a total thickness of ~250 nm. 
Identical samples grown on uncoated glass showed different 
coloring of the Cu-containing (orange) and Cu-free semitranspar-
ent samples (yellow), not shown. 

2.3. Photoreflectance setup and basics 

Photoreflectance (PR) belongs to the family of modulation 
spectroscopy techniques able to probé the changes in the 
optoelectronic properties of semiconducting samples upon the 
application of a perturbing electric field. For this purpose, a 
monochromatized light beam (in our case from a 150 W halogen 
lamp) is focused on the surface of the sample in near-normal 
incidence, and the reflected beam is collected with optical lenses 

Fig. 1. Cross-sectional SEM 70° tilted view of an epitaxial CuInSe2 layer grown by 
MOCVD at 500 °C on GaAs (0 0 1). 



and focused on a photodetector (Si- and Ge-photodiodes for 
different wavelength ranges). Superimposed onto the monochro-
matic light spot at the sample, a láser beam (17 mW, HeNe at 
632.8 nm) chopped at 777 Hz acts as a pump-beam. The pump 
beam hits the sample surface with an incidence angle of ~75° 
with respect to the normal. The high absorption coefficient of 
chalcopyrite compounds plus the open angle of incidence of the 
pump beam limit the región of the sample being probed in PR to 
the near surface. The reflectance signal modulated at the 
reference frequency and collected at the detector is amplified by 
a lock-in amplifier (Stanford Instruments). Basics of the technique 
can be found in Ref. [10] and references therein. Modulation 
spectroscopy has been used for the characterization of chalcopyr
ite compounds since the works of Shay and Tell [11] with 
particular emphasis on the determination of the valence band 
structure of such compounds. More recently, Shirakata and 
Chichibu [12] have reported excellent photoreflectance (PR) 
studies of epitaxial layers belonging to the Cu(Al,Ga,In)(S,Se)2 

system. What follows is just a brief summary of the basics of the 
technique. 

The analysis of the spectra obtained from PR measurements 
can give detailed information about the electronic structure of the 
sample investigated. The main effect of the modulated pump-
beam is to modify in a periodic manner the internal electric fields 
of the sample. The latter are associated with built-in electrostatic 
potentials at interfaces, free surfaces and, eventually, at localised 
and electrically active defects. The variation in the internal 
electric fields has in turn a direct impact on the valúes of the 
dielectric function, ultimately responsible of the reflectivity of 
the sample that will undergo a modulated variation following the 
perturbing light beam. The changes of the dielectric constants of 
the samples are most prominent around critical points of the 
electronic structure or van Hove singularities, which are asso
ciated to sharp variations in the density of states. The lineshape of 
the PR spectra reflects thus the variations of the dielectric 
function of the sample at such points and will depend on the 
character of the critical point involved. In contrast to other 
possible modulated perturbations, like thermal oscillations or 
piezo-strain, the perturbing electric filed breaks the translational 
symmetry associated to the Bloch functions of carriers in the 
upper electronic bands. Aspnes [13] analyzed the effect of 
translational-symmetry-preserving- vs. translational symmetry-
breaking-perturbations, setting the basics for the analysis of the 
lineshapes of modulated spectra. The so-called third derivative 
functional form (TDFF) is the basic tool for PR analysis: 

§=Reí^[cje\E-Egj + irj)-™1]\ (1) 

where it is stated that the PR signal is given by the real part of the 
sum over the different j critical points £g¿ involved of a functional 
that includes an amplitude factor C, a phase 9, a broadening 
parameter F, and an exponential term m that accounts for the 
type of critical point and the related order of the derivative, which 
can have only certain valúes with physical meaning: 

• m=2.5, corresponds to the third derivative of a 3-D (parabolic) 
critical point; 

• m=3, is associated to a 2-D critical point; 
• m=3.5, is associated to a 1-D critical point; and 
• m=2, corresponds to the first derivative of a Lorentzian; 

associated to excitonic transitions and/or bound states where 
the carriers cannot be displaced following the perturbing field. 

The cases m=2.5, 3, and 3.5 (third derivative functional) 
correspond to situations in which there is no electronic confine-

ment of the carriers associated to the transitions, in contrast to 
the case m=2. The TDFF will be used in the analysis of our 
samples aiming, on the one hand, at the identification of critical 
points associated to the chalcopyrite phases that will thus reveal 
their presence and, on the other hand, at the determination of the 
eventual confined character of the carriers involved in the 
corresponding transitions. The reader is referred to Ref. [13] for 
further details on the nature and effects of the different 
parameters included in the TDFF on the fitting results. 

3. Results 

3.1. The selenide system 

Fig. 2 shows a cross-sectional EDX-compositional image 
obtained from the GaAs/CuGaSe2/CuInSe2/CuGaSe2 stack. The 
upper left figure is the TEM picture of the section and the rest 
of the panels correspond to L-emission line intensity mapping of 
the constituent elements Cu, Ga, Se, As, and In as measured by 
EDX. The image shows a well resolved GaAs/chalcopyrite 
interface. Two faceting-induced grooves at the front surface of 
the layer are readily visible. Both Cu- and Se-distributions appear 
homogeneous throughout the entire sample thickness. However, 
Ga and In appear unevenly distributed over the entire sample 
thickness. The presence of both Ga and In in the layer indicates 
that interdiffusion and alloying of both group-III elements in the 
cation-sublattice of the chalcopyrite structure has taken place at 
processing temperatures, as expected. The uneven distribution 
of either element is in agreement with the compositional 
growth sequence: at the central part of the layer a higher 
In-concentration, corresponding to Ga-depletion, is observed. 
The upshot is a sample with a compositional gradient, at least 
in the direction normal to the surface (lateral inhomogeneities 
of the In-content can indeed be also inferred from the 
corresponding In-map). Although no sharp ñor well defined 
interface between Ga- and In-containing phases is observed, the 
varying [Ga]/([Ga] + [In]) ratio will result in a corresponding 
variation of the bandgap with respect to the growth direction. 

Fig. 3 shows room temperature PR spectra (open dots) of the 
epitaxial selenide samples grown on GaAs (0 01), including the 
two reference samples of CuGaSe2 (upper panel) and CuInSe2 

(lower panel). The spectra have been fitted according to the TDFF 
(Eq. (1)) and the corresponding fits are shown as solid Unes. 
Analysis of the spectra reveal that there are three critical points, 
denoted A, B, and C in the figure, which account for the three 
bandgaps associated to the three-fold valence band characteristic 
of chalcopyrite compounds. The upper part of the valence band of 
Cu-containing chalcopyrites consists mainly of hybridized states 
from Cu-3d and chalcogen p-states (either S or Se). The three-fold 
valence band stems from the splitting due to spin-orbit 
interaction and to the crystal field associated to the tetragonal 
distortion in the chalcopyrite structure (a non-cubic lattice with 
c#2a) [11]. For CuInSe2, the tetragonal distortion is small and 
larger than unity (c > 2a), whereas for CuGaSe2, the distortion is 
larger in magnitude than for CuInSe2 and smaller than unity 
(c<2a). The composition for which c=2a corresponds to a [Ga]/ 
([Ga] + [In]) ratio of ~0.25, according to Vegard's rule and 
supported by experimental studies [14]. 

The energy of the critical points obtained from the TDFF 
fittings of the spectra of the reference CuGaSe2 and CuInSe2 

samples are in good agreement with reported valúes of the three 
gaps and the corresponding splittings [11]. These valúes are 
summarized in Table 1. For CuInSe2 the fundamental gap A 
appears at 1.01 eV, partially overlapped by the second gap B, 
resulting from the crystal-field splitting, at 1.03 eV. The 



Fig. 2. Cross-sectional TEM image of a GaAs/CuGaSe2/CuInSe2/CuGaSe2 sample (top left) and corresponding EDX compositional mapping out of L-emission lines of the 
constituent elements. 
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Fig. 3. PR spectra (open dots) of epitaxial selenide layers on GaAs (0 0 1): CuGaSe2 

(top), CuInSe2 (bottom), and CuGaSe2/CuInSe2/CuGaSe2 stack. Solid lines represent 
TDFF fittings with parameters as summarized in Table 1. 

corresponding broadening parameters are relatively large, around 
80 meV, but still a TDFF-fit with a single critical point did not 
yield a satisfactory result. The third gap C (spin-orbit) is well 
resolved at 1.25 eV. For CuGaSe2, transitions A and B at 1.66 and 
1.76 eV appear well resolved, although transition C is only partly 
visible in the range accessible due to the use of an optical filter 
before the detector. The energies of A and B transitions are in 
accord with reported data [11]. For both reference samples the 
m-factors obtained from best fits to TDFF are consistent with 

transitions involving free carriers around 3-D critical points. This 
is characteristic of bulk material, excluding the presence of bound 
states, and in agreement with photoluminescence results, where 
excitonic emission from chalcopyrite thin films could only be 
resolved at low temperatures with no excitonic signatures at 
room temperature [15]. In none of the samples could the 
fundamental gap of GaAs be resolved from the PR spectra. This 
may be explained by considering that no perturbing field 
effectively modulates the buried interface of the chalcopyrite 
layer with the substrate. 

In the case of the layer stack, three apparent PR features are 
readily visible in Fig. 3, which are denoted by a, /?, and y. No ClSe-
related signatures at about 1.00 eV could be found and the high-
energy range in the plot appears different from that of the 
CuGaSe2 reference. Two different fits of the spectrum of the layer 
stack sample have been performed. In a first attempt, we have 
limited the number of critical points to three, accounting for the 
conspicuous features of the spectrum. The corresponding para
meters are summarized in Table 1, together with results from the 
fittings of the reference samples. According to this procedure, 
transition a appears at 1.32 eV, well above any transition 
observed for the case of CuInSe2, whereas transition p appears 
at 1.60 eV, below any of the transitions related to puré CuGaSe2. 
We cannot conclude with certainty about the position of 
transition y. To explain the origin of transitions a and p in the 
layer stack, the authors recall that non-negligible amounts of Ga 
and In had been detected by means of EDX throughout the entire 
layer thickness. The compositional variation leads to correspond
ing shifts in the energy positions of the bandgaps, and thus to 
the energies of the related critical points accessible by PR. These 
energies can be calculated from empirical expressions relating the 
energy gaps of the alloys and their actual composition, which 
include bowing coefficients [16]: 

£g4 = 1.010 + 0.626x-0.167x(l-x) 
£g,s = 1.006 + 0.702x-0.166x(l-x) 
EgiC = 1.236 + 0.674x-0.151x(l-x) (2) 

where EgxA, EgB, and EgC (in eV) correspond to transitions A, B, and 
C, respectively, and x represents the Ga-fraction of the overall 
group-III content in the selenide system (x=0 for CuInSe2; x = l 
for CuGaSe2). Substituting 1.32 eV for EgxA, i.e., assuming that the 
lowest-energy signature of the PR spectrum corresponds to the 
fundamental gap for a given Ga-content x in the equations, a Ga-
content of 55.3 at% is obtained. The corresponding crystal-field-
and spin-orbit-related transitions should then read £giB = 1.35 eV 



Table 1 
TDFF fitting parameters of spectra shown in Fig. 3 of epitaxial selenide samples CuInSe2, CuGaSe2 and the triple-layer stack, the latter according to the cases of three- and 
six critical points (CPs). 

ESA (eV) 
EgB (eV) 
£gC(eV) 
rA (meV) 
rB (meV) 
rc (meV) 
mA 

mB 

mc 

CuInSe2 

1.015 
1.035 
1.250 
85 
79 
85 
2.49 
2.50 
2.49 

CuGaSe2 

1.659 
1.760 
(1.865) 
28 
35 
(33) 
2.74 
2.54 
(2.45) 

CuGaSe2/CuInSe2/CuGaSe2 (3-CPs) 

(a) 1.317 
(P) 1.597 
(y) (1.902) 
(a) 83 
( « 4 9 
(y) (45) 
(a) 2.03 
( « 2 . 1 2 
(y) (2.25) 

CuGaSe2/CuInSe2/CuGaSe2 

1.310 
1.345 
1.573 
72 
70 
52 
1.84 
2.02 
1.98 

(6-CPs) 

1.604 
1.670 
(1.925) 
63 
178 
(56) 
2.67 
2.85 
(2.65) 

and £gC=1.57 eV, respectively, according to Eq. (2). However, the 
energies of the critical points obtained from the TDFF fit (Table 1) 
do not agree with these figures. A second fit has been attempted, 
allowing for six critical points in the spectrum. Six transitions 
would account for the three-fold valence band structure of two 
different compounds, differing in their composition. We have 
assumed that a-signature is related to transitions associated with 
a low-gap alloy, whereas /J-signature includes contributions of a 
widegap alloy. Calculating for £gi/i=1.60 eV, the corresponding 
Ga-content of the Ga-rich alloy is 95.0 at%. For such Ga-
concentration, transitions B and C should appear at £gB=1.66eV 
and £gC=1.87eV, according to Eq. (2). The results of the six-
critical-point fit, as performed with the corresponding energies as 
free parameters (i.e. with no imposed constraints to the inferred 
valúes) are summarized in Table 1 and the solid line in Fig. 3 for 
the layer stack shows the fitting curve. They are in good 
agreement with the calculated energy transitions with a sig-
nificant deviation only in the valué of y-signature, likely 
attributable to the fact that it has just been partly resolved in 
the measurement. We thus conclude that the use of six critical 
points in the analysis of the PR spectrum of the layer stack is 
justified, since it provides physically meaningful results in accord 
with the experimental data. 

In light of these results, the interdiffusion process seems to be 
uneven with respect to the diffusivities of Ga and In species. 
Interpreting transitions a and p as stemming from In-containing 
and Ga-containing compounds, respectively, it is concluded that 
incorporation of Ga into the In-containing compound is much 
more effective than the corresponding incorporation of In into the 
Ga-containing compound. Afshar estimated the diffusion length 
[2^J(Dt)\ of Ga and In out of the compositional profiles as 
measured by EDX in similar samples with an inverted structure, 
CuInSe2/CuGaSe2/CuInSe2 [7]. He thereby estimated figures of 
19 + 3 nm for out diffusion of Ga into CuInSe2 and 22 + 2 nm for 
the corresponding In-outdiffusion into CuGaSe2. This result is 
consistent with the observed features, although the origin and 
amount of diffusing species in the inverted structure is not 
directly transferable to our case (double Ga-structure, apart from 
the substrate, and thus double amount of Ga at the source of Ga-
diffusion). In any case, assuming that the observed PR transitions 
correspond to the extrema of the bandgaps present in the multi-
layer sample, we can represent the situation of the sample with 
respect to the nominal case in a common band-diagram. Fig. 4 
represents the expected band-diagram for the triple-layer sample 
and the actual band alignment, according to the compositional 
results and the observed PR transitions. 

Interestingly, best fits following the TDFF are obtained, both 
for the case of three- and six critical points, with exponent 
m-factors around 2.0 for transitions associated with the low-gap 
alloy. According to the physical interpretation of the m-values 
described in Section 2.3, these transitions are associated to bound 
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1.66 eV 
1.60 eV 
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Fig. 4. Schematic band-diagram of the multi-layer stack. Black solid lines denote 
the nominal structure, the dashed line represents the actual conduction band 
profile according to the interpretation of PR results. 

states (i.e., m=2.0 denotes electronic confinement in the 
structures). However, we excluded before the possibility of 
excitóme emission at room temperature in bulk samples. There-
fore, these results seem to indícate that electronic confinement 
can be achieved out of chalcopyrite nanostructures. Nevertheless, 
it appears clear that catión interdiffusion will ultimately define 
the potential profiles (most likely in the three dimensions and not 
only in the direction normal to the plañe of growth, according to 
compositional results) that photogenerated carriers will see. 

3.2. The sulphide system 

Fig. 5 shows the PR spectra and the corresponding TDFF fittings 
of the In2S3 reference and the Cu-containing samples. The fitting 
has been done with varying number of critical points and the 
figure shows the best fits obtained for both types of samples. The 
parameter valúes of the corresponding fits are summarized in 
Table 2. 

An apparent single feature around 1.4 eV in the reference In2S3 

sample (upper panel) is composed of two contributions at 1.38 
and 1.52 eV, labeled a and b in the figure. There appears a 
significant difference between these two signatures with respect 
to the broadening parameter ( r a ~ 4 1 meV, r a ~ 2 1 0 meV). This 
difference is not fully understood and may indeed point to the 
presence of additional critical points at still higher energies. The 
Cu-containing sample is best fit by three transitions (primed 
labels) at 0.90, 1.48 and 1.53 eV, the general appearance of the 
spectrum being noticeably different from that of the reference 
sample. The m-values of all critical points are approximately 
equal to 2, indicating that there exists electronic confinement 
associated to the transitions involved. In the case of the reference 
sample, neither a ñor b can be associated to the fundamental gap 
of In2S3 (at ~2.0eV, likely indirect and therefore, in principie, 
PR-silent). They are thus attributed to the presence of deep states 
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Fig. 5. PR spectra (open dots) of PVD-grown polycrystalline layers on Mo-coated 
glass (Na-free, Corning 7059) at 200 °C: In2S3 reference (top) and In2S3:Cu 
(bottom). Solid lines represent TDFF fittings with parameters as summarized in 
Table 2. 

Table 2 
TDFF fitting parameters of spectra shown in Fig. 5 of In2S3 and In2S3:Cu ([Cu]~2-3 at%) 
samples. 

EgA (eV) 
Eg,B (eV) 
£g,c(eV) 
ra (meV) 
rb (meV) 
rc (meV) 
m„ 
mb 

mc 

In2S3 

1.382 
1.520 

-
41 
208 

-
1.80 
2.01 

-

In2S3:Cu 

0.900 
1.482 
1.529 
96 
72 
161 
1.96 
2.18 
2.16 

associated to native defects. It is well known that the properties of 
In2S3 are extremely sensitive to the growth conditions imposed 
and stoichiometric deviations, facilitated by a relative open 
crystalline structure of the spinel-type (see, for example 
Ref. [17] and refs. therein). In fact, one third of the tetrahedral 
sites of the catión sublattice remain vacant, and the different 
ordering of the vacancies determines two of the known structures 
of the compound. Furthermore, accurate control of the amount of 
sulphur incorporated into the structure is difficult to ensure, 
despite the fact that the chalcogen is typically provided in excess 
during the growth of the films. 

Garlick et al. [18] reported luminescence spectra of crystalline 
In2S3 samples at 65 K in which two broad emissions were 
identified at 1.42 and 1.57 eV. The lack of structure of the broad 
lines was interpreted as the related recombination centers being 
well coupled to lattice vibrations. No conclusión was stated on the 
nature of the centers, but just a generic relation with the electrón 
affinity of vacancies that may act as electrón traps. We tentatively 
associate the PR-signatures found in our study with the reported 
PL emissions of Garlick et al. taking into account the energy shift 
associated to the low temperatures of the luminescence experi-
ments. 

With regard to the Cu-containing sample, Fig. 5 clearly shows 
that the incorporation of Cu modifies the optoelectronic proper
ties of In2S3 [17]. Features a' and b' are attributed, with certainty, 

to transitions related to deep centers. The a-signature of the 
reference sample acting as the embedding matrix in the 
Cu-containing sample is apparently suppressed. Transition c' at 
1.53 eV could, in principie, be attributed to the presence of CuInS2, 
assuming that Cu introduced during the growth of the films 
resulted in the formation of clusters of the ternary compound in 
the binary matrix. However, the similarities found in the fitting 
parameters of signatures b and c' (all three showing nearly 
identical valúes) and particularly the large broadening factors, led 
us to consider a common origin for the critical points for both 
Cu-free and Cu-containing samples as more likely. 

Similar Cu-containing In2S3 samples grown by PVD at low 
temperature have been recently studied by Barreau and Tessier 
[19]. The authors reported on the structural, optical and electrical 
properties of the samples as a function of their Cu-content. It is 
concluded that Cu-atoms progressively occupy the vacant tetra
hedral sites of the spinel-like In2S3 structure, distributing 
themselves homogeneously throughout the sample and reducing 
slightly the lattice parameters [20]. No evidence is reported in the 
work of Barreau of the formation of secondary phases related to 
ternary compounds, until the amount of Cu provided suffices for 
the segregation of CuIn5S8. Such an amount of Cu would 
correspond to a valué x=4 according to the compositional 
formula [19]: 

[m16]ohtm5.33-(x/3)Cux • 2.67-(2x/3)]TdS32 

where • represents vacancies, and the subscripts Oh and Td refer 
to sites of octahedral and tetrahedral coordination, respectively. 
For a total amount of 2-3 at% Cu, the corresponding x-value is 
approximately 0.016, which is well below the threshold valué 
related to the formation of CuIn5S8. The possibility of forming 
ternary clusters as a distinct phase other than In2S3:Cu at 
Cu-concentration levéis below ~7at% appears thus unlikely, 
although it cannot be discarded that local fluctuations in the Cu-
concentration could result in domains of CuIn5S8 mixed with 
In2S3:Cu, prior to the complete transformation of the layer into 
single-phase CuIn5S8. The fundamental transition of CuIn5S8 is 
expected at about the same energy that the corresponding gap of 
CuInS2 (1.52 eV). However, as discussed before, the results 
obtained for the reference In2S3 layer support the attribution of 
a common origin for the critical points b and c' observed in the PR 
spectra. We thus cannot conclude with certainty about the 
presence of a distinct ternary phase. 

4. Conclusions 

In this work we have examined by means of optoelectronic 
characterization based on modulated photoreflectance two types 
of samples related to the family of Cu-containing chalcopyrites. 
These two types of samples are potential candidates for high-
efficiency photovoltaic devices and are under current study for 
the implementation of intermedíate band solar cells. The idea of 
using this class of compounds in designs that profit from 
electronic confinement effects is appealing, though our results 
indícate that there are several technological barriers to their 
implementation. First, the embedding process of chalcopyrite 
nanostructures has to cope with the impact of cationic-inter-
diffusion processes occurring at standard processing tempera-
tures, as revealed for the case of epitaxial layer stacks of selenide 
compounds. Even for samples grown at low temperatures, the 
abundance of native defects, and particularly the role played by 
native vacancies, may impose limits to the practical realization of 
devices based on sub-bandgap absorption, as observed for the 
case of polycrystalline sulphide structures. Despite these facts, we 
have demonstrated the suitability of modulated spectroscopic 



techniques for the characterization of nanostructured chalcopyr-
ites and related materials. 
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