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ABSTRACT 

Ternary single-source precursors were used to deposi t 
CuIoS2 thin films using chemical spray pyro lysis . We 
investigated the effect of the film composition on texture, 
secondary phase formation, and grain size. As-grown 
films were most often In-rich. They became more 
(204/220)-oriented as indium concentration increased, and 
always contained a yet unidentified secondary phase. The 
(1l2)-preferred orientation became more pronounced as 
the film composition became more Cu-rich . The secon
dary phase was determined to be an In-rich compound 
based on composition analysis and Raman spectroscopy. 
In addition, as-grown Cu-rich (l 12)-oriented films did not 
exhibit the In-rich compound. Depositing a thin Cu layer 
prior to the growth of CuInS2 increased the maximum 
grain size from - 0.5 j.l.Il1 to - 111m, and prevented the 
formation of the In-rich secondary phase. 

1. INTRODUCTION 

Thin film polycrystalline materials have been studied 
extensively for solar cell applications partially because 
their polycrystalline nature allows their formation on many 
different types of substrates [1]. Using lightweight poly
mer substrates for solar cells will particularly benefit space 
missions by reducing the power requirement for launching 
spacecraft [2]. Previously we have developed new single
source precursors (SSPs) for chalcopyrite tbin fi lm deposi
tion [3-5], and successfully showed that SSPs' thermal 
properties were appropriate for low-temperature processes. 

CuInS2 is a wide band gap chalcopyrite and a promis
ing material for thin fi lm solar cells because of its near 
optimum direct band gap of 1.5 eV and its possible use as 
a top ce ll in a tandem structure with Cu(In,Ga)Sez (CIGS) 
[6]. While the best thin fi lm solar cell efficiency reported 
was set by a CIGS heterojunctio n cell (- 19 %) made at 
the National Renewable Energy Laboratory (NREL), Cu-
1nS2 solar cells are theoretically expected to show effi
ciencies superior to those of CIGS cells [7 ]. However, a 
total area efficiency of only 11.4 % has been achieved so 
far for CuInS2 cells [8]. 

Although those world-record cells were made with an 
In-rich CIGS and a Cu-rich CulnS2 respectively, it has 
been well accepted that a Cu-rich stage during the fi lm 
growth is necessary for both materials to achieve a large, 
co lumnar grain structure required for high perfonnance 
so lar cell s. It is believed that the quasi-liquid Cu-Se (or S) 
binary phase segregated at the fi 1m surface, enhances the 
mobility of Cu and Se (or S) atoms during film growth [9]. 
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While large grain growth requires a Cu-rich stage, an 
In-rich surface is also important because In-rich composi
tion creates shallow donor states at the surface, and they 
result in Fermi level pinning and subsequent type inver
sion from p to n [6]. This surface inversion is believed to 
minimize recombination losses at the interface of the het
erojunction during cell operation [10]. Therefore, an 
overall In-rich composition of CTGS is typical ly real ized 
by having a final1n-rich growth stage. 

In contrast to CIGS, the best CulnS2 cell reported 
was made using a Cu-rich layer without an intentionally 
made In-rich surface [8], even thougb the same advantage 
from the In-rich surface was expected. Surprisingly, form
ing the desirable In-rich surface layer has not been easy 
for CuInS2 [6,11 ,12]. 

Because of the significance of systematic control of 
the composition during CuInS2 film growtb, we studied 
the composition of CulnS2 films deposited using SSPs, 
and its effect on fi lm texture, secondary phase formation, 
and grain structure. 

2. EXPERIMENTAL 

CuInS2 SSPs, [(PPh3)zCuIn(SEt)4] (solid) , [(P(n
BU)3lzCu!n(SEt)4] (liquid), and [(P(n-Bu)3lzCu!n(SPrn)4] 
(liquid) were synthesized following a procedure reported 
previously [3]. Aerosol-assisted chemical vapor deposi 
tion (AACVD) - or so-called 'chemical spray pyrolys is', 
was performed in four different AACVD reactors. T he 
first reactor is a hori zontal atmospheric pressure hot-wall 
reactor (reactor A) with a plate-type ultrasonic nebulizer 
(Sonaer Ultrasonics, 2.5 MHz). The second reactor is a 
vertical atmospheric pressure cold-wall reactor (reactor B) 
with a commercial ultraso nic nozzle (Sono-Tek, 120 kHz), 
and the third is a horizontal low-pressure hot-wall reactor 
(reactor C) with a pulsed aerosol injection system. A de
tailed film growth process with schematics of the reactors 
can be found elsewhere for reactors A, B, and C [4,5]. 
The fourth reactor (fig. 1) is a vertical atmospberic pres
sure hot-wall reactor (reactor D) with a commercial ultra
sonic nozzle (Sono-Tek, 120 kHz). 

Fi lms were deposited at substrate temperatures from 
350 °C to 450 °c , and either glass s lides (Corning 2947 
and 7059) or molybdenum (fo il and Mo-coated glass 
slides) were typically used as the substrate. The descrip
tion of the deposition processes for five representative 
fi lms (I, II, ill, IV , and V) is summarized elsewhere [13]. 

Three Cu-coated glass substrates were prepared using 
an evaporator (Varian) to study secondary phase formation 
and grain size of CulnS2 subsequently grown on top. T he 
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thickness of the Cu layer is about 50 nm, and three CulnS2 
films (# I, #2 and #3) were deposited using either reactor 
C or D (Table I). 

Film thickness was measured by a profilometer 
(KLA-Tencor HRP 75), and X- ray diffraction (XRD) and 
glancing angle XRD (GAXRD) (Phi lips) were performed 
for phase identification. Film morphology was examined 
using scanning electron microscopes (Hitacbi S-3000N 
and S-800), and the composition of the films was analyzed 
by energy di spersive spectroscopy (EDS) (EDAX). Fur
ther structural characterization was performed by Almega 
dispersive Raman spectroscopy (Thermo Nicolet). 

Fig. 1 Vertical atmospberic pressure hot-wall reactor 
(reactor D) built with a commercial ultrasonic nozzle 
(Sono-Tek, 120 kHz) and syringe-driven precursor solu
tion delivery system. 

Table I. CulnS2 films deposited on botb glass and Cu

-- -- . -- _ ... -- ltaneousl 
Film #1 #2 #3 

Reactor C C D 
Precursor PrN p?i Et 
Substrate 

Temp. (0C) 350 400 350 
Zone Temp. Single 
Zone 1 (0C) 70 106 hot zone 
Zone 2 (0C) 70 70 120 

Pr#: [(P(n-Bu)3hCuln(SPr")4) (liquid) 

J Et': [(P(n-Bu)3hCuIn(SEt)4] (liquid) 

3. RESULTS AND DISCUSSION 

Fig. 2 exhibits representative SEM pictures showing 
the grain morphology of fi lms deposited in the three di f
ferent reactors. Dense grain structure was realized witb 
the hot-waH reactors. Fig. 2(a) shows an example of the 
columnar grain structure (Film I), which is desirable be
cause photo-excited carriers can easily recombine at grain 
boundaries, and a vertical columnar grain structure can 
lower the cross section of recombination. In contrast, film 
III grown with the cold-wall reactor B showed a porous 
structure (fig. 2(b». Due to the co ld-wall configuration, 
the liquid precursor is onl y partially evaporated which can 
cause gra in growth under liquid deposition instead of 
vapor deposition, yielding porous fi lms [14). This growth 
mechanism was recently discussed in great detail [5] . 
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Films IV and V grown with reactor C had representa
tive grain structures that we have often observed through
out this study. The dendritic microstructure (fi lm IV , fig. 
2(c» exhibited non-faceted and elongated grains, which 
were also observed in films grown with solid SSPs in 
reactor A [4]. This was studied previously, and concluded 
to be a consequence of diffusion-limited growth [ 15). By 
increasing the flow rate, dense and faceted trigonal-shaped 
grai ns were obtained (film V, fig. 2(d». Tbe intersection 
of {Il2} faces in the chalcopyrite structure creates the 
trigonal- shaped grai ns. Grain size for film V was about 
0.5 ~m, which is the largest grain size we have acbieved 
thus far with as-grown fi lms (- 1 ~m th ick). 

XRD patterns (fig. 3) showed that the films were ei
ther (112) or (2041220) preferentiaHy oriented chalcopy
rite structure. In addition, films often contained a secon
dary phase at 28 '" 26.4° as shown in the XRD patterns. A 
diffraction peak located near the same 28 position was 
previously observed wben either In-rich or S-rich solu 
tions were used for spray pyrolysis, and was identified as a 
C3H4CI2N6 phase [1 6]. However, the C3H4C12N6 phase 
cannot be responsible for the peak observed in this study 
because SSPs do not produce by-products, wbich can form 
the phase. A recent study cou Id not assign the same re
fl ection at 26.5 ° to any single phase, but found that it was 
cbaracteristi c of In-rich films [17]. 
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Fig. 2 SEM micrographs of CulnS2 fi lms grown by aero
sol-assisted chemical vapor deposition: (a) the cross
section image of film I, and (b) (c) (d) the plane-view 
images of fi lms III, IV , and V respecti vel y. 

One constant observation in this study was the corre
lation of (204/220) film orientation and an In-rich 
stoichiometry and presence of a secondary phase (fi g. 3). 
A previous study from our labs on SSPs showed this trend 
although it was not examined [5] . Contreras et aJ. re
ported that there is an equi valent symmetry between the 
{IOO} plane of),-ln2Se3 (hexagonal) and the {l02} plane 
of CulnS~. and )'-In2Se3 can be a precursor layer of (204)
oriented CulnS~ [18). While the secondary phase ob
served is not likely )'-ln2S3 wbich does not have a diffrac
tion peak at around 26.4°, it is conclusive that the secon-
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dary phase is a result of an unidentified In-rich compound 
(either binary or ternary phase) . 
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Fig. 3 XRD spectra of CuInS2 films grown by aerosol
assisted chemical vapor deposition 

EDS measurements (fig. 4) revealed films containing 
the secondary phase were always slightly In-rich, and an 
increase in the Culln ratio was observed when the secon
dary phase was removed by annealing at 600 °C for 15 
min under a N2 atmosphere (fi g. 3). Ruckb ec a/. studied 
thermal decomposition of CulnS~ films up to 750 °C, and 
showed the desorption of In2Se starting at 600 °C without 
losing any Cu-containing species [1 9). 
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Fig. 4 Culln ratio of CulnS2 films determined from elec
tron dispersive spectroscopy. 

The GAXRD pattern (fi g. 5) shows that the secon
dary phase is more concentrated at the surface. Several 
films containing the secondary phase were etched in a 
10 % aqueous KCN so lution for 2 min , which is a typical 
etch recipe to remove a copper sulfide phase segregated to 
the surface of CuInS2 [20). The GAXRD patterns after 
etching (not shown) conflrmed the secondary phase was 
not removed by the etch solution. If the secondary phase 
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was any type of a copper sulfide phase, it should have 
been easily etched away by the solution since tbe etch rate 
of Cu-rich phases in KCN solutions is much higher than 
that of In-rich phases [20) . 

In order to correlate further between the secondary 
phase and the In-rich environment, Raman spectroscopy 
was previously performed [13) . We observed that the 
spectrum showed a very strong mode at 305 cm·1 when the 
film was In-rich, (2041220)-oriented, and contained a sig
nificant amount of the secondary ph ase. However, the 
mode was least detectable fo r Cu-rich (112)-oriented films. 
It was reported that this additional mode could be assigned 
to a defect-related In-rich local vibrational mode [2 1], and 
the In-ri ch secondary phase could originate from this In
rich local environment. However, alternate ordering of Cu 
and In on the (201 ) planes of metal sublattice (ca lled 'Cu
Au ordering') was found in polycrystalline CuInS2 films 
[21), and this ordering could also be the origi n of the 
mode. Further discussion about this mode can be found in 
the literature [21) . 
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Fig. 5 GAXRD spetra of CuInS2 fi lm (IV). 
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Fig. 6 XRD patterns of CulnS2 fi lms deposited on both 
glass and Cu-coated glass simultaneously. 
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Although as-grown Cu-rich films could be obtained 
without the Cu-precursor layer, their composition was 
only slightly Cu-rich, and gra in size was less than 0.5 ).UTl . 

In order to achieve larger grain growth and to investigate 
the identity of the secondary phase further, the 50 nm 
thick Cu-precursor layer was evaporated onto a part of a 
glass substrate before CulnS2 deposition. 

Fig. 6 shows that fi lms on glass region were all [n
rich and contained secondary In-rich phases. In contrast, 
films on the Cu layer were strongly (l 12)-oriented and did 
not contain any In-rich phase. This result also indicated 
that the unidentified phase is, in fact, an In-rich compound . 
SEM (fi g. 7) exhibited the film (film #1) on the Cu layer 
had much larger grains (- 1 !-lm) than the film on g lass. 

Fig. 7 SEM micrograph of CuInS2 film deposited on both 
glass and Cu-coated glass simul taneously. 

4. CONCLUSIONS 

We have succeeded in depositing (l1 2)-oriented 
films without a secondary phase using ternary SSPs in 
AACVD reactors. Meanwhile, it was not poss ible to grow 
In-rich (204/220)-oriented films without a secondary 
phase. The compositional nature of the secondary phase 
was studied using Raman spectroscopy, surface etching, 
thermal annealing and a Cu-precursor layer, and it is con
cluded to be an In-rich compound. Achieving larger grain 
size took precedence, and films grown on top of the Cu
precursor layer had larger grains than films deposited 
without the Cu-Iayer. 
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