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Abstract The pentenary compound semiconductor

Cu(In,Ga)(Se,S)2 is one of the most attractive materials for

high-efficiency solar cells due to its tunable band gap to

match well the solar spectrum. In this study, semicon-

ducting Cu(In,Ga)(Se,S)2 thin films were prepared by a

classical two-step growth process, which involves the sel-

enization and/or sulfurization of In/Cu–Ga precursor.

During the precursor formation step metallic In/Cu–Ga

alloys were deposited onto the Mo-coated soda-lime glass

substrates by DC magnetron sputter process. The respec-

tive precursors were subsequently reacted with H2Se and/or

H2S gasses, at elevated temperatures. By optimizing the

selenization parameters, such as the gas concentrations,

reaction time, reaction temperature, and the flow of H2Se

and H2S, high quality, single phase pentenary films were

obtained. The gallium and sulfur diffusion behaviors were

found to depend strongly on the selenization/sulfurization

profile. The surface morphology, phase structure, and

composition of the layers were analyzed by scanning

electron microscope, atomic force microscopy, X-ray dif-

fraction, and electron diffraction spectroscopy. Photolu-

minescence measurements were performed to examine the

optical properties of the films.

Introduction

The CuInSe2(CIS)-based ternary chalcopyrite semicon-

ductor is the candidate with the best chances to compete

with crystalline silicon. This promising material for the

fabrication of thin films solar cells have high-absorption

coefficient (a = 105 cm-1), suitable band gap (Eg =

1.04 eV) and has long-term stability [1]. It has been shown

that incorporating gallium into CIS to form Cu(In,Ga)Se2

(CIGS) can increase the band gap up to 1.6 eV [2]. The

material properties of CuInSe2-based solar cells are criti-

cally influenced by their stoichiometric compositions [3]

and defect chemistry, which in turn are strongly related to

the films growth parameters. Over the past years various

techniques were used to develop CIS and/or CIGS thin

films and the conversion efficiencies of polycrystalline

thin-films solar cell devices have steadily increased to

values above 14 and 19.9% in the case of CuInSe2/CdS/

ZnO [4] and Cu(In,Ga)Se2/CdS/ZnO [5], respectively.

Therefore, a key issue to be addressed for further

improvement of these solar cell devices is a correlation

between the device characteristics of completed devices

and the material properties (i.e., structural, optical, and

electrical) of the CuInSe2 and family absorber films. To

achieve higher band gaps chalcopyrite thin films, which

should lead to improve device performance, the use of

sulfur and gallium to partially replace selenium and

indium, respectively, together has been an interesting

option. However, the atomic ratio for Ga in the [19%

efficient CIGS solar cells is *7%, which corresponds to a

band gap of *1.15 eV. CIGS solar cells with higher Ga

amounts have lower efficiency. For example, CGS solar

cells (which have a band gap of *1.7 eV have a record

efficiency of 9.5% for pure CGS and 10.2% for surface-

modified CGS. A significant problem related to the two-

step growth process is the reported segregation of Ga

toward the Mo back contact, resulting in separated CuInSe2

and CuGaSe2 phases [6–11]. As a result, these layers are

normally completely depleted of Ga in the near surface

region of the absorber film, and the characteristics of
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completed solar cell devices are similar to those of devices

produced from pure CuInSe2 absorber layers. In this study,

we present experimental evidence that the diffusion of

gallium and sulfur toward the Mo back contact or toward

the surface can be prevented in an optimized two-step

growth process. The structural features of the homoge-

neous absorber layers are discussed and optical data are

presented to illustrate the influence of the gallium and

sulfur in cooperation on the optical band gap of the semi-

conductor thin films.

Experimental

Absorber formation

The CuIn0.75Ga0.25 metallic precursors were deposited by

DC (direct current) magnetron sputtering, in a system that

accommodates three separate targets (Cu/Ga, In, and Mo).

During absorber deposition the Mo-coated glass substrates,

typically 1 cm2 in size, were rotated continuously to pro-

mote uniformity and intermixing of Cu, In, and Ga. The

Mo back contact was deposited at a working pressure and

substrate temperature of around 10-3 mbar and 350 �C,

respectively, and had a typical thickness of about 1 lm.

The resulting Cu–In–Ga alloys were typically around

0.7 lm thick and were deposited with no intentional

heating of the substrates at working pressures around

3 9 10-3 mbar. The typical chemical composition of the

metallic precursors were 46.7 at.% Cu, 40.1 at.% In, and

13.2 at.% Ga. During the subsequent reaction process, the

metallic precursors were first selenized in a horizontal

reaction tube at reduced pressures in H2Se diluted with Ar

at temperatures 400 �C for periods of 30 min. These alloys

were finally reacted to a H2S/Ar atmosphere at a temper-

ature of 550 �C for periods between 15 and 30 min

to convert the films into single-phase, homogeneous

Cu(In1-xGax)(Se1-ySy)2 pentenary alloys. After the sulfu-

rization step, the samples were allowed to cool to room

temperature under Ar atmosphere.

Characterization

The morphological features of the two categories of films

(sulfurized at 450 and 550 �C for 60 min) were examined

by scanning electron microscopy (SEM) while the crys-

talline quality of the films was evaluated with normal

incidence X-ray diffraction (XRD), using Cu Ka (0.154

07 nm) radiation. A Park Scientific Auto probe CP equip-

ped with an AFM/LFM head was used for AFM mea-

surements. The topography images were acquired in the

constant force mode using the minimal force to keep the tip

in contact with the sample. The bulk composition of the

sulfurized films was determined by energy dispersive X-ray

spectroscopy (EDS). The in-depth concentration profiles of

the samples were determined by X-ray photoemission

spectroscopy (XPS), using a physics electronics (PHI)

Quantum 2000 Scanning XPS system with Al Ka radiation

at 20 W beam energy. The spot size was 100 lm, and the

argon ion gun operated at 2 kV. The in-depth composi-

tional analyses of the samples were studied with scanning

X-ray photoelectron spectroscopy (SXPS) depth profiling.

Results

Structural features of the chalcopyrite thin films

after sulfurization

In the first step of the reaction process, the metallic alloys

were annealed in a diluted H2Se/Ar atmosphere to convert

the metallic coatings to composite coatings comprising a

mixture of binary selenides and group I–III–VI ternary

phases or a mixture of ternary phases, depending on the

reaction conditions. In a standard procedure, the H2Se gas

concentration was fixed at specific levels, while the reac-

tion temperature and time were used to control the degree

of selenization (i.e., the volume fraction of binary phases

converted into ternary phases). After the selenization step,

the H2Se gas was withdrawn from the horizontal reaction

tube, and the selenized alloys were annealed in an atmo-

sphere containing a mixture of H2S and Ar under defined

conditions. Figure 1a, b depicts the typical morphological

features of the films after being selenized at 400 �C for

30 min, followed by a sulfurization step at (a) 450 �C and

(b) about 500 �C. The gas concentration of H2S in Ar was

maintained at levels below 10 molar percent, while the

sulfurization period was fixed at 30 min for this specific

study. At sulfurization temperatures around 450 �C the

films revealed the presence of rod-like crystallites super-

imposed on the small-grained background material

(Fig. 1a, with less defined grain structure of typical sizes

around 1 lm (inset Fig. 1b)) [12]. However, the high

density of sub-micron grains corresponds to a significant

increase in the grain boundary density in the thin film. This,

in turn, may result in deterioration in the electrical behavior

of the solar cell device. An increase in the sulfurization

temperature to around 500 �C resulted in more observable

structural changes due to the increased incorporation of S

and produced films characterized by large conglomerates

of larger crystals with regions of faceted grains mostly of

2–5 lm-size (inset Fig. 1b). The large crystallite and/or

agglomerates in large areas of the film indicated that the

recrystallization of the film was facilitated by a Cu-rich

Cu(Se,S) or Cu2-xSe phase, which is a quasi-liquid phase

at temperatures around 500 �C [6]. This molten surface
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phase is known to act as a ‘flux’ due to the high diffusion

coefficients of the species involved in the growth process

and has also been detected during the co-evaporation of

Cu(In,Ga)(Se,S)2 alloys [7, 13]. Reaction of the films to

H2S/Ar at temperatures above 500 �C converted the com-

posite alloy into a compact semiconductor alloy with

superior structural features consisting of 2–5 lm grain

structures. It is important to realize that the final surface

morphology of a specific sample is significantly influenced

by the overall bulk composition of the film. Therefore, for

the purpose of comparison, the depicted films in Fig. 1 had

comparable bulk compositional properties, with Ga/(In?Ga),

S/(S?Se), and Cu/(In?Ga) atomic ratios close to 0.25,

0.35, and 0.9. The observed variation in structural features

observed in Fig. 1a, b is therefore directly related to the

fact that the sulfurization was done at different tempera-

tures and not to variations in the bulk composition of the

films. The composition of the specific film in Fig. 1a, b is

given in Table 1. It is important to mention that the

morphological features of the precursor structures and

Cu(In,Ga)(Se,S)2 films, depicted in Fig. 1a, b, are repre-

sentative and were confirmed by repetitive growth studies.

Experimentally, it was found that the sulfurization period,

reaction temperature, and position of the sulfur source with

respect to the samples critically influenced the degree of

gallium and sulfur incorporation into the CuInSe2 absorber

films. The morphology of the deposited films was also

investigated by AFM. Figure 2 shows 2D and 3D AFM

images of Cu(In1-xGax)(Se1-ySy)2 thin films, which rep-

resent the surface morphology as well as microstructure,

deposited by reaction of the films to H2S/Ar at tempera-

tures between 450 and 500 �C. Figure 2a, c depicts the

typical 2D morphological features of the films after being

selenized at 400 �C for 30 min, followed by a sulfurization

step at (a) 450 �C and (c) about 500 �C. The surface

variations of images are displayed by brighter and darker

regions representing higher and lower points, respectively.

The figures indicate that all the films’ surfaces are com-

posed of spherical particles but sulfurization at temperature

above 500 �C produced relatively uniform morphology and

dense films of high crystalline quality. The 3D AFM

images of the surface of deposited thin films selenized

at 400 �C for 30 min, followed by a sulfurization step at

(b) 450 �C and (d) about 500 �C. Films deposited at

500 �C depict a uniform, compact grain growth while films

deposited at 450 �C portray large, rough, non-uniform, and

mostly uni-directional grain growth. This mono-orientation

and random packing produces numerous voids which may

induce a high resistivity, and is detrimental to property of

the completed solar cell devices. In general, the increase in

the sulfurization temperature leads to decrease in rough-

ness and increase in uniformity in size distribution. This

reveals that the surface roughness is related to the depo-

sition conditions as well as selenization and sulfurization

parameters. XRD studies also revealed a dramatic variation

in the crystalline quality of the films. In the case where all

the films were sulfurized at 450 �C for 60 min, under the

conditions described above, XRD studies revealed the

presence of a graded Cu(In1-xGax)(Se1-ySy)2 structure

(Fig. 3a). This phenomenon is represented by the asym-

metric broadening of the characteristic [112], [220/204],

and [312/116] diffraction peaks. In this regard, it is

important to note that the position of the [112] diffraction

peak close to 27.9� represents the lattice parameter of

Cu(In,Ga)Se2, while the tail, due to increasing amounts of

sulfur and gallium, extends all the way to the peak position

of Cu(In,Ga)S2. It is therefore reasonable to assume

that the surface of the absorber film contains more of

Cu(In,Ga)Se2 and that the sulfur and gallium increases

continuously toward the Mo back contact. These observa-

tions are in good agreement with other related studies and

are attributed to the difference in the formation kinetics of

Fig. 1 SEM micrograph of the typical surface morphology of the

reference Cu(In1-xGax)(Se1-ySy)2 films after selenized at 400 �C for

30 min and sulfurized at temperatures around a 450 �C b 500 �C
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the two ternary phases [8]. Figure 3b depicts a represen-

tative XRD pattern illustrating the crystalline quality of the

films shown in Fig. 1b. It can be seen that a remarkable

improvement in the crystalline quality was achieved when

films were sulfurized at 550 �C for only 30 min. The

extremely sharp, well-defined chalcopyrite peaks are

indicative of the high crystalline quality of the pentenary

alloys. The fact that the diffraction peaks are symmetric

also indicates that the film is uniform and monophasic

rather than compositionally graded, as observed in Fig. 3a.

It is also important to note that the [112] peak position

shifted toward a larger 2h-value (from about 26.65� to

28.4�). This shift of the chalcopyrite reflection is in

accordance with a decrease in the lattice parameter

associated with the homogeneous incorporation of gallium

and sulfur into the pentenary Cu(In1-xGax)(Se1-ySy)2 sys-

tem. The degree of shift of the diffraction peak toward

higher 2h-values is exactly in accordance with Vegard’s

law [14], assuming single-phase material and a Ga/(Ga?In)

and S/(Se?S) atomic ratio close to 0.25 and 0.35.

PL properties of the Cu(In1-xGax)(Se1-ySy)2 thin films

The PL spectra for the Cu(In1-xGax)(Se1-ySy)2 layers are

presented in Fig. 4. These measurements were conducted

at 77 K, and the broad bands suggest a donor–acceptor pair

recombination, probably involving a copper vacancy (VCu)

as an acceptor and indium or gallium on copper site

(InCu, GaCu) as donor, as the material is slightly In-rich.

The PL response of a device quality slightly In?Ga-rich

Cu(In1-xGax)(Se1-ySy)2 is observed to be dominated by a

broad donor–acceptor pair transition at approximately 1.0

and 1.25 eV. The expected increase in peak position in the

PL responses, with uniform distribution of gallium and

sulfur content, can clearly be seen. In order to estimate the

band-gap energy, the binding energy of free excitons must

be added to the energy position of the highest intensity line

in the PL spectra, as indicated in Fig. 4. The values used

for the binding energies for free excitons in CuGaSe2

(14 meV), CuInSe2 (7.5 meV), CuInS2 (19 meV), and

CuGaS2 (29 meV) have been determined and reported

elsewhere [15–17], and the binding energies of the

Cu(In1-xGax)(Se1-ySy)2 structures in our study were cal-

culated using the linear dependence on x and y. These cal-

culated band energies are estimated values, as they actually

represent a value that is slightly lower than the true band-

gap energy. All these results are summarized in Table 2.

Fig. 2 Shows 2D and 3D AFM

images of Cu(In1-xGax)

(Se1-ySy)2 thin films, which

represent the surface

morphology as well as

microstructure, deposited by

reaction of the films to H2S/Ar

at temperatures between 450

(a, c) and 500 �C (b, d)
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Fig. 3 XRD patterns of the Cu(In1-xGax)(Se1-ySy)2 films after

selenized at 400 �C for 30 min and sulfurized at temperatures around

a 450 �C b 500 �C
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In-depth compositional uniformity of homogeneous

Cu(In,Ga)(Se,S)2 thin films

Figure 5 shows the in-depth compositional profiles of a

typical homogeneous Cu(In0.65Ga0.35)(Se,S)2 film with a

Ga/(Ga?In) atomic ratio of approximately 0.35. The XPS

depth profile results should be considered within the known

limitation associated with depth profiling techniques using

ion beam sputtering [18]. Against this background, it

should be realized that the XPS results do not represent the

exact compositional features of the compound, but are

rather an indication of the distribution behavior of the

elements in the bulk of the film. In this regard it is

important to note that the concentration profiles of all the

elements remained virtually constant in the region where

the Mo signal was zero and decreased as soon as the Mo

signal became significant. An exceptionally higher content

of gallium at the surface and at the bottom of the film, with

a complementary low content value in indium peak, sig-

nifies that gallium was substituted for indium in the crystal

structure. The homogeneous nature of the quaternary alloys

prepared in this study partly agree with those chalcopyrite

deposited by standard two-step processes, which exhibit an

accumulation of Ga toward the Mo back contact [5–10].

The relatively constant Ga/(Ga?In) ratios in these films are

in agreement with XRD results, indicating virtually no

variation in d-spacing through the entire depth of the

absorber films. The profile does not show any presence of

oxygen signifying the absence of oxides of In, Ga, and Cu

in the film. As seen in Fig. 5, no amount of silicon diffused

into the film from the substrate.

Conclusions

Systematic structural, morphological, compositional and

optical measurements, such as PL spectroscopy depen-

dence on the amount of gallium incorporation, were carried

out on high-quality Cu(In1-x,Gax)(Se,S)2 polycrystalline

thin films. It is demonstrated that the combination of con-

trolled growth conditions delivers single-phase Cu(In,Ga)

(Se,S)2 films with a high degree of in-depth compositional

uniformity. This was nicely highlighted by the XRD

spectrum showing all Cu(In,Ga)(Se,S)2 peaks, with shifts,

indicating films with different gallium and sulfur incorpo-

rations. Cu(In,Ga)(Se,S)2 peaks shifted to higher 2h-values

than Cu(In,Ga)Se2 due to a decrease in the lattice constant

and increase in band gap of the materials. Optical studies

also indicated an increase in band gap with increasing Ga

and S content, confirming the homogeneous incorporation

of Ga and S into the chalcopyrite lattice. These results were

supported by SXPS measurements, revealing a uniform

distribution of the elements through the entire depth of the

alloy. The production of homogeneous Cu(In,Ga)(Se,S)2

Table 1 The elemental composition of the Cu(In1-xGax)Se2 alloys in Fig. 1a, b

Sample no. Elemental concentration (at.%) Cu/III Se?S/Me Ga/Ga?In S/Se?S

Cu In Ga Se S

A 20.87 18.74 5.98 33.55 8.39 0.934 0.920 0.242 0.20

B 20.15 17.46 5.82 29.01 15.66 0.912 1.030 0.250 0.35
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Fig. 4 PL spectra for Cu(In1-xGax)(Se1-ySy)2 films after selenized at

400 �C for 30 min and sulfurized at temperatures around a 450 �C

b 500 �C. Measurements were conducted at 77 K, using a 5 mW laser

at an excitation wavelength of 514.5 nm. The increase of the

broadband peak position with increasing gallium and sulfur content

(increase in x and y) is observed

Table 2 Increase in calculated band-gap energy with increase in sulfur content for Cu(In1-xGax)Se2 alloys

Structure Calculated BE (meV) Energy from PL (eV) Estimated band gap (eV)

A = Cu(In0.76Ga0.24)(Se0.8S0.2)2 57.29 1.00 1.06

B = Cu(In0.75Ga0.25)(Se0.65S0.35)2 61.40 1.25 1.31
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chalcopyrite thin films with tunable lattice parameters and

band-gap values is an important prerequisite for fabricating

high-efficiency solar cell devices. This gives clear evidence

that Cu(In,Ga)(Se,S)2 products will be important contend-

ers on the PV power market.
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