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Abstract 

Cu2ZnSnSe4 (CZTSe) is a semiconductor used as the absorber layer in highly promising sustainable thin film solar 
cells. We study the effect of Ar+ etching of copper deficient and zinc excess CZTSe thin films deposited on 
Mo/glass substrates on the surface elemental composition, measured by X-Ray Photoelectron Spectroscopy (XPS), 
and Photoluminescence (PL) spectra. Low temperature PL spectra reveal a broad asymmetrical band at 0.95 eV. 
The temperature and excitation intensity dependencies of this band suggest that it is a free to bound (FB) 
recombination of electrons from the conduction band with holes localised at an acceptor affected by potential 
fluctuations. The surface composition of the as grown films demonstrates a strong copper deficiency: 
[Cu]/[Zn+Sn] = 0.33.  Etching of the film surface using Ar+ beam increases [Cu]/[Zn+Sn] to 0.51, which is 
significantly smaller than that of 0.78 in the bulk, measured by wavelength dispersive x-ray analysis, 
demonstrating the presence on the surface of a copper-depleted layer. The Ar+ etching drastically reduces the FB 
band intensity by a factor of 4.5, broadens it and develops a low energy tail. Ar ions displace atoms in CZTSe 
lattice creating primary radiation defects, vacancies and interstitials, which recombine at room temperature 
forming antisite defects with deep energy levels. Some of them generate the observed low energy tail and increase 
the mean depth of potential fluctuation γ, determined from the shape of the low energy side of FB band, from 24 
meV before Ar+ etching to 35 meV after.  Other deep defects work as non-radiative recombination centres 
reducing the intensity of the FB band.  
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1. Introduction 
 
Cu2ZnSnSe4 (CZTSe), is a semiconductor compound  
used as the absorber layer in thin film solar cells [1]. 
This material is a further development of 
Cu(InGa)Se2 (CIGS) used in solar cells which are 
amongst leading thin film photovoltaic (PV) devices 
in terms of conversion efficiencies [2]. The 
substitution of rare and expensive In and Ga in the 
CIGS chalcopyrite structure with cheap and earth-
abundant Zn and Sn, alternating on the cation sub-
lattice, results in a kesterite structure of CZTSe [1]. 
Since achieving a record conversion efficiency of 
11.6% for laboratory size solar cells [3] CZTSe has 
become one of the most promising materials for the 
absorber layer in sustainable thin film PV.  

A strong feature of CZTSe is the marked 
similarity of its structural and electronic properties 
with those of CIGS facilitating the use of 
technological solutions, once developed for CIGS-
based PV devices [4,5]. However CZTSe in many 
aspects is very different and more complicated 

material [1,5]. Its electronic properties are known 
mostly from theoretical studies [5]. Very little 
information can be found in the literature on the 
influence of general semiconductor processing 
procedures like etching on the electronic properties 
[6,7]. CZTSe does not have such advantage of CIGS 
as its extremely high absorption. The CZTSe 
absorption coefficient of 4x104 cm-1 [8] is rather 
moderate. An improvement of absorption without 
increasing the thickness of the absorber layer has 
been achieved for Si-based solar cells by anti-
reflective texturing of the surface on a micrometre 
scale [9]. Further improvements can be achieved by 
the formation of a gradient in the refractive index 
introduced by texturing with nanoscale features [10]. 
Such texturing can be fabricated by dry ion-based 
etching which in comparison with wet etching 
techniques has advantages of higher resolution and 
etching rate as well as better reproducibility [11,12]. 
Also dry etching with keV ions of argon is widely 
used for cleaning the surface of samples for X-Ray 
Photoelectron Spectroscopy (XPS) [13] used to 
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examine surface elemental composition and 
electronic band structure [7,14,15]. However nothing 
can be found in the literature on how such a 
treatment influences the electronic properties of 
CZTSe. 

Photoluminescence (PL) is one of the most 
sensitive techniques to study the electronic 
properties of semiconductors [16]. Being a non-
destructive technique PL also does not require 
applying contacts. PL spectra can yield important 
information on the electronic structure and defect 
nature in CZTSe at a wide range of doping levels 
from a very low, when low temperature spectra 
reveal multiple emission bands and excitonic 
features [17], to very high, when the spectra 
demonstrate a broad and asymmetrical single band 
associated with valence band tails [18]. Particular 
technological interest attracts copper deficient and 
zinc excess CZTSe films used in high efficiency 
solar cells [1,5]. 

In this study we examine how Ar ion etching of 
the surface of copper deficient and zinc excess 
CZTSe thin films for XPS measurements influences 
their surface elemental composition and PL spectra.    
 
2. Experimental details 
 

CZTSe thin films were synthesised by the 
selenisation of metallic precursors deposited on Mo-
coated soda-lime glass. The copper, zinc and tin 
precursors, prepared by magnetron sputtering of high 
purity elemental targets, were selenised for 5 
minutes at 300 ºC and then for 15 minutes at 500 ºC. 
More details on the film fabrication can be found in 
[19,20].  

The surface morphology of the as grown films 
was analysed by scanning electron microscopy 
(SEM) at electron beam energy of 5 keV. The 
elemental composition was measured as the average 
of ten measurements along a line across the surface 
of the films using wavelength dispersive X-ray 
(WDX) microanalysis at electron beam energy of 10 
keV.  

The structural properties of the films and the 
presence of secondary phases before the Ar+ etching 
were examined by X-ray diffraction (XRD) 
measurements carried out using a Siemens D-5000 
diffractometer in the Bragg–Brentano geometry and 
a Cu K-α radiation source (λ = 0.15406 nm).  

The surface elemental composition of the as 
grown films and after the Ar ion etching was 
evaluated using a VG ESCALAB MKII X-ray 
electron (XPS) spectrometer. For the measurements 
the films were kept under a pressure of 10-8 Bar. The 
Cu, Zn, Sn and Se content of the top 6-8 atomic 
layers was examined by analysing Cu3p, Zn3d, Sn4d 
and Se3d photoelectron emission bands excited by 
Mg K1,2 - photons (1253.6 eV). The surface of the 
films was etched employing ESCALAB MKII ion 
gun with a fluence of 2×1016 cm-2 of 4 keV Ar ions 
directed 60o to the surface normal. This is a typical 

cleaning procedure to remove oxides from the 
surface with an Ar+ beam of 20 µA/cm2 [13,14]. 

Measurements of the PL spectra and of their 
temperature and excitation intensity dependences 
were carried out using a 1 m focal length 
monochromator. The 514 nm line of an Ar+ ion laser 
was used for excitation of PL emission. The samples 
were measured at temperatures from 6 K to 300 K 
using a closed-cycle helium optical cryostat. The PL 
emission in the spectral range from 0.9 µm to 1.7 µm 
was detected by a cooled Hamamatsu 
photomultiplier tube. More experimental details on 
the setup for PL measurements can be found in Refs. 
[17,18].  

Photoluminescence excitation (PLE) spectra 
were measured in a helium bath cryostat at 4.2 K. 
The PLE signal was measured at 0.95 eV near the 
maximum intensity of the dominant PL band using a 
0.6 m focal length single grating monochromator, 
InGaAs photodiode sensitive in the region from 0.9 
µm to 1.9 µm. A combination of a 400 W halogen 
tungsten lamp with 0.3 m focal length single grating 
monochromator was used for excitation. More 
experimental details can be found in Ref. [20].  

Solar cells were produced by wet etching the as 
grown CZTSe films for 30 seconds with a 10 wt% 
KCN solution, deposition of CdS buffer layer, using 
a standard chemical bath process, and then 
magnetron sputtering of ZnO/ZnO:Al transparent 
front contacts. Solar cell parameters were measured 
under 100 mW/cm2 illumination by a AM1.5 solar 
simulator at 25ºC using 3×3 mm2 mechanically 
scribed solar cells. Principal solar cell parameters of 
Voc = 434 mV, Jsc = 31.2 mA/cm2 and FF = 59.6 
resulted in a conversion efficiency of  = 8.1% [19].  

 
3. Results  

 
The cross section and top view SEM images of 

the as grown CZTSe films, shown in Fig.1(a) and 
(b), respectively, demonstrate a dense and 
homogeneous films with a thickness of 1.5 µm and a 
grain size in excess of 1 µm.  

The WDX measurements reveal compositions of 
Cu: 21.8 at.%, Zn: 15.2 at.%, Sn: 12.9 at.% and Se: 
50.1 at.%. These data show that the bulk ratios of 
metals have a copper deficiency [Cu]/[Zn+Sn] = 
0.78 ± 0.10 and zinc excess  [Zn]/[Sn] = 1.18 ± 0.17 
whereas the ratio of Se to the sum of metals is close 
to the ideal stoichiometry [Se]/[Cu+Zn+Sn] = 1.00 ± 
0.01 as shown in Table 1.  

The near-surface elemental composition of the 
films was examined by XPS. XPS survey spectra 
before and after Ar+ etching are shown in Fig. 2. The 
effect of the etching on the XPS peaks used to 
determine the surface elemental composition can be 
seen in Fig.3(a). The etching increases their yield by 
a factor of 5 as shown in Fig.3(a) whereas the 
oxygen content is reduced by a factor of 30 as it can 
be seen in Fig.3(b). The surface elemental 
composition of the as grown films (Cu: 7.0 at.%, 
Zn:11.8 at.%, Sn: 9.6 at.%, Se: 23.7 at.%, O: 48.0 
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at.%) suggests the presence of high concentrations of 
oxides. The XPS-measured composition after the 
etching was Cu: 16.6 at.%, Zn:17.9 at.%, Sn: 15.0 
at.%, Se: 49.1 at.%, O: 1.5 at.%.  

 

  

Fig.1. Cross section (a) and top view (b) SEM 
micrographs of the film before irradiation.  

 
The PL spectra of the films, measured at 6 K and 

an excitation power density of 0.33 W/cm2, before 
and after the etching, are shown in Fig.4(a). 
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Fig.2. (Color on line) XPS survey spectra of the CZTS 
film before and after Ar+ etching. 

 
The oscillations near 0.9 eV are due to water 

vapour absorption. Both spectra are dominated by a 
broad and asymmetrical band with its maximum at 
0.946 eV.  
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Fig.3. (Color on line) The evolution of the XPS spectrum 
after 3 min of 4 keV Ar+

 etching of the CZTSe film: Cu, 
Zn, Sn and Se lines (a), oxygen line (b). 

Fig.4 demonstrates a drastic decrease in the 
intensity of this dominant band by a factor of 4.5 
whereas it’s full width at half maximum (FWHM) 
increases from 90 meV to 94 meV as shown in Table 
2. The Ar+ etching also makes the slope of the low 
energy side gentler and induces a low energy tail, 

which extends beyond the limit of the detector 
sensitivity.  

The dependencies of the PL spectra on the laser 
excitation intensity for the film before and after the 
etching are shown in Fig.5. The shape of the 
dominant band does not depend on the excitation 
intensity. The PL intensity I(P), calculated as the 
integrated intensity under the dominant band curve, 
depends on the excitation laser power P as I ~ Pk. 
The k power coefficient can be measured as the 
gradient of I(P) plotted on a log-log scale as shown 
in Fig.5(c) and (d). The value of k close to unity, 
determined for the as grown film, does not change 
significantly after the etching. Both values are 
shown in Table 2.  
 
Table 1.  The [Cu]/[Zn+Sn], [Zn]/[Sn] and [Se]/ 
[Cu+Zn+Sn] atomic ratios in the films.  
 

 
Element ratios 

 
WDX 

XPS 
as 

grown 

XPS 
After Ar+ 
etching 

[Cu]/[Zn+Sn]  0.78± 
0.10 

0.33± 
0.02 

0.51± 
0.03

[Zn]/[Sn]  1.18± 
0.17 

1.23± 
0.06 

1.19± 
0.06

[Se]/[Cu+Zn+Sn]  1.00± 
0.01 

0.83± 
0.04 

0.99± 
0.05

[O]/[Cu+Zn+Sn+Se] - 0.92± 
0.05 

0.01± 
0.00

   
Radiative recombination of charge carriers localised 
at defects with energy levels within the bandgap 
usually results in k values smaller than unity [21,22] 
whereas k greater than unity is associated with 
excitonic-like transitions not involving defects. In 
the kesterites, whose PL spectra reveal a broad 
asymmetrical band associated with valence band 
tails, the closeness of k to unity has been explained 
by the presence in the dominant emission band of an 
additional unresolved band-to-band (BB) transition, 
recombination of free electrons from the conduction 
band with free holes from the valence band [23].  
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Fig.4. (Color on line) PL spectra of CZTSe/Mo films 
before and after etching the film with 4 keV Ar+ shown 
on a linear (a) and logarithmic (b) scale. 
 
Such a BB transition has been observed in CZTSe 
PL spectra at cryogenic temperatures [24]. In the 
spectra of the as grown films the increasing laser 
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power blue shits the dominant PL band at a rather 
high rate (j-shift) of 11.5 ± 0.2 meV per decade. The 
j-shift of this band after the etching increases to 12.6 
± 0.2 meV per decade. 

Fig.6 shows the temperature dependence of the 
PL spectra, measured in the films before (a) and 
after (b) cleaning, on a logarithmic PL intensity 
scale. The spectra demonstrate a clear red shift of the 
dominant band with increasing temperature. The 
band gradually quenches with rising temperature. At 
temperatures above 150 K another broad band at 
about 1.05 eV becomes visible. Such a peak has 
been assigned to the BB recombination [20, 24]. It 
might also include a low intensity and high energy 
band with its maximum at 1.2 – 1.3 eV, which has 
been observed in PL spectra of CZTSe at room 
temperature and assigned to defects of ZnSe, a 
secondary phase in zinc excess CZTSe [25]. The 
bandgap of the CZTSe film before the etching has 
been determined from PLE spectra measured at 4.2 
K. 
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Fig.5. (Color on line) Excitation intensity dependence of 
PL spectra of CZTSe/Mo films before (a) and after (b) the 
Ar+ surface etching, the integrated PL intensity I 
dependence of the band on the excitation (c) and the band 
maximum spectral position (d) on laser power P before (○) 
and after (■) etching.  

 
The absorbance (hv), where hv is photon 

energy, is determined from the low energy side of 
the PLE spectra. This side has been fitted with 
sigmoidal functions described in [26] as: 

 
(hv) = 0/[1 + exp(Eg – hv)/E], (1) 

 
where 0 is a PLE intensity scale parameter  whereas 
E is a broadening energy depending on the gradient 
of the low energy side of the spectrum [27]. The best 
fit was achieved for Eg = (1.03 ± 0.01) eV and E of 
20 meV as shown in Table 2.   
 
4. Analysis of PL spectra 
 

Copper deficient and zinc excess CZTSe 
absorbers contain high concentrations of both n- and 
p-type defects [1,5]. These deviations from the ideal 
stoichiometry are necessary to achieve high 
performance of the solar cells with such absorbers. 
In the kesterites and chalcopyrites in general, and in 
CZTSe in particular, the effective electron mass of 

electrons is much lighter than that of holes. The 
density of state masses of electrons m*

e and holes 
m*

h in CZTSe are 0.08m0 and = 0.21m0, respectively 
[28]. 

 Therefore the condition for high doping, when 
the defect Bohr radius exceeds the average distances 
between defects, can be satisfied for donors at 
concentrations much lower than those for acceptors. 
To achieve such a high doping condition in the 
chalcopyrites the acceptor concentration should be 
22 times higher than that of donors [29]. As a result 
it has been assumed that the indium excess CIGS 
absorbers (the deviation from stoichiometry required 
to fabricate high performance solar cells) are 
degenerate in terms of donors whereas in terms of 
acceptors they are they behave as conventional 
semiconductors [30]. In the kesterites such an excess 
of the acceptor concentration over that of donors is 
17 times, which is also very high [29], suggesting 
that the kesterites are likely to be highly doped in 
terms of donors but are conventional semiconductors 
in terms of acceptors. 
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Fig.6. (Color on line) Temperature dependence of PL 
spectra from CZTSe/Mo film on a logarithmic scale before 
(a) and after (b) Ar etching. The straight lines show clear 
red shifts of the band maxima with increasing temperature.  
 
According to this model low temperature PL spectra 
of CZTSe can have two likely bands: (1) band-to-tail 
(BT) transition, the recombination of holes, localised 
at levels in the valence band tail, and (2) free 
electrons at the conduction band and free-to-bound 
(FB) transition – the recombination of free electrons 
with holes captured by an acceptor. The energy level 
of such an acceptor should be deeper than the 
average depth of the valence band potential 
fluctuations which influence the energy level of this 
acceptor spreading it into a band. The characteristic 
features - asymmetric shape of FB, very large j-shift, 
reflecting the compensation level of the material 
[29], and a clear red shift of its maximum at 
increasing temperature are very similar to those of 
the BT bands [22,30,31]. The low-energy side of PL 
emission peaks carries information about the 
electronic properties of the semiconductor [22, 33]. 
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For band-tail related PL bands, measured at low 
temperatures, the shape of  the low-energy side can 
be used to estimate the average depth of the valence 
band tail [30,31]. 
 
Table 2. Spectral positions, FWHM, j-shifts, k, γ, and Ea   
of the PL band before and after the etching. 
 

PL band parameter  Before Ar+ After Ar+

Emax (eV) 0.95 0.95
FWHM (meV) 90 93

 j-shift (meV/decade) 11.5±0.2 12.6±0.2
k 1.05±0.01 1.03±0.02

γ (meV) 24±2 35±3
Ea(meV) 63±8 88±3

 
The shape of the dominant PL band I(hv), 

associated with the valence band tail, can be 
accurately fitted with the double sigmoidal function 
(DSF) [30]:  
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where A is a PL intensity scale parameter and E1, W1, 
E2 and W2 are fitting parameters. W1 and W2 

determine the slopes of the low and high energy 
sides, respectively, and the fitted W1 can be used as 
an estimate of the average depth of the valence band 
tail γ. Fig.7 shows best fits of the DSF to PL bands, 
measured at 6 K, before and after the Ar+ etching. 
The figure shows that the fitted functions reproduce 
well the low energy side of the band. Values of γ of 
24 and 35 meV, determined from the spectra before 
and after etching, respectively, are shown in Table 2. 

To identify which type of transition BT or FB we 
observe in our spectra we compare γ with the 
activation energy Ea of the temperature quenching of 
the dominant band determined using Arrhenius 
analysis. If Ea is smaller than γ then the band can be 
assigned to BT alternatively the band is likely to 
have the FB nature [20,22,31].  

The use of DSF significantly improves the 
accuracy of the temperature dependence analysis of 
the dominant band because it provides an 
opportunity to subtract the BB band. Although the 
BB band is present in the PL spectra measured at all 
temperatures at low temperatures its intensity IBB is 
much smaller than that of the dominant band ID.  At 
6 K the ID/ IBB ratio is of 440, so we can neglect its 
contribution whereas at 130 K ID/ IBB becomes close 
to unity and neglecting its contribution would result 
in a significant error of Ea.  Arrhenius plots of the 
integrated intensities I(T) for the dominant band 
before and after the etching are shown in Fig. 8. To 
determine Ea these plots were fitted by the following 
expression assuming a temperature-dependent hole 
capture cross section [34]:  

 
I(T)=I0 / [1+A1T3/2+A2T3/2exp(-Ea/kBT)],      (3) 

 
where I0 is the intensity of the band at 6 K, whereas 
A1 and A2 are rate parameters.  

The determined Ea before and after the etching, 
63 ± 8 meV and 88 ± 3 meV, respectively (also 
shown in Table 2) are greater than γ suggesting that 
the dominant band in both spectra are FB-related and 
involve recombination of free electrons with holes 
localised at conventional acceptors with their energy 
levels spread by spatial potential fluctuations.  

The temperature dependencies of the dominant 
band before and after the etching, shown in Fig.6, 
demonstrate clear red shifts with rising temperature. 
At low temperatures holes are localised at valence 
band tail states, acting like hydrogenic acceptors. 
Unlike conventional acceptor levels these acceptor-
like states are energetically spread by the potential 
fluctuation increasing the width of the PL band 
formed by the recombination of free electrons and 
holes, localised at these tail states. 
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Fig.7. (Color on line) Double sigmoidal functions (solid 
line) fitted into the PL spectra (○) of CZTSe/Mo/Glass 
(measured at 6 K) before (a) and after Ar+ etching (b). 

 
In turn the FB recombination includes recombination 
of free holes, first captured at the acceptor, and holes 
from the valence band tail states. Therefore the FB 
band behaves on rising temperature similar to BT. 
The valence band tail also determines the shape of 
the low energy side of FB [22,29,30]. Increasing 
temperature thermalises the holes at shallower states 
of the acceptor-like states of the valence band tail 
into the valence band whereas holes at deeper states 
remain localised. These processes red shift the 
maximum of the BT and FB bands. The holes 
thermalised to the valence band can recombine with 
free electrons. Such a recombination can be seen in 
the PL spectra as the BB band.   
 
5. Discussion 
 

The XPS measured elemental ratios of the 
surface of the as-grown film, demonstrate a strong 
copper deficiency [Cu]/[Zn+Sn] = 0.33±0.02,  which 
is much more significant than the 0.78±0.10 in 
deeper layers of the film measured by WDX as 
shown in Table 1. The XPS-measured [Zn]/[Sn] = 
1.23 ± 0.06 is within the error range of [Zn]/[Sn] = 
1.18 ± 0.17 for the bulk whereas the XPS measured 
[Se]/[Cu+Zn+Sn] = 0.83 ± 0.04 demonstrates a 
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selenium deficiency unlike a near stoichiometric 
selenium content of 1.00 ± 0.01 measured by WDX. 
The upper layer in the as grown films contains a 
significant concentration of oxygen [O]/ 
[Cu+Zn+Sn+Se] = 0.92 ± 0.06.  

20 40 60 20 40 60

 P
L 

in
te

n
si

ty
, a

rb
. u

n
its

 1000/T, K-1

before Ar+ etching
E
a
 = 63  8 meV

 

(a) (b)

 

after Ar+ etching
E
a
 = 88  8 meV

 

  

Fig.8. (Color on line) Arrhenius plots of the dominant 
band integrated intensities for CZTSe/Mo/Glass before (a) 
and after (b) Ar+ etching. 
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Fig.9. (Color on line) TRIM code simulation of the depth 
distribution of Ar+ (●), implanted in CZTSe with a fluence 
of 2×1016 cm-2 and energy 4 keV, and vacancies (■) 
generated by this implantation. The straight line shows the 
CZTSe atomic density.  

 
After the etching the surface becomes less copper 

deficient [Cu]/[Zn+Sn] = 0.51±0.03, although this 
deficiency is still significantly greater than that in 
the bulk suggesting the presence at the surface of a 
copper depleted layer. The formation of a copper 
deficient layer has been reported at the surface of 
CuInSe2 and CIGS [35,36]. It was attributed to t h e  
reconstruction of polar surfaces under the influence of 
surface charges [37]. A similar copper depletion was 
reported for Cu2ZnSn(SSe)4 mono-grain powder  
[13]. Both the zinc excess [Zn]/[Sn] = 1.19±0.06 and 
the near stoichiometric Se content [Se]/[Cu+Zn+Sn] 
= 0.99±0.05 become very close to their bulk values 
after the etching.   

Accelerated ions of Ar penetrate into the near 
surface layer of the CZTSe lattice. A TRIM [38] 
calculated depth distribution of 4 keV Ar, implanted 
in CZTSe with a dose of 2×1016 cm-2, is shown in 
Fig.9. The theoretical concentration of argon at its 
maximum reaches a half of the atomic density in 
CZTSe, Nat = 4.3×1022 at/cm3, calculated assuming a 
density of 5.62 g/cm [39]. Although the calculations 
indicate that more than 85% of Ar ions are 
distributed in the first 10 nm of CZTSe quite a high 
concentration of argon can be found in deeper 
layers: concentrations in excess of 1020 at/cm3 can be 
found at up to 20 nm whereas in a layer at 25 nm the 
concentration of argon can be above 1018 at/cm3. The 
calculations however do not take in account the 
effect of sputtering of the Cu, Zn, Sn and Se atoms 
from the surface by argon ions. Sputtering gradually 
removes the upper atomic layers of CZTSe, filled 
with argon atoms implanted into the layer previously 
and prevents its accumulation. That is why the dose 
of implanted ions of Ar is expected to be lower than 
the fluence of 2×1016 cm-2. Embedded atoms of Ar 
may stay in the lattice as interstitials distorting it. 
Also they might accumulate in microbubbles causing 
the formation of extended defects and blistering of 
the surface. Extended defects (dislocations and 
stacking faults) [40], micro-bubbles along with 
blistering effects [41] were observed in single 
crystals of CuInSe2, bombarded with keV ions of 
Xe+. 

Energetic ions of Ar collide with atoms of the 
CZTSe lattice and displace them forming primary 
structural defects, vacancies and interstitial atoms of 
Cu, Zn, Sn and Se. The displaced interstitial atoms 
can also displace more atoms from the lattice sites in 
collision cascades. A theoretical distribution of 
primary defects caused by a 2×1016 cm-2 dose of Ar+ 
is shown in Fig.9. According to TRIM code 
simulations about 97% of the primary defects are 
accumulated in the first 8 nm layer of CZTSe. The 
theoretical concentration maximum of such defects 
exceeds the atomic density of CZTSe by about two 
orders of magnitude whereas significant 
concentrations of vacancies (in excess of 1018 per 
cm3) can be found to a depth of 25 nm.  

At room temperature primary structural defects 
in semiconductors are known to be unstable. They 
interact with each other as well as with the 
surrounding crystalline lattice forming more stable 
secondary defects and defect complexes. The 
formation of secondary defects during and shortly 
after the etching of semiconductors with heavy ions 
is enhanced by “thermal spikes” [42], micro-
volumes surrounding collision cascades with the 
majority of atoms in motion. Such motion can be 
interpreted in terms of an increase of the local 
temperature. Theoretical estimates of the spike 
temperature, generated by 30keV Ar+, propagating in 
CuInSe2 predict an increase in the temperatures up to 
1700 K during 10-11 s [43]. Such temperatures 
facilitate an effective healing of the CuInSe2 
structure and the formation of extended defects. The 
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healing and defect formation processes were 
observed in CuInSe2 single crystals by transmission 
electron microscopy in-situ with irradiation by keV 
ions of Xe+ [44]. The chalcopyrite structure of 
CuInSe2 with ordered Cu and In atoms on the cation 
sub-lattice, was reported to transform to a sphalerite 
one with randomised positions of Cu and In [45] 
under 1.5 keV Ar+ bombardment. Such a 
randomisation can be represented as a high 
concentration of the antisite defects copper-on-
indium site CuIn and indium-on-copper site InCu.  
Assuming similarities of the structural and electronic 
properties of CZTSe and CuInSe2 we can expect 
primary defects of CZTSe, created by argon ions, to 
be quickly healed during and shortly after the 
etching by the recombination of vacancies with 
interstitials. In particular we can expect high 
concentrations of ZnCu due to zinc excess and copper 
deficiency. Also we can expect the formation of the 
donors CuZn, whose formation energy in CZTSe is 
very low [5], and their neutral defect complexes with 
the acceptor VCu: CuZn+VCu. High concentrations of 
primary and antisite defects, donors as well as 
acceptors with greater formation energies can also be 
present in the damaged layer. According to 
theoretical calculations [5] energy levels of antisite 
defects are mostly rather deep. In the kesterites the 
formation of acceptor-type of defects reduces the 
formation energy of donors which should increase 
the compensation level in the damaged layer. Such 
an increase in the compensation level is reflected by 
the j-shit increase. Some of the secondary defects 
can generate deep radiative emission bands whereas 
others can act as deep non-radiative traps of charge 
carriers. In GaAs the band tail depth has been found 
to be determined by the compensation level [32]. 
This is consistent with the observed increase in γ 
from 24 meV before to 35 meV after the Ar+ 
etching. Antisite defects in CZTSe are thought to be 
responsible for the band tails [46]. The presence of 
defects with deep PL emission bands is consistent 
with the observed low energy tail of FB whereas 
high concentrations of non-radiative recombination 
centres can be responsible for the observed reduction 
of the intensity of the FB band. The increase of the 
activation energy of an acceptor, associated with the 
FB band, from 63 meV to 88 meV is also consistent 
with new deep acceptors generated by the Ar+ 
etching. Deep non-radiative defects are expected to 
act as traps of charge carriers reducing their 
concentration and mobility whereas the resistivity of 
the films after the Ar+ etching should increase.   

 Assuming the absorption coefficient of CZTSe 
to be of 3.5×104 cm-1 [8] at 2.4 eV we can estimate 
the thickness of the layer excited by 514 nm photons 
as 300 nm. This is an order of magnitude thicker 
than the damaged layer. It means that the observed 
PL spectrum, measured after the Ar+ etching, is 
likely to be a combination of PL from the thin upper 
layer damaged by Ar+, represented by the low 
energy tail, and PL from a thicker undamaged layer 

generating the FB band we observed before 
irradiation.    
 
4. Conclusion   
 
Effects of a 4 keV Ar+ surface etching on PL and 
XPS spectra of CZTSe/Mo/glass (used to fabricated 
solar cells achieving efficiencies of 8.1%) are 
studied. The PL spectra, measured at 6 K, before and 
after the etching, reveal a broad asymmetrical band 
at 0.95 eV, identified as the FB transition, involving 
recombination of free electrons from the conduction 
band with holes localised at an acceptor affected by 
valence band potential fluctuations. The XPS spectra 
of the as-deposited films demonstrate a strong 
copper deficiency [Cu]/[Zn+Sn] = 0.33. Etching by 
Ar+ increases [Cu]/[Zn+Sn] to 0.51, which is much 
smaller than the bulk value of 0.78,  suggesting the 
formation of a Cu-depleted surface layer. After the 
etching the intensity of the PL band falls by a factor 
of 4.5. It becomes broader and develops a strong low 
energy tail. Ar+ displace atoms in the CZTSe lattice 
creating primary radiation defects, vacancies and 
interstitials, which recombine at room temperature 
during and shortly after the etching. They form deep 
antisite defects, donors and acceptors, generating the 
observed low energy tail and increasing the mean 
depth of potential fluctuation from 24 meV before to 
35 meV after the Ar+ etching. They also form non-
radiative recombination centres reducing the 
intensity of the PL by a factor of 4.5. The observed 
PL spectra combine emission from the damaged 
layer, represented by the low energy tail, and the FB 
band from the deeper undamaged CZTSe.   
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