Surface Characterization of CulnS, with Lamellar Morphology
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ABSTRACT

Lamellar erystals of CulnS, grown in a steep temperature gradient have been characterized. Dispersive x-ray analyses
show a predominant stoichiometry Cu/In/S = 1/1/2 and inclusions of Cu deficient phases. The cleaved surface is smooth,
but after chemical etching a fine structure appears, with a great number of closely packed microcrystals of a dendritic
shape. X-ray diffraction spectra of lamellae only show the reflections of the CulnS, (112) and of the Culn,S, (111) lattice
planes, indicating a strongly oriented structure. Depth profiles of CulnS, lamellae investigated with x-ray photoelectron
spectroscopy show the presence at the cleaved surface of Cu deficient phases like Culn;S,, which are a few tens of
nanometers thick. The lamellar growth mechanism is discussed on the basis of these findings. X-ray photoelectron spec-
troscopy and secondary ion mass spectrometry investigations show that the oxidation behavior of the lamellar material

resembles that of traditional CulnX, phases (X = S, Se).

Introduction

Efficient thin film solar cells require materials with high
optical absorptivity, «, and suitable energy gaps, E,. The
theoretical efficiency is good for E, ranging between 1 and
2 eV, and it is maximum for 1.1 = E, = 1.5 eV. ' Due to their
properties, the chalcopyrites CulnX, (« =10°ecm ™', E,= 1.0
and 1.5 eV for X = S and Se, respectively) are among the few
materials with a potential applicability in solar energy
conversion. CulnSe,-based thin film cells have already
achieved efficiencies up to 15% under simulated AM 1.5
conditions.”™ Development of CulnS,, which has a bandgap
in the optimum range, has lagged behind for a long time.
However, a conversion efficiency exceeding 10% has been
recently reported for a polycrystalline p-CulnS,/n-CdS
thin film junetion under simulated AM 1.5 conditions.’

Besides development of the thin film configuration, fur-
ther investigation of bulk material growth appears justi-
fied both to extend the fundamental knowledge and to
improve the quality of single-crystalline material for appli-
cations in efficient devices using concentrators. An intrin-
sic problem of CulnS, growth, as compared with the se-
lenide analogue, is the much larger sulfur vapor pressure,
leading to bubble formation within the melt. In trying to
eliminate this drawback, crystal growth by the gradient
freeze method in the presence of an Ar overpressure was
recently explored.®” The stoichiometric melt was cooled by
a rate of 1°C/h from 1100°C (at which temperature the Ar
pressure was about 25 bar) to 970°C through three transi-
tion points,® then to room temperature by a rate of 100°C/h.
The ingots obtained were essentially bubble-free and
showed different morphologies depending on the applied
temperature gradient G. Large single crystals were ob-
tained at G = 5°C - em ™!, while an unexpected lamellar
morphology resulted at G = 10°C-em ™% °

The photoconversion performance of the lamellar mate-
rial has been investigated in liquid junction with aqueous
acidic polyiodide.*'” The electrodes show variable pho-
toelectrochemical response, including photoconductivity
phenomena, indicating heterogeneous electronic proper-
ties.” Photoconversion efficiency is generally quite low, but
selected samples have shown promising performance, with
a solar to electric energy conversion efficiency m = 7% un-
der simulated AM 1 conditions.®

Structural and defect characterization of CulnS, grown
under Ar overpressure have been the object of previous
papers.”” Here we present an investigation of the cleaved
surfaces with the aim of characterizing the composition
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of the thin surface layer which is most important during
junction formation and of clarifying the growth mechan-
ism which may be of interest in homogeneous thin layers
preparation.’

Experimental

Lamellar CulnS, was prepared with the gradient freeze
technique.®”'' Samples were fixed to suitable holders by
means of conductive silver epoxy and fresh surfaces were
obtained by peeling off crystal layers with adhesive tape.
Investigations were performed both on samples peeled and
transferred to the analysis chamber under an inert gas (N,)
and on samples previously exposed to oxygen.

Scanning electron microscopy (SEM) investigations were
performed with a Philips Model XL 40 LaB, apparatus,
equipped with a secondary electron detector (SE) and a
solid-state detector for back-scattered electrons (BSE).
Energy dispersive x-ray (EDX) analyses were performed
using an EDAX PV 99 spectrometer equipped with a thin
beryllium window. Quantitative measurements were cor-
rected taking into account the factors of atomic number Z,
absorption A, and fluorescence F (ZAF correction). An
electron beam energy of 25 keV was used, resulting in a
sampling depth of about 2.5 pm). X-ray diffractograms
were obtained on a Philips PW3710 instrument, using the
Cu Ka radiation (40 kV and 30 mA, narrow divergence slit
of 1/6 degree).

X-ray photoelectron spectroscopy (XPS) was run on a
Perkin Elmer PHI 5600ci spectrometer with nonmonochro-
matized Mg K« and Al K« radiations (1253.6 and 1486.6 eV,
respectively). The working pressure was less than 2 X
10" Pa. The spectrometer was calibrated by assuming the
binding energy (BE) of the Au 4f.,, line at 83.9 eV with
respect to the Fermi level. The Cls line of adventitious car-
bon was assumed at 284.8 eV as internal reference for the
peak positions.” Survey scans (187.85 eV pass energy, 1 eV
step, 0.5 s/step dwell time) were obtained in the BE range
between 0 and 1200 eV. Detailed scans were recorded at
5.85 eV pass energy, 0.1 eV step, 1.0 s/step dwell time for the
In (3d;), and 3d;, lines), Cu (2p;,, and 2p,, lines), S (2pyq.p
line), Ols and Cls lines, together with the corresponding
Auger lines for In and Cu. The chemical states of the vari-
ous elements were in agreement with literature data.'""
The standard deviation in the BE values of the XPS lines
was 0.1 eV. After a Shirley-type background subtrac-
tion,"” the raw spectra were fitted using a nonlinear least
square fifting program adopting Gaussian-Lorentzian
peak shapes for all peaks.'® The atomic compositions were
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evaluated using sensitivity factors as determined from the-
oretical photoionization cross sections and asymmetry
parameters calculated within the Hartree-Fock-Slater
one-electron central potential model.!

The XPS spectra were recorded at a takeoff angle of 45°.
Angle-resolved (ARXPS) investigations were performed
comparing the spectra recorded at takeoff angles varying
between 10° and 90°. The analysis chamber was equipped
with a scanning electron microscopyv/scanning Auger mi-
croscopy instrument, which was used in some cases for in-
spection of the area sampled by XPS technique. Depth pro-
files were carried out by Ar* sputtering at 2.5 keV, 400 nA
cm * beam current density with an argon partial pressure
of 5 X 107% Pa. The beam voltage and current were chosen
to minimize preferential sputtering.” Under these condi-
tions we estimated a sputtering rate in the order of 3 nm
min~'. A bulk CulnS, crystal was analyzed before and after
Ar* etching for comparison. The quantitative analysis of
the as-cleaved erystal surface was in agreement with nom-
inal stoichiometry. After Ar' sputtering S deficient
stoichiometries CulnS, were observed (x = 1.8 = 0.1), indi-
cating sulfur preferential sputtering.

SIMS spectra were taken on a custom-built instru-
ment,'**" based on a quadrupole mass analyzer. The sam-
ples were exposed to a rastered (2 X 2 mm), 3 keV, 650 nA
Ar* ion beam.

Results

Lamellar morphology and crystal structure.—The mate-
rial has a peculiar lamellar aspect (Fig. 1a). The bulk of the
lamellae is polycrystalline as suggested by spectroscopy’
and confirmed by SEM micrographs (Fig. 1). The cleavage
surface, originally smooth to SEM inspection, shows after
corrosion in acidic polyiodide’ a great number of closely
packed microcrystals (Fig. 1c). The side view provided by a
section of the lamellar crystal (Fig. 1b) indicates that the

Fig. 1. SEM micrographs showing: (a, top left) lamellar morphol-
ogy of crystals; (b, above) crystal section made ndicular to
cleavage plane showing fine, dendritic structure of lamellae; (c, left)
aspect of cleavage plane after corrosion/photocorrosion in polyio-
dide medium.

“bulk” of each lamella consists of a number of microcrys-
tals, filamentous or dendritic in aspect, with a morphology
also observed in thin films.” The dendrites form an angle of
55° with the cleavage plane, corresponding to the angle
between (112) plane and [110] direction in the chalcopyrite
structure. Hence, the erystal is highly oriented despite its
heterogeneity.

The XRD spectrum of powders (Fig. 2b) is that typical for
a single-phase chalcopyrite CulnS,, as reported in JCPDS
data files (Fig. 2a). Conversely, the spectrum of a lamellar
crystal (Fig. 2¢) only shows two major peaks at 26 = 27.9°
and 26 = 57.6°, corresponding to (112) and (224) planes,
respectively. This finding confirms a strong crystal orienta-
tion and was originally attributed to the presence of ex-
tended monocrystalline regions cleaving along (112)
planes.” Besides the dominant peaks of the chalcopyrite
CulnS, phase (ch), Fig. 2c shows the reflections of the (111)
lattice planes of the spinel Culn;S; phase (sp).

SEM micrographs of the cleavage surface taken with a
BSE detector show regions of different brightness (Fig. 3,
top). Whereas the predominant EDX stoichiometry is Cu/
In/S = 1/1/2, in the brighter areas the material shows ratios
Cu/In < 1, henceforth frequently referred to as Cu deficient,
with Cu contents down to 7 to 8 atom percent (a/o). A vari-
ety of Cu/In/S stoichiometries between 1/1/2 and 1/5/8 is
observed in the bright SEM regions, the figure 1/3/5 being
the most common." Whereas there is no final evidence in
the literature of a distinct Culn,S; phase (see Ref. 10 and
references therein), the spinel phase Culn.S; is well
known.” The variability of EDX data can be attributed to
the presence of Cu deficient phases thinner than the sam-
pling depth of the technique, so that EDX apparent stoi-
chiometries may include contributions from the CulnS,
host phase. Cu deficient phases are seldom observed in sec-
tions like that of Fig. 1b, and are more common on the
surfaces obtained by peeling off the crystal sheets, suggest-
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ing that the crystal cleaves preferentially in correspon-
dence of these foreign phases.

Surface composition of the as-cleaved crystal.—Angle-
Resolved XPS analysis.—XPS investigations are per-
formed on freshly peeled samples, transferred to the analy-
sis chamber avoiding contact with air. After analysis, the
samples are inspected by EDX to check the presence of Cu
deficient phases, and only the XPS data relevant to sam-
ples with quite homogeneous “bulk” CulnS, composition
are discussed in this section. XP spectra (not reported)
show the peaks of Cu, In, and S elements at binding ener-
gies typical of chalcopyrites™?": In 3d;, line at 444.8 eV, Cu
2,5, line at 932.5 eV, and S 2p,, line at 161.8 eV. The oxygen
peak is negligible. A typical surface stoichiometry Cu/In/S
estimated from XP spectrum is 1/3.6 + 0.2/6.0 + 0.4. Con-
sidering only ternary phases along the pseudobinary line
Cu,S-In,S,, this stoichiometry may represent the average of
contributions from thin surface layers of Culn,S; (and pos-
sibly Culn,S,), and the host phase CulnS,.

ARXPS experiments show a significant dependence of
composition on detection angle, with the same qualitative
trend in three examined samples. Some variation in the
values and a nonmonotonous dependency of the composi-
tion on the sampling angle are observed, which may be
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Fig. 2. X-ray diffractograms (Cu Ka radiation » = 1.5406 A):

(a) referencergi; data for chalcopyrite (ch] CulnS, (JCPDS 27-159);

(b) spectrum of powders of lamellar CulnS,; (<) spectrum of a lamellar

CulnS, crystal showing the main chale ite (ch) peaks for (112)

gzd?‘{&zz;n planes and peaks of the spinel phase (sp) Culn;S; (JCPDS
-361).
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Fig. 3. SEM micrograph (top) of a heterogeneous region of the
lamellar material and relevant EDX microanalysis (bottom). The
atomic ratios Cu/In/S are about 1/1/2 in the dark area and 1/3.9/
6.2 in the bright area.

accounted for by a nonhomogeneous surface stoichiometry,
confirmed by XPS line scan experiments. The Cu content
(7 to 9 afo) and the ratio Cu/In = 1/5 are minimum for
grazing takeoff angles, corresponding to minimum sam-
pling depths (=1.8 nm for Cu 2p line). On increasing the
takeoff angle the Cu content gradually increases and so
does the Cu/In ratio. For perpendicular detection (sam-
pling depth =5.4 nm for Cu 2p line) a Cu content of 11 to
13 a/o and a ratio Cu/In = 1/2.5 or 1/3 are observed. These
data show segregation of a phase with lower Cu content in
the outermost layers close to the “fracture surfaces” ex-
posed after cleaving. Considering only stoichiometries cor-
responding to the pseudobinary line Cu,5-In,S,, the outer-
most layer composition approaches that of the spinel phase
CulnsS;.

Depth profile of the lamellae.—Surface analysis and
depth profiles are performed in the two regions of the sam-
ple of Fig. 3 with different EDX composition. Acecurate
sample positioning is made possible by the SEM instru-
ment in the analysis chamber, providing unequivocal iden-
tification of the regions with different composition on the
basis of surface morphology. Exposure to air of the sample
prior to XPS analysis cannot be avoided. However, XP
spectra (Fig. 4) show a very small oxygen signal. The C and
O peaks become negligible after the first sputtering cycle
and the relevant signals are not reported in the depth pro-
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Fig. 4. XP specira taken on the same crystal of Fig. 3 in the two
regions with Cu deficient EDX stoichiometry (top] and with stoi-
chiometry of the CulnS; phase (bottom).

files of Fig. 5 and 6, which may be considered representa-
tive of the pristine unoxidized material.

The XP spectrum taken in the area of Fig. 3 with EDX
composition Cu/In/S close to 1/1/2 is shown in Fig. 4, bot-
tom. The oxygen signal represents a few a/o and the Cu/In/
S atomic ratios are very similar to those recorded at the
unoxidized samples, discussed in the previous section. Fig-
ure 5 shows the XPS depth profile. The copper content and
the Cu/In ratio rapidly increase after the first sputtering
cycles, up to 10 min of sputtering corresponding to an esti-
mated depth of 30 nm, where Cu/In = 1/1.2. Peak shapes
and positions do not vary significantly after sputtering
treatment. Proceeding in the depth profile, the Cu content
increases further more slowly, and the Cu/In ratio attains
the value of 1 by the estimated depth of 60 nm. In the latter
condition, taking into account effects of sulfur loss dis-
cussed in the Experimental section, the XP analysis corre-
sponds to the “bulk” EDX composition. Scanning Auger
analysis of the area sampled by XPS (about 400 x 400 pum)
before and after sputtering does not show local accumula-
tions of elements resulting from the ion etching treatment,
within the instrumental resolution of about 200 nm.

The XP spectrum taken in the area of Fig. 3 with EDX
composition Cu/In/S =1/3.9/6.2 is shown in Fig. 4, top. The
surface stoichiometry evaluated from XP spectrum is about
1/10/13, with a Cu/In ratio not far from that of the
Culn,,S,; phase.*** Considering only compositions along
the binary line Cu,S-In,S;, the S content appears signifi-
cantly below stoichiometric equivalence with the metals.

100
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-3
=
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Fig. 5. XPS depth profile taken on the same crystal of Fig. 3 in the
region with EDX composition Cu/In/S = 1/1/2.
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Fig. 6. XPS profile taken on the same crystal of Fig. 3 in the
region with Cu deficient EDX composition Cu/In/S = 1/3.9/6.2.

Inclusion of In-S phases like InS or IngS; * would better
account for the observed stoichiometry; however, In,S; and
InS cannot be distinguished by their XP spectra (see Ref. 31
and references therein), and this point could not be as-
sessed further. Figure 6 shows the XPS depth profile
recorded by sputtering this area. Even in this case the sur-
face region is Cu depleted as compared to the bulk and the
Cu content increases going deeper, but the variation is more
gradual than that observed in Fig. 5. The Cu/In ratio, close
to 1/10 at the surface, approaches 1/5 after removal of
about 60 to 70 nm of material. Assuming that some sulfur
preferential sputtering occurs also in this case, the “bulk”
composition approaches that of Culn,S;.

Surface oxidation in the air—The XP spectra of the
lamellar material exposed to air for a few days, at room
temperature, show limited changes as compared to the
spectra of the pristine material. No appreciable shift is ob-
served in the positions of In and Cu lines. The absence of
the Cu shake-up lines ensures that no significant amount of
Cu(Il) forms."™"* The position and shape of the S lines is
unaltered within experimental accuracy and no significant
signal arises in the region typical of oxidized sulfur species
like sulfate. A small O 1s peak is present, located at a bind-
ing energy of 531.8 eV, in a position typical of hydroxides.
Since Cu(l) hydroxide is unstable and rapidly converts to
Cu,0, whose O 1s peak occurs at 530.3 eV, ¥ the observed O
peak position only fits literature values for In(OH),. ** The
presence of In(OH), is compatible with the observation of
no energy shifts in the In lines." XPS depth profiles indi-
cate that exposure to atmospheric oxygen causes oxidation
of a very thin surface layer. The XPS oxygen peak typically
represents 10 to 20 a/o at the surface and disappears after
60 to 90 s sputtering (3 to 4.5 nm of material).

To better characterize the chemical bindings of the sur-
face species we have also run SIMS spectra on an oxidized
surface showing EDX composition close to CulnS,. In the
spectrum (Fig. 7), several peaks attributable to fragments
containing the original atoms Cu, In, and S are observed.
No significant peak can be accounted for by fragments con-
taining both O and Cu, whereas at least three peaks corre-
spond to fragments containing both O and In. The rapid
decrease in time of the signal relevant to the ion with mass
unit 246 (In,O") confirms XPS indications of formation of a
thin oxidized layer.

SIMS and XPS data show that surface oxidation in the
air proceeds with the formation of a thin passivating layer,
a few nanometers thick, containing In(OH), or related ox-
ides and copper chalcogenides Cu,S or CuS, in which Cu is
present as Cu(I). * These findings resemble those reported
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for the oxidation of single crystals and polycrystalline
CulInS; * or CulnSe, ***"* in which the oxidation products
had been identified as Cu, X (X = S, Se) and In(OH),.

Discussion and Conclusions

The crystal bulk of lamellar CulnS, consists of closely
packed, highly oriented, dendritic microcrystals. The
lamellar morphology originates from a periodic interrup-
tion of their growth over a front that is very large in com-
parison with the section of a single dendrite. ARXPS and
XPS depth profiles show segregation at the lamella surface
of Cu depleted phase(s), with a prevailing stoichiometry
close to that of the Culn;S; spinel phase, and a thickness
estimated in the range of a few tens of nanometers. The
presence of the Culn;S; phase is also confirmed by XRD
evidence. Besides the predominant CulnS, phase, the mate-
rial contains lamellar regions in which the EDX Cu/In/S
atomic ratios are in the range between 1/3/5 and 1/5/8. Cu
depletion at the surface (as compared to the bulk) is also
observed in the latter regions.

The presence of a Cu deficient (spinel) phase in between
the lamellae of chalcopyrite structure may explain the
cleaving behavior. The {111} spinel face may epitaxially
grow over the {112} face of the CulnS, matrix, but due to
lattice mismatch strain is present.” The easy crystal cleav-
ing in correspondence of the foreign phase results in the
lamellar morphology.

The presence of a steep temperature gradient during
crystal growth is essential to the appearence of the the
heavy twinned structure and the lamellar morphology.®’ A
tentative mechanism accounting for the periodic formation
of a Cu deficient phase may be proposed assuming that in
the given conditions the CulnS, solid forms with a slight
Cu,S excess. Hence, the melt in contact with the solid is
more and more depleted of the corresponding elements, un-
til a eritical composition is reached causing the crystalliza-
tion of distinct Cu deficient phases like Culn;S; and, possi-
bly, Culn,S;. This causes recovery of a nearly stoichiometrie
melt composition and epitaxial growth of solid CulnS,
starts again. The exact mechanism which allows this highly
oriented growth of at least two phases is not fully under-
stood at present and needs further investigations, assessing
details of the growth process such as the excursions in the
liquidus composition at the solid-liquid interface.

However, recent literature reports may indicate that the
phenomena are not peculiar to the gradient freeze method.
Formation of Cu deficient phases is even observed on top of
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Fig. 7. Positive ion mass spectra of the surface of a lamellar CulnS,
sample exposed to air for o week.
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CulnS; thin films prepared in an ultrahigh vacuum system
by thermal co-evaporation of the elements on a substrate
kept at 500°C. *** For bulk cation ratios (Cu/In),. close to
1, the surface cation ratio is (Cu/In),qe. = 1/3,* and the
presence of a Culn, X, phase has been proposed.™ The pres-
ence of a large temperature gradient in the conditions of
film synthesis appears very likely, but it is not known
whether the analogies with the lamellar material are a clue
to a common growth mechanism.

The reported SEM, EDX, XPS characterizations show
significant variability in the composition of lamellar
CulnS,, reflecting nonequilibrium growth conditions and
complexity of the Cu-In-S phase diagram.* Given the crit-
ical importance of stoichiometry in defining the electronic
properties of ternary chalcopyrite semiconductors,**" this
fact may account for the heterogeneous behavior of pho-
toelectrodes,” including presence of both n- and p-type
conductivities, and for their low average performances.
However, the observation of promising performance at se-
lected samples® calls for an additional effort in material
synthesis. Investigations of lamellar crystal growth are cur-
rently in progress'' with the aim of preparing more homo-
geneous material and of clarifying the open questions on
the growth mechanism.
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