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In this paper the dependence of structural properties of the quaternary Culnj_,GagSes films with tetragonal

structure on the Ga content has been systematically investigated by Raman scattering and x-ray diffraction spectra.

The shift of the dominant A; mode, unlike the lattice constants, does not follow the linear Vegard law with increasing

Ga content , whereas exhibits approximately polynomial change from 174 cm~! for CulnSes to 185 cm~! for CuGaSes.

Such behaviour should be indicative of presence of the asymmetric distribution of Ga and In on a microscopic scale in

the films, due to Ga addition. The changes in the tetragonal distortion 7 lead to a significant variation in the anion

displacement parameter U, which should be responsible for the evolution of bond parameters and resultant Raman

bands with z.
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1. Introduction

Solar cells based on quaternary polycrystalline
Culn;_,Ga,Ses (CIGS) absorbers, with the efficien-
cies approaching nearly 20%,!) are highly success-
ful among thin-film photovoltaic devices. These ma-
terials crystallize in the chalcopyrite structure like
ABMCY! type (I42d space group), and their smallest
units with energy minimization are A3Bs type of lo-
cal tetrahedral cationic clusters around C, with gener-
ally unequal nearest-neighbour bond lengths Ra_c #
Rp_c.*3] When In is substituted by the smaller
atom Ga, the lattice compression should result in re-
markable change in bond properties of CIGS materi-
als, accompanied by notable displacement of the Se
atoms which preserve the tetragonal structure. Ra-
man spectroscopy has been used as a promising tool
for the structural characterization of ternary CulnSes,,
CuGaSes*~" and quaternary CIGSE—19 compounds
by means of a shift of phonon frequencies. However,
there are still many unclear phenomena in Raman
spectra of CIGS, such as the effect of Ga addition on

vibrational properties. For CIGS bulks crystal,©-10]

it shows that the dominant A; mode shifts toward
higher wave numbers in linear curve as increasing x
value, while the intensities of A; modes remain prac-
tically constant. For CIGS films, however, polycrys-
talline nature makes structural properties more com-
plicated than that of their crystalline counterparts.
The spontaneous formation of charge-neutral defect
pair (2Vg, +Ing! /Ga?*) 31 enables the surface and
bulk regions to tolerate many structural defects, i.e.,
cation vacancies, interstitials and antisites, by self-
adjustment of their local chemistry and structure,
even in nominal stoichiometric CIGS compounds.!”!
As a result, actual films are highly nonstoichiomet-
ric on a microscopic scale,['"'? and contain chemical
fluctuation-induced nanodomains,[*3] which result in
the different local environment and cationic clusters in
crystal structures. Thus, in such materials, the inter-
action between local clusters should change the bond
properties in the lattice, and such effect will reflect
on Raman spectra of CIGS films. In our preliminary
study,® we found that the shift of A; band varies
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slightly in the films with z = 0.3. To our knowledge,
no data on lattice vibration properties of quaternary
CIGS films have been reported yet. Therefore, a fur-
ther understanding of Ga effects on structural prop-
erties of CIGS is important both for studies of these
materials and for the optimization of device perfor-
mance.

In this paper, we systematically investigate the
effects of Ga addition to CulnSey on its structural
properties by Raman spectroscopy and x-ray diffrac-
tion (XRD) spectra. Considering the complex defect
situation and its dependence on the specific deviation
from stoichiometry in the films,*:3:% on a macroscopic
scale, we calculate the bond parameters of the lat-
tice as a function of Ga content xz and explain the
composition-induced structural modifications in qua-
ternary CIGS films.

2. Experimental details

The CIGS films with Ga content x = 0, 0.3, 0.5,
0.7 and 1.0 investigated were grown on the cleaned
Na-free glass substrates by the periodical sequential
evaporation method (i.e., forming In/Ga/Cu/In ---
for 0 < z <1 and Ga/Cu/Ga --- for z = 1 stacking
sequence) and subsequently vacuum-selenized anneal-
ing process with substrate temperature at 673 K for 3
hours.[®! The chemical composition of all the stoichio-
metric films with nominal 60nm thickness obtained
was confirmed by a XRF-1800 x-ray fluorescence spec-
trometer with Rh-anode. On the other hand, the
films were examined by Philips X Pert PRO SUPER
diffractometer with Cu Ka radiation. The unpolar-
ized Raman spectra were recorded within the spec-
tral resolution of 1cm™! at room temperature by us-
ing LABRAM-HR equipment and a 514.53nm Ar™
laser. The samples were measured twice to improve
the signal-to-noise ratio.

3. Results and discussion

3.1. Structural studies

The XRD spectra of Culn;_,Ga,Ses films are de-
picted as a function z in Fig.1. The relative intensi-
ties between the (112) peak and the (220)/(204) peak
in the films, as an indicator of the correlations be-
tween chemical composition and the preferred orien-

tation, are determined by calculating the areas under
the diffraction peaks with Lorenzian fit (shown in the
insert of Fig.1).

Intensity /arb. units

Fig.1. The composition dependence of XRD spectra of
Culni_;GagzSes films. The inset shows the relative inten-
sities between (112) and (204)/(220) peaks for the films.

From the XRD analysis, all the films in this work
grow mainly with chalcopyrite structure, and along
(112) preferred orientation. It is obviously found that
the (112), (220)/(204) and (312)/(116) peaks shift
toward higher angles as increasing z from CulnSes
to CuGaSeq, which indicates the reduction of lattice
constants, meanwhile, these lines observed in low-
(101), (103) and (211) disappear in
the noise as x > 0.5, accompanied by intensity de-

Ga films, i.e.

crease of (112) peak and the splittings of the doublets
(220)/(204) and (312)/(116). Such behaviour of the
intensity changes in these peaks should be correlated
to the formation of defect pair (2Vg, + Ingh/Gag!)
and resultant decomposition from nonpolar (220) sur-
faces to polar {112} facets.'* Additionally, the inten-
sity decrease of (103) reflection can be viewed as an
indicator of the enhancement of (220) orientation.'®!
It shows that the formation of a large number of more
deeper donor Gacy in the films with x > 0.3, in con-
trast to Ing, in CulnSes, lowers the relative stability
of the defect pairs,!'!! which results in the intensity
increase of (220) peak relative to (112) peak. On the
other hand, four extra diffraction peaks observed in
CulnSeq, namely (100), (200), (300) and (400), be-
come almost indiscernible in the noise with x > 0.3.
These odd-integer peaks, in particular for (100) and
(300), have been demonstrated as an indication of
the presence of CuAu-ordered structure phases (P4m2
space group)[5’6’16’17] which exhibits the same type
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of AyB, clusters,!®18) in nominal chalcopyrite-ordered
CulnSe, films.
odd-integer reflections in Fig.1, it is expected that Ga
addition could inhibit formation of the CuAu-ordered

CulnSes, due to the fact that the formation energy

According to the evolution of such

of CuAu-ordered phase is rather smaller in CulnSe,
than in CuGaSey,['%19 which will be further verified
later by Raman spectra.
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Fig.2. The values of the calculated structural parameters

as a function of Ga content z: (a) lattice constants a and
¢; (b) anion displacement U and tetragonal distortion 7.

Based on the XRD spectra of CIGS films in
Fig.1, The calculated lattice constants a and ¢ with

RCu—Se =

x changing, which may give the tetragonal distor-
tion value n = ¢/2a, are shown in Fig.2. The val-
ues of the a and ¢ are obtained as 0.5721, 1.1635nm
for CulnSes, and 0.5598, 1.0981 nm for CuGaSe,, re-
spectively, being very close to the published results
of their crystalline counterparts.l®20-21] Moreover, it
is clearly found that the a and c¢ follow the usual lin-
ear Vegard behaviour over the whole x range, respec-
tively, which can be delineated by the fitting curves
in Fig.2(a), meantime, the n values decrease in ap-
proximately quadratic curve from 1.006 for CulnSes
to 0.981 for CuGaSes, as shown in Fig.2(b). For
the films with « > 0.5, the n < 1 indicates the
tetragonal compression which should be responsible
for the splittings of the (220)/(204) and (312)/(116)
pairs observed in Fig.1. Also, for the CuAu-ordered
phase in CulnSes, the values of lattice parameters
a = 0.4086nm, ¢ = 0.57989nm are calculated from
the characteristic peaks (001) and (003), which are in
good agreement with the published data.%-°]
Considering the polycrystalline nature of CIGS
films with varying z, it is justified that on a macro-
scopic scale, we take the average values to solve bond
length Rp_ge in the AsBs tetrahedral clusters around
Se for each z, on the basis of the rule of conserva-
tion of tetrahedral bonds (CTB)!*?2 in Cu-ternaries.
Thus, the Rg_¢ can be described as the covalent
(1 —2)Rim—sc +2Rca—se, and
the radii rg of elemental III are obtained by using

bond lengths Rir—ge =

Shannon-Perwitt radiil? from ri = (1—=2)rm+2zrga.
The nearest-neighbour cation—anion bond lengths R
and bond angles # can be given by using the CTB
plus our experimental data 7 from the following

relationships:[223]

(U2 + (1 +52)/16] %@ (nm),

Rur_se = [(U = 0.5)2 4+ (14 7%)/16]*a (nm),
fOcu—se—cu = cos  [1 —0.25a*(1 + n%)/(2RE,_s.)] (),

Ori1—se—111 = cos ' [1—0.25a*(1 +1*)/(2Rfi;_g.)] (°),

and the anion displacement parameter U, which re-
veals the extent of bond alteration in the films, may
be calculated by U = 0.25 + (2 + %)6/8 + (2 +
n%)6%/32 + 0(6°),2l by using the mean-square small
parameter 0 = [(ra+7se)? — (rr1+7se)?]/[(ra +7se)? +

(rin + 7se)?).
lated U, R, 6 and their fitting curves as a function

Figures 2(b) and 3 display the calcu-

of z. The values of the bond parameters obtained for
CulnSes, Culng 5Gag.55e2 and CuGaSey are in good
agreement with the Refs.[2,24], respectively. It is ob-
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served that the U, R and 6 with increasing x vary in
similar behaviour as that of . As the U increases
from 0.2232 for CulnSes to 0.2626 for CuGaSes, the
Ryr_se decreases and the Rcy_se increases, due to
In substituted by the smaller atom Ga; meanwhile,
the bond angles § among Cu—Se—III-like configuration
(i.e., Cu—Se—Cu and IITI-Se-TIII) exhibit corresponding
self-adjustment in order to preserve the chalcopyrite
structure. This trend parallels the changes in bond
charge of Cu-Se and III-Se, for which the increase of
the U should weaken the Cu-Se bond and inversely
strengthen the III-Se bond, because the U controls
the balance between the ionic and covalent contribu-
tions to the structure and resultant band gap.(? And
most important, these effects can lead to the inter-
action among local AyBs clusters with different bond
configuration, and consequently give rise to changes in
the bond-stretching force constants a and the bond-
bending force constants 3,125 which should remark-
ably affect the Raman frequencies of active modes.
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Fig.3. The = dependence of (a) bond length R, and (b)
bond angels 6 of Culn;_,GagSes films.

3.2. The =z dependence of Raman modes
in Culn,_,Ga,Se, films

The irreducible representations for the zone-
centre Raman active optical modes in the chalcopyrite

structure are intensively investigated and expressed
as:425] 1A;+3B1+3By+6E. The long-range electro-
static interaction causes the splitting of the longitudi-
nal optical and transversal optical high-frequency of
Bs and E modes.

In the following, the main features of our exper-
imental data for CIGS will be presented and briefly
discussed, in terms of the bond parameters obtained
from the XRD analysis of these films.
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Fig.4. Unpolarized Raman spectra of Culnj_,GagzSes
films.

3.2.1. The Raman shift of A; bands

Figure 4 depicts Raman spectra of CIGS films
with x. It is obviously found that the most intense Ra-
man band for CulnSes; and CuGaSe; in Fig.4 is the A;
around 174 and 185cm™! respectively, in agreement

with the previous results.[*17]

This mode corresponds
to anion Se movement with cations at rest. According
to the force model of Neumann,?®! the frequency of

A1 mode is estimated by
v & [acu-se + a—se/Mse] /2, (2)

where Mg, is the Se mass and « is the cation-Se bond-
stretching force constant describing the interaction be-
tween nearest neighbours. Moreover, the frequencies

1(6,16] can be well eval-

of these modes above 150 cm™
uated by using such empirical approximation method,
although neglecting bond-bending force constants G
which describe the interaction between second-nearest
neighbours. 2!

For CIGS, the frequency of A; mode with increas-
ing x is shown in Fig.5(b). The frequency of the A,
mode in the interval 0 < z < 0.5 varies slightly with

the increase of x and significantly shifts toward higher
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wave numbers with > 0.5. Over the whole x range,
the shift of the Ay band in CIGS, unlike their lattice
constants a and c in Fig.2(a), does not follow the lin-
ear Vegard law. The variation of the A; mode with z
can be obtained by using the polynomial curve

AjRaman shift(em™) = 173.8 — z + 11.922  (3)

with the standard deviation around 0.004cm™!.

Similar behaviour has been observed in the
Culn;_,Ga,Ses (0 < 2 < 0.3),] Cu(In; _,Ga,)3Ses
films.[26] For films with 0 < 2 < 0.3, the half width
and intensity of the A; band change slightly in Fig.4.
However, when = > 0.5, significant broadening and
intensity decrease of the A; modes should be indica-
tive of presence of the large density of defects due to
the enhancement of tetragonal compression (n < 1),

which should lead to degradation in crystalline qual-

ity.

Such shift of the A; peak depends strongly on
the variations of the nearest-neighbour cation—anion
bond lengths R with varying x. For the zinc-blende
structure (ZB), it is found that the bond-stretching
force constants a approximately follow the relation
a = AR [2527 where the A and n are constants.
Considering the fact that the chalcopyrite structure
can be derived from the ZB, in analogy to the analy-
sis of Neumann for the chalcopyrite compounds,?® it
seems justified to suppose that we take this relation to
estimate the acy—se and agpr—ge in CIGS films, using
the valuel?® n = 3.01, as described by the following
equations:

QCu—Se = Acu_geRaif)éc = [(1 — 2)Acu—sc(CulnSeq) + xAcu_se(CuGaSeg)]Raiféc,

I[—Se = AHIfScRI_I?'_Osle = [(1 — {E)AIH,SC(CUIDSGQ) + 2Aca—se (CuGaSeg) — b:Z?(l — I)]RI_Hs_OSle (4)

Here, the Acu_se and Ap,_se for CulnSes are esti-
mated as 3.675 x 1072® and 7.904 x 1072 N-m? re-
spectively, the Acy_se and Aga_se for CuGaSe, are
calculated as 3.587 x 10728 and 7.281 x 10728 N - m?,

respectively.
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Fig.5. The z dependence of (a) bond-stretching force con-
stants a, and (b) our experimental and the calculated val-
ues for Aj band frequency of Culnj_,GagSes films.

Additionally, the adjustment parameter b in
Eq.(4) is given as b = 100[(1—x) fi in—se T X fi,Ga—Se] &
72 (the bond ionicity f; is taken from the Ref.[28]), if
the contribution of long-range Coulomb forces to the
al25:27:29] ig taken into account, due to the fact[28! that
ITI-Se bond exhibits more ionic than Cu—Se bond.
Figure 5(a) depicts the calculated values of the acy—se
and a—se as a function of x, which give the solu-
tions to Eq.(2) shown in Fig.5(b). It is clearly found
that the calculated data for the A; band are in good
agreement with the experimental values. The varia-
tion in the anion displacement parameter U should be
responsible for the nonlinear shift of the A; peak po-
sition with x and for the development of intensity of
the A; band.

3.2.2. The change of Raman mode at 183 cm™!

It is found that a distinct shoulder peak in
CulnSe; is 183cm™! in Fig.4. For the films with
x > 0.3, such a shoulder peak becomes almost in-
discernible in the noise. The behaviour of the peak in
Ga-doped films is obviously different from the A; peak
for CulnSes. Considering the sensitive Raman spectra
with x, together with the analysis of XRD in this work,
we concluded that the band at 183 cm ™! should result
from metastable CuAu-ordered CulnSes in nominal
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chalcopyrite-ordered CulnSes; other than CuGaSes,
which is identical to the reported experimental
results!®6:16:17 and theoretical prediction.'8:19) Ac-
cording to the recent suggestions by &lvarez-Garcia

(8]

et al,'® such a shoulder peak is assigned to the A;

mode of CuAu-ordered CulnSes; phase. To a great
extent, the presence of such CuAu-ordered CulnSe,
should be correlated to spontaneous migration and
formation of defects (i.e., Vou and Ingy,) controlled

by bulk thermodynamics. !

From our experimental
data, it seems justified to suppose that moderate Ga
incorporation in CulnSe; can eliminate metastable
CuAu-ordered phase via engineering of composition-
ally induced local variations in the films,['3] which
deserves a further investigation. Phenomenological
studies!’® have shown that the formation of CuAu-
ordered metastable domains in dominant chalcopyrite-
ordered CulnS, films is related to a deterioration of

device performance.

3.2.3. Evolutionary history of Raman bands be-
tween 200 and 271 cm™!

With varying x from CulnSes; to CuGaSes, the
positions and intensities of those peaks between 212
and 271 cm ™! are distinctly changed in Fig.4. For the
film with > 0, the peaks related to In—Se vibration at
212 and 231cm~! are weakened, accompanied by the
presence of the weaker features at 248 and 271 cm™!
for local Ga—Se vibration. For the films with z > 0.5,
the intensity of two peaks at 248 and 271 cm ™! is grad-

ually enhanced.

300 CulnSey [4,16] CuGaSes 1]
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Fig.6. The composition dependence of the phonon fre-
quencies of different vibration modes in Culnj_,GagzSe2
films. The solid squares correspond to the CulnSez-like
and CuGaSes-like modes in this work, additionally, the
triangles denote data in Refs.[4,16] (lines are guides for
the eye only). These data follow the analysis of the spec-
tra shown in Fig.4.

L and

These bands in the region between 200 cm™
271 cm~! are identified with the end members and ex-
hibited in Fig.6, which shows clearly two-mode be-
haviour and indicates chalcopyrite phase transition
with increasing x. Since the discrepancies between
the assignments of Raman modes are usually present
in CulnSe;!*~%16 and CuGaSe,[*7, the possible as-
signment for CulnSe; and CuGaSe; is proposed on
the basis of Refs.[4,16] and [4] respectively. For CIGS
films with 0 < = < 1 in this work, the assignments
are mainly based on both the mode assignment of the
end members and the shift history of corresponding
phonon frequencies in films with z. Figure 6 draws
a graphical comparison between all the observed lines

in Fig.4 and the data in Refs.[4,16].

3.2.4. One-mode
frequency region below 100 cm™

behaviour in the low-

1

For the low-frequency modes E and B> at 62, 74
and 90cm ™! in CulnSes, their intensities are slightly
changed with x < 0.7 and their frequencies shift
within 3cm ™!, whereas, these three peaks are around
68, 83 and 97cm~! in CuGaSe,.
shift exhibits one-mode behaviour. Unlike the high-
frequency bands mainly affected by cation-Se bonds,

Such continuous

the two modes are mainly ascribed to the bond-
bending force constants 8 of Cu-Se-III (or III-Se-111,
Cu-Se-Cu, etc.) configuration, which are mainly de-
termined by the interaction between bond angles 6
around it nearby,l® and they depend weakly on anion

(25.30] Ag  increases, the variations of Oir1_ge_r111

mass.
and fcy—se—cu in Fig.3(b) behave similarly as that of
the anion displacement parameter U, which should af-
fect the shift of E and By modes. The low-frequency
bands in this work are slightly different from that in

[4] because the strain due to the lat-

the bulky crystal,
tice mismatch and the thermal expansion coefficients
of substrate (glass) in our 60nm films are not fully

relaxed (a critical thickness of 120 nm!™) yet.

4. Conclusions

The effects of Ga content x on structural proper-
ties of Culn;_,Ga,Ses films have been systematically
investigated by Raman scattering and x-ray diffrac-
tion spectra. From the evolutionary history of Ra-
man spectra with z, it is found that the shift of the
dominant A; mode, unlike the lattice constants, ex-

hibits approximately polynomial change but not lin-
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ear curve, and moderate Ga incorporation in CulnSes
can effectively eliminate the metastable CuAu-ordered
phase. The low frequencies below 100 cm ™! show one-
mode behaviour, whereas, the high frequencies in the
region between 200 and 272 cm ™! exhibit clearly two-
mode behaviour. From the analysis of the experimen-
tal data in this work, we establish a semiquantitative
relationship among Raman Aj shift, x and the anion
displacement parameter U. Additionally, on a macro-
scopic scale, the bond parameters of the lattice are
calculated as a function of Ga content xz. Compar-
ing our experimental data with the reported data of
the related compounds, together with the data calcu-

lated from the force model of Neumann, we explain the
composition-induced structural modifications in qua-
ternary CIGS films. The variations of bond-bending
force constants in CIGS films, and the evolution of
CuAu-ordered CulnSe; in low Ga-containing films,
need a further investigation.
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