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Abstract 

 

We present structural and optical spectroscopy studies of thin films of Cu2ZnSnSe4 (CZTSe) with strong copper 

deficiency deposited on Mo/Glass substrates and selenised at 450, 500 or 550
o
 C. Solar cells fabricated from these films 

demonstrated efficiencies up to 7.4% for selenisation at 500 
o
C. Structural analysis based on X-ray diffraction and 

Raman spectroscopy revealed the presence of SnSe2 in the film selenised at 450 
o
C but not in the films selenised at 

higher temperatures. A progressive decrease of the Sn and Se content was observed as the selenisation temperature 

increased. Photoluminescence excitation was used to determine the bandgaps at 4.2 K. Detailed measurements of the 

temperature and excitation intensity dependencies of the photoluminescence spectra allow the recombination 

mechanisms of the observed emission bands to be identified as band-to-impurity and band-to-band transitions, and their 

evolution with selenisation temperature changes to be analysed. The strongest band-to-band transition is recorded in the 

PL spectra of the film selenised at 500 
o
C and can be observed from 6 K to room temperature. The compositional and 

structural changes in the films and their influence on the optoelectronic properties of CZTSe and solar cells are 

discussed.  

 

 

1. Introduction 

The semiconductor compound Cu2ZnSnSe4 (CZTSe) is 

a promising material for the absorber layer of 

sustainable thin-film solar cells, containing inexpensive 

and earth-crust-abundant elements, with the highest 

reported conversion efficiencies exceeding 11% [1]. 

Similarities of the lattice structure and electronic 

properties of CZTSe to those in Cu(InGa)Se2 (CIGS) 

[2,3,4] provide an opportunity to facilitate the 

development of CZTSe-based solar cells by applying 

technological solutions originally developed for CIGS-

based solar cells [2, 3]. 

The natural p-type doping of CZTSe is ascribed to 

intrinsic defects [2, 4], and therefore understanding of 

such defects can accelerate progress in the solar cell 

performance. Current knowledge of the electronic 

properties and especially of defect properties is mostly 

based on theoretical studies carried out using density 

functional theory [4, 5]. However there is significant 

value in providing experimental evidence to confirm 

the theoretical findings [6-12]. 

The reactive annealing used to form the absorber 

layer is one of the key steps in the fabrication of high 

performance solar cells. It is important to optimise the 

choice of chalcogen sources, type of precursor and a 

number of process parameters. A range of selenisation 

temperatures has been reported to be suitable for 

processing absorbers for highly efficient solar cells. 

The reactive annealing process in a 11.2% CZTSe solar 

cell, reported by IBM [1], was carried out at very high 

temperature (590 
o
C) whereas for a 10.4% CZTSe solar 

cell, reported by IMEC [13], the absorber layer was 

selenised at 460 
o
C. Therefore a comprehensive study 

of selenisation parameters and their relation to the 

electronic properties of the absorber layers and 

parameters of subsequent solar cells is needed to 

improve the CZTSe technology and understand the 

limitations of each process used. 

Photoluminescence (PL) can be efficiently used to 

study defects in semiconductors [7,8,9,10,14]. Low 

temperature PL spectra of CZTSe thin films with 

strong Cu deficiency and Zn excess (compositional 

requirements for the absorber layer in high 

performance solar cells [4, 15, 16]) are dominated by a 

broad and asymmetrical band attributed to band tail 

related recombination [8, 9, 17]. Such spectra on their 

own however are not very informative. To gain a better 

understanding of the defect properties it is important to 

study correlations of spectroscopic parameters 

(resulting from detailed PL analysis spanning 

cryogenic and room temperatures) with the 

technological parameters of the fabrication processes 

used to produce the solar cells. Currently such 

correlations have only been reported for room 

temperature PL measurements [17] which offers 

limited information on defects and radiative 

recombination processes in the absorber layer. 

To interpret data gained from PL measurements, it 

is essential to have reliable values of the bandgap Eg.  
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This can be obtained from photoluminescence 

excitation (PLE) data, which do not require a p-n 

junction and can be used to analyse films deposited on 

Mo coated glass [18]. 

In this paper we present a structural and optical 

spectroscopy study of thin films of CZTSe with strong 

copper deficiency deposited on Mo/glass substrates 

using three selenisation temperatures. These films were 

used to fabricate solar cells. We analyse the elemental 

composition, structural and optical spectroscopy 

properties of the CZTSe films and try to correlate these 

properties with the performance of the cells. 

 

2. Experimental details 

Precursor layers were simultaneously deposited on Mo-

coated soda-lime glass substrates at room temperature 

by magnetron sputtering of high-purity copper (Cu), 

zinc (Zn) and tin (Sn). These precursors were selenised 

in graphite boxes by a two-step rapid thermal process 

for 5 and 15 minutes, respectively. Nitrogen at 850 

mbar was used as background pressure. The first step 

was at 300 
o
C and the second at 450

 o
C, 500 

o
C and 550 

o
C for films 1, 2 and 3, respectively. More information 

on synthesis of compound films by selenisation of 

magnetron deposited precursors can be found 

elsewhere [19]. 

CdS buffer layers were grown using a standard 

chemical bath process after etching the films with a 10 

wt % KCN solution for 30 seconds. Solar cells of 3×3 

mm
2
 in area were then fabricated by DC-magnetron 

deposition of ZnO/ZnO:Al transparent front contacts 

and mechanical scribing. The principal device 

parameters measured under simulated AM1.5 solar 

illumination (100 mW/cm
2
, 25 

o
C) for cells fabricated 

from films 1 and 2 are shown in Table 1. The current 

density – voltage characteristics (J-V) measurements 

were performed by contacting the solar cells directly on 

the TCO front surface, since there was no metallic grid 

added. Electrical measurements could not be performed 

on film 3, where the Mo back contact was totally 

consumed in the selenisation step. 

The morphology and elemental composition of the 

films were examined by scanning electron microscopy 

(SEM) and wavelength dispersive X-ray (WDX) 

microanalysis at 5 keV and 10 keV electron beam 

energies, respectively.  

The structural properties and the presence of 

secondary phases were analysed by room temperature 

Raman scattering using a 532.0 nm excitation laser and 

LabRam HR800-UV spectrometer. 

X-ray diffraction (XRD) measurements were 

carried out using a Siemens D-5000 diffractometer in 

the Bragg–Brentano geometry and a Cu K-α radiation 

source (λ = 0.15406 nm).  

A 1 m focal length single grating monochromator 

and the 514 nm line of a 300 mW Ar
+
 laser were used 

for the photoluminescence (PL) measurements. A 

closed-cycle helium cryostat was employed to measure 

temperature dependence of the PL spectra at 

temperatures from 6 K to 300 K. The PL signal was 

detected by an InGaAs photomultiplier tube sensitive 

from 0.9 µm to 1.7 µm. A 400 W halogen tungsten 

lamp combined with a single grating monochromator 

(focal length of 0.3 m) was used as an excitation source 

for PLE measurements. A 0.6 m focal length single 

grating monochromator, an InGaAs photodiode 

sensitive from 0.9 µm to 1.9 µm and a liquid helium 

bath cryostat were used for the PLE measurements. 

More experimental details can be found in ref. [7,10]. 

3. Results:  

a. Microstructure, elemental composition and 

device performance 

The top SEM views of films 1, 2 and 3, are shown 

in Fig.1(a), (b) and (c), respectively. A gradual increase 

of the grain size can be seen as the selenisation 

temperature rises.  

The elemental compositions of the films, 

determined by WDX as the average of 10-point linear 

scans are shown in Table 1. The ratios of copper to the 

Sn and Zn ([Cu]/[Zn+Sn]), Zn to Sn ([Zn]/[Sn]) and 

the ratio of Se to the sum of all the metals 

([Se]/[Zn+Sn+Cu]) are also shown in Table 1 with 

standard deviations of the 10 measurements taken as 

the error bars. Each film has strong Cu deficiency and 

films 2 and 3 have a weak excess of Zn. Solar cells 

with similar composition of the CZTSe layers showing 

high open circuit voltage VOC and efficiencies 

exceeding 8% have been previously reported [20]. The 

content of Cu can be seen increasing with rising 

selenisation temperature.  

The XRD patterns of the absorber layers are shown 

in Fig. 2. The formation of tetragonal CZTSe is 

confirmed for the whole range of selenisation 

temperatures in agreement with previous studies [19, 

21]. A prominent peak at 40
o
, which is seen in the 

diffraction patterns can be attributed to metallic Mo 

used as a back contact. This peak is the most intense 

for film 1. As the selenisation temperature increases, 

the intensity of the peak decreases. It completely 

disappears for film 3 selenised at the highest 

temperature of 550 
o
C. The opposite trend occurs with 

the broad reflections at 32
o 

and 57
o 

attributed to MoSe2 

showing a gradual increase in the intensity as the 

selenisation temperature rises. The total conversion of 

the metallic Mo into MoSe2 at 550 
o
C explains why a 

good electrical contact with the back of the device 

made from film 3 could not be achieved, making 

electrical characterization of this solar cell impossible. 

The diffractogram of film 1 also shows two narrow 

peaks at 14.4
o
 and 30.8

o
 which are consistent with the 

presence of SnSe2 (PDF numbers: 01-089-2939 23-

602). 

Figure 3 shows normalised Raman spectra for the 

three films. All the peaks observed in the spectra with 

the exception of a peak at 184 cm
-1

 observed for Film 

1, can be attributed to CZTSe phase [11]. Different 

possible phases have been considered for assignment of 

the peak at 184 cm
-1

. Marcano et al. reported Raman 

spectra of the monoclinic Cu2SnSe3 (CTSe) [22], with 

the most intense peak appearing at 180 cm
-1

. The most 

intense Raman peak for SnSe2 has been experimentally 
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observed at 184 cm
-1

. It was also theoretically 

predicted at 187 cm
-1

 [23]. The inset of Fig. 3 shows 

the evolution of the FWHM value of the A mode of 

CZTSe at 197 cm
-1

. A progressive decrease in the 

FWHM values can be seen as the selenisation 

temperature increases. This reduction is associated with 

an improvement of the crystal quality, which reduces 

the possible presence of phonon confinement effect and 

increases the phonon lifetime (reduction of the 

dispersion in the phonon energies) [24]. 

Fig.4 shows the J-V characteristics of the solar cells 

fabricated from films 1 and 2, measured under AM1.5 

illumination. Resulting efficiencies of 3.2% and 7.4%, 

respectively, and principal solar cell parameters are 

shown in Table 1. The cell, fabricated using film 2, has 

an VOC of 421 meV, which is close to that in the current 

record CZTSe solar cell [1]. However the short circuit 

current density JSC is lower than that in [1] by about 10 

mA cm
-2

. This difference can be partly due to the high 

thickness of the TCO layer (about 700 nm) in our cell. 

Such a thick layer was intentionally deposited to 

protect the device during the electrical measurements 

because no metallic grid was evaporated. The absence 

of an antireflective coating on our devices could 

increase the efficiency by about 1 % in absolute values.  

 

b. PL and PLE analysis of the films 

 

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

similar optical alignments and laser excitation, are 

shown in Fig.5  and reveal a high intensity, broad 

asymmetrical band P1 with the maximum at 0.934 eV 

(film 1), 0.944 eV (film 2) and 0.898 eV (film 3). The 

slope of the peak is greater on the high energy side 

compared to the low energy one. Features associated 

with water vapour absorption can be seen at 0.9 eV.  

Although the XRD patterns, shown in Fig.5, and 

the Raman spectra, shown in Fig.3, suggest the 

presence of small quantities of the secondary phases 

SnSe2 and MoSe2 we attribute the P1 band in in the PL 

spectra of Fig.5 to CZTSe. Bulk forms of SnSe2 reveal 

forbidden indirect transitions at 1.0 and 1.3 eV whereas 

an allowed direct transition appears at 2.0 eV [25]. 

Within the examined spectral region from 0.7 eV to 1.4 

eV absorption as well as emission by SnSe2 should be 

several orders of magnitude lower than that by CZTSe. 

Therefore we do not expect SnSe2 to have any 

significant effect either in the PL or PLE spectra.  
Mono-layers of MoSe2 show strong PL emission at 

1.57 eV and a direct allowed bandgap of 1.58 eV [26]. 

However an increase of the number of layers reduces 

the PL intensity by several orders of magnitude, shifts 

the bandgap to 1.41 eV and makes it indirect [27]. 

MoSe2 should not therefore have significant effects on 

the PL and PLE spectra. This is confirmed by our PL 

measurements of CZTSe thin films deposited 

simultaneously with those in the present study but on 

glass substrates [28]. The 6 K PL spectra from the 

films on glass reveal an asymmetric PL band at 0.94 

eV very similar to those shown in Fig.5. 

Increasing the selenisation temperature, from 450 
o
C to 500 

o
C, produces an increase in the band 

intensity, and a blue shift of about 10 meV in the 

spectral position, while leaving the full width at half 

maximum (FWHM) unchanged at 84 meV. Further 

temperature increase to 550 
o
C decreases the intensity 

beyond that at 450
o
C, red shifts the spectral position by 

46 meV with respect to that in film 2, and broadens the 

FWHM to 100 meV. Spectral positions and FWHM of 

the P1 bands in the films are shown in Table 3. 

Fig.6 shows the excitation intensity dependence of 

the PL spectra for the three films. The integrated 

intensity I(P) of the P1 band increases with excitation 

laser power P as I ~ P
k
 with a power coefficients of k ≈ 

1.0 for each film. Values of k smaller than unity are 

interpreted as a recombination involving localisation of 

the carriers at defects with levels inside the band gap 

whereas values greater than unity as a recombination 

not involving localisation at defect [24,30].  

In all the three cases the P1 band shows significant 

shifts to higher energies with increasing laser power, 

whereas neither the FWHM nor the asymmetric shape 

of the P1 band changes. The rate of shift (j – shift) 

increases from 11 to 12 meV per decade of laser power 

as the selenisation temperature rises from 450 
o
C to 

500 
o
C, suggesting a slight increase in the 

compensation level in film 2. A further rise in the 

selenisation temperature up to 550 
o
C increases the j-

shift to 15 meV per decade, indicating a more 

significant increase in the compensation level.  

Such significant j-shifts in P1, along with its 

asymmetric shape at low temperatures, are 

characteristics of band tail related recombination 

mechanisms [30, 31]. Tails in the electron and hole 

densities of states, at energies below the conduction 

band Ec, or above the valence band Ev, are formed in 

highly doped semiconductors by spatial potential 

fluctuations generated by high concentrations of 

randomly distributed charged defects [32].  

 The temperature dependence of the PL spectra is 

shown in Fig.7 on a logarithmic scale. It can be seen 

that the dominant P1 band gradually quenches by 135 

K, 90 K and 160 K in film 1, 2 and 3, respectively. 

With rising temperature the P1 band reveals a clear red 

shift in all the films. Such shifts can be taken as a 

confirmation of the band tail related nature of this 

emission [30, 31]. Bands at 0.94 eV in low temperature 

PL spectra of CZTSe have been reported earlier [8, 10, 

17, 33] and attributed to valence band tail related 

transitions.  

A second band P2 can be seen emerging at 1 eV in 

the spectra at higher temperatures. This band can be 

seen at temperatures up to 230 K in film 1 and up to 

300 K in films 2 and 3. Comparison of the spectral 

position of P2 with literature values of the bandgap 

(1.01 eV) measured in CZTSe film with Cu deficiency 

and Zn excess at room temperature, support a 

preliminary assignment as band to a band-to-band (BB) 

recombination of free electrons from the conduction 

band with free holes from the valence band [28]. The 

presence of the BB band in the PL spectra as an 

unresolved peak can also increase the k values.  
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PLE spectra, measured at 4.2 K to determine the 

bandgap of the films, are shown in Fig.8 and compared 

with PL spectra for the three films. The PLE spectra 

show broadening which suggests the presence of sub-

bandgap absorption states associated with band tails. 

To take into account such a broadening the low energy 

sides of the PLE spectra, representing absorptance 

α(E), are fitted with sigmoidal shapes [34] α(E) = 

α0/(1 + exp(Eg – E)/�E), where Eg is the bandgap and 

�E is a broadening parameter equivalent to the Urbach 

tailing energy [35]. The best fits for each film are 

shown in Fig.8 by red lines. Values of Eg, determined 

from fitting equation (1) to the PLE spectrum, are 

(1.05±0.01) eV, (1.03±0.01) eV and (1.05±0.01) eV, 

for films 1, 2 and 3, respectively. These bandgap 

energies suggest a high degree of ordering in the Cu-Zn 

plane of the CZTSe structure [36].  

 

4. Analysis of the PL recombination mechanisms 

 

The evolution of the normalised PL spectra in the 

three films with rising temperature is shown in Fig. 9 

on a linear scale. The shape of the P1 band in all the 

three films can be seen to change from being 

significantly asymmetrical, with a sharp slope on the 

high energy side at low temperatures and a gentle slope 

on the low energy side, to Gaussian-like at 

temperatures above 100 K. Fig.9(a) and  (c), 

corresponding to films 1 and 3 respectively, clearly 

show that the shape of the low energy side of P1 does 

not change. The high energy side becomes gentler 

making the band symmetrical. In Fig.8(b), 

corresponding to film 2, changes in the high energy 

side are obscured by the appearance of the P2 band at 

temperatures above 70 K.  

The low-energy side of a band tail related band is 

defined by the density of states function of the valence 

band tail ρv(ε) [30, 37] and depends neither on 

temperature nor on excitation intensity, as can be seen 

in Fig.6, 7 and 9. 

The P2 band is evident in the linear scale PL 

spectra at different temperatures. In film 1, its intensity 

becomes significant at 135 K and in film 3 at 150 K, 

whereas in film 2 it can be resolved from 60 K and 

becomes dominant from 90 K. In the PL spectra shown 

in Fig.6 on a logarithmic scale, the P2 band can clearly 

be seen in the spectra of film 2 from 6 K whereas it is 

difficult to see this band in the 6 K spectra for films 1 

and 3.  

A low energy tail (LET) feature can be seen in the 

PL spectra in Fig.9(a), corresponding to film 1, at 

temperatures above 100 K. Its intensity becomes 

significant above 115 K. This LET quenches at 

temperatures above 230 K. The LET belongs to a deep 

low energy band with its maximum beyond the low 

energy limit of 0.9 µm in the InGaAs detector used. 

Neither film 2 nor film 3 reveals such a band in their 

PL spectra.  

The temperature dependence of the spectral 

maxima for the P1 and P2 bands for the three films are 

shown in Fig.10(a). Although clear red shifts of the P1 

band can be seen for all three films, their spectral 

magnitudes are quite different. The greatest shift of 84 

meV is seen for P1 in film 1 as the temperature rises 

from 6 to 165 K; at higher temperatures P1 quenches. 

In the PL spectra of film 2 the P1 band redshifts by 19 

meV reaching its spectral minimum at a much lower 

temperature of 75 K, then showing a blue shift at 

higher temperatures before quenching. In the PL 

spectra of film 3 the P1 band red shifts by 51 meV, 

reaching its maximum at 125 K, and then showing blue 

shifts at high temperatures.  

In a highly doped semiconductor, the average 

distances between defects become smaller than their 

Bohr radii, causing the defect wave-functions to 

overlap [32]. The density of state (DOS) hole and 

electron masses, m
*

h= 0.21m0 and m
*

e= 0.08m0, 

respectively, (where m0 is the free electron mass), 

determined from theoretical studies of CZTSe [5] 

suggest that holes are significantly heavier than 

electrons making the condition of high doping easier to 

satisfy for donors. The level of high doping by 

acceptors is usually much higher and the holes can be 

treated as classical particles. It is generally assumed 

that in the chalcopyrites [31, 38-40] and kesterites [8] 

the condition of high doping is satisfied for electrons 

and not satisfied for holes. At low temperatures, holes 

are captured in deep states of the valence band tail 

which acts like a hydrogenic acceptor.  

Energy diagrams of the BT and BI transitions are 

shown in Fig.10(b). The figure also shows the density 

of states (DOS) for the conduction ρc and valence ρv 

bands as well as DOS of an acceptor level ρa 

participating in the BI transition for a semiconductor 

with spatial potential fluctuations. The P1 band may be 

a result of the band-to-tail (BT) recombination of free 

electrons from the quasi-Fermi level for electrons Fn 

with holes captured at levels within the valence band 

tail. At low temperatures, the holes are localised at 

deep tail states. Their probability of being released is 

low, whereas the probability of recombining with free 

electrons from the conduction band is quite high. Once 

the temperature rises, shallow valence band tail states 

release holes which participate in the BB transition 

whereas holes at deeper states stay localised. Their 

recombination with free electrons determines the red 

shift of the P1 band [30, 31]. The rate of the shift, the 

gradient of the temperature dependence of the P1 

maximum in Fig.10 (a), and the temperature of the 

minimum all depends on the carrier concentration 

determined by the level of doping as well as excitation 

intensity. 

A good approximation for the density of states of 

the holes localised at the valence band tail is given by 

the following expression:  

 

ρv(ε) ~ exp(-(ε/γ)
2
),    (1) 

   

where γ is the average depth of the valence band 

potential energy fluctuations. Therefore the low energy 

side of the BT band can be used to estimate γ [30, 31].  

An alternative explanation of the P1 band could be 

the BI recombination of free electrons and holes 

captured at conventional acceptors with ionisation 
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energy Ia, if it is greater than the average tail depth γ as 

shown in Fig. 10(b). In materials with spatial potential 

fluctuations the BI band also has a characteristic 

asymmetric shape.  It also red shifts at rising 

temperature as well as showing a significant blue shift 

at increasing excitation intensity [30, 38]. In such 

materials the band-to-impurity recombination includes 

two processes: BI1, recombination of free holes 

captured at acceptor, and BI2, recombination of holes 

first captured at the valence band tail. In the presence 

of band tails the hole density of states is distributed 

about the acceptor’s activation energy, Ia, as: 

 

]2/)(exp[)2/()(
2

γεγπερ aaa IN −−= ,          (2) 

     

where Na is the acceptor concentration [30, 38]. 

Similarly to the BT band, the density of states 

determines the shape of the low energy side of the BI 

band, which can be used to estimate γ. To identify the 

recombination mechanism of the P1 band, average tail 

depths γ of 24, 24 and 27 meV have been estimated 

from the low energy slopes of the P1 band PL spectra 

at 6 K [30, 31]. These values are collected in Table 3.  

To analyse temperature quenching of the P1 band, 

the PL spectra at different temperatures were fitted 

with three Gaussian profiles to match the high energy 

side of P1, P2 and HT. Examples of such fits are shown 

in Fig.11 for spectra, taken at 6 K. It can be seen that 

the high energy sides are well fitted by the lines. 

Therefore we can use such fits to improve the accuracy 

of calculations of the P1 band integral intensity at 

temperatures, where the intensity of P2 and HT are 

significant with respect to that of P1, by subtracting the 

Gaussians representing these bands from the PL 

spectra. However we can determine their reliable 

spectral positions or trace their temperature 

dependencies only if the P1 band is quenched and P2 is 

resolved as shown in Fig.7, 9 and 10(a). It can be seen 

in Fig.11 that the relative intensity of the P2 Gaussian 

for film 2 is significantly higher than for the other 

films.  

Arrhenius analysis of the P1 band temperature 

quenching was carried out by calculating integrated 

intensities after the subtraction of the Gaussians 

representing the P2 and LET features. The resulting 

intensities for the three films are plotted in Fig.12 on an 

Arrhenius scale. The best fits, shown by the lines, are 

achieved for one recombination channel assuming the 

temperature dependent hole capture cross section 

proposed in [41]: 

 

 I(T)=I0/(1+A1T
3/2

+A2T
3/2

exp(-Ea/kBT)),         (3) 

    

where I0 is the P1 band integrated intensity at the 

lowest temperature of 6 K, and A1 and A2 are process 

rate parameters. Activation energies Ea of (42 ± 6) 

meV, (63 ± 8) meV and (41 ± 2) meV are determined 

for the P1 band in the PL spectra of films 1, 2 and 3, 

respectively.  

A BT transition can be described by the effective 

ionisation energy Ea of acceptor-like states in the 

valence band tail determining the BT band emission. In 

this case Ea should be a fraction of the average tail 

depth γ. However the determined values of Ea are 

greater than γ suggesting that the P1 band is more 

likely to be associated with BI transitions, the 

recombination of free electrons with holes localised by 

conventional acceptors with bandgap energy level 

position spread by spatial potential fluctuations.  

The P2 band temperature dependencies, shown in 

Fig.7, 9 and 11(a) for the three films, are very different. 

In the PL spectra of film 1 the P2 band, with the 

maximum at 0.99 eV, emerges from the P1 band and 

then quenches at temperatures just above 200 K 

showing little shift in its spectral position. Although it 

is not resolved in the low temperature spectra in Fig.7 

and 9, the fitting of the high energy side of the 

spectrum at 6 K, shown in Fig.11(a), requires its 

presence at an estimated energy of 1.027 eV to fill the 

difference between the spectrum and the fit. This 

spectral energy is in good agreement with the PLE 

determined Eg value of 1.04 eV measured at 4.2 K. 

In film 2 the P2 transition can be seen on the 

logarithmic scale spectra from 6 K in Fig.7(b). In 

Fig.11(b) the fitting of the spectrum to three Gaussians 

(P1, P2, HT) is compared with a similar fitting with the 

two Gaussian (P1 and HT) fit, demonstrating the 

necessity of a P2 peak. Although unresolved, the P2 

spectral energy in film 2 at 1.045 meV is greater than 

that in film 1 and in good agreement with the Eg 

determined from the PLE experiments. Assuming that 

the P2 band is the BB recombination we can use this 

assignment to trace the temperature dependence to 

follow that of the bandgap. The red shift of 33 meV 

over a temperatures change of 95 - 300 K is close to 

that of 40 meV observed for excitonic quality CZTSe 

over a slightly greater temperature change from 4 to 

300 K [10] but exceeds the 20 meV determined by 

spectroscopic ellipsometry in CZTSe films with 

smaller Cu deficiency and Zn excess [42]. 

Although a resolved P2 band at 0.964 eV emerges 

in film 3 at 160 K, its unresolved presence can be seen 

at 1.027 eV in the 6 K PL spectrum shown in Fig.10(c) 

with and without the Gaussian representing the P2 

band. The BB band shows a blue shift from 0.964 to 

1.012 eV with temperature increasing from 160 K to 

300 K. According to [30], the temperature dependence 

of the BB band in semiconductors with a high level of 

doping can be described at high temperatures by:  

 

EBB(T) ~ Eg(T) – kBT ln(2(Fn – Ec)/kBT),      (4)       

     

where Fc and Fn the quasi-Fermi levels for electrons 

and holes, respectively. Therefore at small values of Fn 

– Ec, the electron kinetic energy, EBB, can shift to 

higher energies with rising temperature as has been 

demonstrated for Cu(InGa)Se2 single crystals [31]. 

The spectral energy of the P2 band in the PL 

spectra of film 3 is noticeably smaller than the value of 

Eg = 1.05 eV determined by PLE. In comparing the 

spectral energy of P2 gained from PL measurements 

with Eg from measuring absorption, we should take in 

account that PL emission has a polaron nature due to 

interaction of the excited electrons and holes with 
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optical mode phonons in crystal lattices. Such an 

interaction slightly increases the electron and hole 

masses resulting in a red shift of the PL bands in 

comparison with absorption measurements [16, 30, 31, 

43]. The spectral position of BB in semiconductors 

highly doped with donors depends on the quasi-Fermi 

level for electrons Fn [39].  

 

5. Discussion 

The significant increase in the performance for the 

films selenised at 500 
o
C compared to 450

o
C may be 

due to the fact that, within the detection limits of the 

techniques used in this study, no secondary phases 

could be detected for that sample. In addition, an 

apparent grain growth with temperature, observed in 

the SEM top view images and the Raman results 

previously presented, indicated an increase of the 

crystalline quality. All the three films show significant 

copper deficiency with [Cu]/[Zn+Sn] of about 0.8. 

Combining such a deficiency with significant zinc 

excess in films 2 and 3, where Zn/Sn is about 1.2, the 

off-stoichiometric CZTSe will be of the group A-type, 

where electrically neutral defect clusters VCu+ZnCu are 

expected to be present in high concentration [20, 44].  

Selenisation or annealing of CZTSe results in a loss of 

tin [16, 45]. A reduction of the Sn content with 

increasing selenisation temperature can be seen in the 

[Zn]/[Sn] ratios in Table 1. At annealing temperatures 

of 500 
o
C and 550 

o
C, decreasing tin content, gradually 

changes the [Zn]/[Sn] ratio towards zinc excess, 

increasing the [Cu]/[Zn+Sn] ratio. This is also 

consistent with the changes in Fig. 2 and Fig 3, where 

the XRD patterns and Raman spectra show evidence of 

the presence of SnSe2 in film 1 whereas in films 2 and 

3 at higher selenisation temperatures this phase is not 

detected.  

A significant reduction in the concentration of 

SnSe2 in film 2 (beyond the sensitivity of our XRD and 

Raman analysis) might be at least partly responsible for 

the observed 14% rise in Jsc and 25% rise in Voc after 

the selenisation temperature changed from 450 
o
C to 

500 
o
C due to the shunting effect of this phase [46].  

The increase in the performance might also be 

correlated with the appearance of MoSe2 peaks in the 

XRD patterns for the films selenised at 500 
o
C and 550 

o
C. Comparing the average depth of potential 

fluctuations γ in the films deposited on glass (γ = 37 

meV [28]) and on molybdenum  (γ = 24 meV in the 

present study) suggests improvements in the material 

quality when CZTSe is deposited on Mo. Higher 

selenisation temperatures, however, tends to reverse  

these improvements, so after the 550 
o
C selenisation γ 

increases to 27 meV. 

The gradual decrease of the Se content with 

increasing selenisation temperature presented in Table 

1 can be associated with the decomposition of the 

kesterite phase [45]. An increase of the concentration 

of selenium vacancies VSe can be induced by this 

decomposition, which according to Chen et al. [4]  is a 

deep donor. In the case of Cu2ZnSnS4, it has been 

theoretically predicted that at high temperatures, the 

formation energy of sulphur vacancies VS is low and 

the concentration of this defect can be increased up to 

2x10
19

 cm
-3

 [47,48]. 

Peaks of SnSe2 can be identified in the XRD pattern 

for film 1. The Raman data also confirm the presence 

of SnSe2 in this film. The increase in the selenisation 

temperature from 450 to 500
o
C results in the 

disappearance of the SnSe2 in film 2 and film 3. The 

temperature rise from 500 to 550
o
C increases the 

relative intensity of the 172 cm
-1

 peak in the Raman 

spectrum in Fig.3. Such an increase can be interpreted 

as a reduction of the concentration of the defect 

complexes VCu+ZnCu  [11, 19, 20], being consistent 

with the increase of the Cu content shown in Table 1.  

The structural quality of semiconductors can be 

compared by the integrated PL intensity (IPLI) 

measured at similar conditions [14]. The higher the 

intensity, the lower is the level of non-radiative 

recombination and scattering of photo-excited electrons 

and holes by defects. Such a criterion is also valid for 

semiconductors used in the solar cell absorber layer 

[16, 49]. This pattern can be seen in Fig.4 where film 2, 

used for 7.4% efficiency solar cells, shows a 

significantly higher PL intensity at 6 K (by a factor of 

1.8 in terms of IPLI ratios) than film 1. Film 3 shows 

significantly lower PL intensity than film 2 (by a factor 

of 2.3 in terms of IPLI ratios). This trend suggests that 

a solar cell made from film 3, if the problem of Mo 

contact is solved, would be less efficient than those 

made from film 1 and 2.  

Non-radiative recombination can occur via deep 

defects in the bandgap limiting the PL yield [50]. An 

increase of the concentration of VSe, due to the 

observed decrease of the Se content in this sample as 

the temperature rises from 500 
o
C to 550 

o
C, can 

explain the decrease of the PL intensity that we observe 

for the sample synthesised at 550 
o
C.  

Defect concentrations in semiconductors can be 

estimated by examining the type of radiative 

recombination in low temperature PL spectra. For the 

highest quality materials (defect concentrations below 

10
15

 cm
-3

), such spectra show only sharp peaks of 

excitonic features and resolved DAP lines [51]. At 

doping levels above 10
17

 cm
-3

, no excitons can be 

found in the PL spectra whereas sharp DAP lines
 
merge 

into broader free-to-bound and DAP transitions. At 

higher donor doping level, the low temperature PL 

spectra are dominated by a broad band with a 

characteristic asymmetrical shape whose low energy 

side is defined by the density of states in the valence 

band tail. Increasing the average depth of potential 

fluctuations makes the band broader. The average 

depth of potential fluctuations in film 3 is significantly 

greater than that in films 1 and 2, which is consistent 

with the observed increase in the FWHM from 80 to 

100 meV as shown in Table.2. 

The determined activation energies are related to 

ionisation energies of the defects responsible for the BI 

band. We can speculate that in film 1, selenised at 450 
o
C, an activation energy of 43 meV might be associated 

with the acceptor VCu, which is supported by 
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theoretical studies [4] and consistent with the elemental 

composition showing significant copper deficiency 

along with a small deficit of zinc. In film 2 the 

activation energy significantly increases up to 63 meV 

which suggests a possible change in the acceptor. We 

speculate that this activation energy might be 

associated to the antisite defect ZnSn which has also 

been proposed by theory [4] and likely to be present 

under zinc excess conditions. Such a change in the 

acceptor seems to be beneficial. However the 

demonstrated improvement in the solar cell 

performance could be an effect of the general 

improvement of the structural quality indicated by 

higher PL intensity in general and higher intensity of 

the P2 band. The further increase in the selenisation 

temperature to 550
o
 C resulted in a significant decrease 

of Ea to 41 meV, which might be associated with 

another change in the nature of the main acceptor. 

The determined by PLE measurements bandgaps 

over 1.00 eV in all the films might be associated with 

the presence of high populations of the defect complex 

VCu+ZnCu which restrain the Cu/Zn disorder [12].  

The presence of the BB transition (the P2 band) in 

the low temperature PL spectra of all the three films 

indicates that the level of non-radiative recombination 

is relatively low. The highest intensity of P2 relative to 

P1 is in film 2, as shown in Fig.11, and its spectral 

energy at 1.045 eV, the greatest amongst the three 

films, suggest that its spectral position and relative 

intensity correlate with the improved solar cell 

performance. 

 

6. Conclusion 

We present a structural and optical spectroscopy 

study of CZTSe absorber layers with strong copper 

deficiency fabricated by the selenisation at 450, 500 

and 550 
o
C of Cu-Zn-Sn precursor layers on Mo/glass 

substrates. The solar cells fabricated from these 

absorbers showed conversion efficiencies of 3.2% for 

the selenisation at 450 
o
C and 7.4% for the selenisation 

at 500 
o
C. The elemental composition of these 

absorbers reveals a monotonic decrease of the Sn and 

Se content with increasing the selenisation temperature. 

The detailed temperature and excitation intensity 

dependence analysis of the PL spectra as well as PLE 

determined measurements of the bandgap allowed us to 

identify the recombination mechanisms of the main 

emission bands as band-to-impurity (BI) and band-to-

band (BB). In the three films, the BB band can be seen 

from 6 K. In the PL spectra of the film resulting in the 

7.4% efficient solar cell, the BB emission is the most 

intense and can be seen from 6 K up to room 

temperature.  
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Fig.1. Top view SEM micrographs of the as deposited 

films 1 (a), 2 (b) and 3 (c) selenised at 450, 500 and 

550
o
C, respectively.  
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Fig.2. XRD patterns of CZTSe films on Mo coated glass 

selenised at different temperatures. 
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Fig.3. Raman spectra of the CZTSe thin films. The 

inset shows the variation of the FWHM of the most 

intense CZTSe mode. 
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Fig.4. Current density – voltage (JV) curves of the best 

solar cells made of film 1 (450 
o
C) and 2 (500

o
C) (a). 
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Fig.5. PL spectra from the films measured at 6 K, 

0.053 W/cm
2
 excitation and similar optical alignment.  
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 Fig.6. Excitation intensity dependencies of PL spectra 

in film 1 (a), film 2 (b) and film 3 (c) measured at 6 K. 
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Fig.7. Temperature dependencies of the PL spectra in 

film 1 (a), film 2 (b) and film 3 (c). 
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Fig.8. PLE spectra (measured at the maximum of the 

P1 band) and PL spectra of film 1 (a), film 2 (b) and 

film 3 (c) measured at 4.2 K. Red lines are the results 

of fitting. 
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Fig.9. Evolution of the normalised PL spectra. The 

spectra are shifted along the y-axis for clarity. 
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Fig.10. Temperature dependence of the spectral 

maxima of the P1 and P2 bands (a), density of states 

(DOS) for the conduction ρc and valence ρv bands as 

well as DOS of an acceptor level ρa in a semiconductor 

with potential fluctuations and energy diagram of band-

to-tail (BT) and band-to-impurity (BI) recombination 

mechanisms shown by the dashed arrows (b). 
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Fig.11. Fitting of the PL spectrum at 6 K with 

Gaussians representing P1, P2 and HT bands for film 1 

(a), films 2 (b), films 3 (c). The solid red curves are the 

sums of the three Gaussians, the red dashed curves are 

fit with only two Gaussians representing P1 and HT but 

without P2. 

0 50 100 150 20 40 60 0 50 100 150

 

In
te

g
ra

te
d

 a
re

a
 o

f 
P

1
 b

a
n
d

 

  
  
 (

a
rb

. 
u
n

it
s
)  film 1

450
o
C

E
a
 = (42 ± 6) meV

(a)

 film 2

500oC

(b)

 

E
a
 = (63 ± 8) meV

1000/T (K
-1
)

 film 3

550
o
C

(c)

 

 

E
a
 = (41 ± 2) meV

 

Fig.12. Arrhenius plots of the P1 band integrated 

intensities for film 1 (a), film (2), film (3). 

Table 1. WDX elemental composition of the films. 

Film 1 2 3 

Temp. (
o
C) 450 500 550 

Cu (at %) 21.1 21.8 22.6 

Zn (at %) 13.2 15.2 14.8 

Sn (at %) 14.6 12.9 12.6 

Se (at %) 51.1 50.1 49.8 

[Cu]/[Zn+Sn] 0.76±

0.08 

0.78±

0.10 

0.83±

0.04 

[Zn]/[Sn] 0.92±

0.17 

1.18±

0.02 

1.17±

0.06 

[Se]/[Cu+Zn+Sn] 1.16±

0.02 

1.00±

0.01 

0.99±

0.01 

 

Table 2.  J-V characteristic of the solar cells prepared 

with films 1 and 2. 

Film 1 2 

Temp. (
o
C) 450 500 

Voc (mV) 336 421 

Jsc (mA/cm2) 26.5 30.2 

FF 35.2 58.0 

η (%) 3.2 7.4 

 

Table 3. Spectral characteristics of the P1 PL band 

measured at 6 K, bandgaps Eg measured by PLE, 

average depths of potential fluctuations γ and activation 

energies Ea of the P1 band temperature quenching for 

the films 1, 2 and 3. 

Film  1 2 3 

Selenisation 

 temp. (
o
C) 

450 500 550 

P1 Emax (eV) 0.934 0.944 0.898 

P1 FWHM (meV) 84 84 100 

P1 j-shift 

(meV/decade) 

11 

 

12 

 

15 

 

Eg (eV) (PLE) 1.05 1.03 1.05 

γ (meV) 24 24 27 

Ea(meV) 42 63 41 

 


