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ABSTRACT

Microwave synthesized nano-sized Cu2ZnSnS4 (CZTS) powder was irradiated

with 6 MeV electrons, to investigate stability under radiation. The structural,

optical, vibrational and morphological properties were explored using X-ray

diffraction, UV–Visible spectroscopy, Raman spectroscopy and scanning elec-

tron microscope (SEM). The irradiated sample shows significant change in

properties when compared with the pristine sample. X-ray peak broadening

analysis has been used to estimate the crystallite size and lattice strain. Raman

spectroscopy analysis confirms the transition of ordered kesteriteto disordered

kesterite phase after electron irradiation at electron fluence of 4 9 1015 e-/cm2.

CZTS nanoparticles having hierarchical flower-like morphology starts agglom-

erating after electron irradiation as observed from SEM images. The sample did

not amorphize up to the highest fluence4 9 1015 e-/cm2employed in this study.

1 Introduction

All the spacecrafts and satellites use photovoltaic

solar cell power in space as an energy source [1]. For

many decades in conventional spacecrafts Si [2–5],

multi junction solar cell [6–9] and GaAs/Ga are used

[10–13] which provide high efficiency and are also

quite robust to space environment. Researchers are

trying to replace it with an alternate. Photovoltaic

thin film solar cell array which offers high reliability,

lower production cost, proven manufacturing and

scalability of required power levels have been shown

as useful for space mission [14]. The report from M.

R. Reddy suggests that conventional solar cell can be

replaceable with flexible thin film solar cell array of

CIGS-based solar cell that reduces not only mass, but

also lowers the cost by * 30% as compared to the

conventional space solar cell [15].

One of the most important necessities of space

solar cell is the ability to withstand harsh space

radiation environment. The energetic particles in

space environments such as proton, electron, gamma

etc. cause lattice damage in an active area of solar cell

which degrades the performance of the solar cell

used as a power sources in space satellite [10–16].

This puts a limit on the use of solar cell for longer

duration. Therefore, the stability of material which is

used for making the solar cell for space application is

very important. A study by Jaseneket al., shows that

CuInGaSe2 (CIGS) solar cell can tolerate more than 10
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times larger fluence of high energy electrons than any

other solar cell [17]. This study was further

strengthened by Karsten Otte et al., which reported

that flexible CIGS thin film solar cells are superior to

that of GaAs with respect to radiation hardness [18].

However, indium and gallium are rare earth metals,

due to which cost of solar cell is high. Therefore, the

necessity of alternative material to CIGS is needed

which can stand harsh radiation environment.

Very recently Souli et al., reported that after

gamma irradiation the structural and optical prop-

erties of Cu2ZnSnS4 (abbreviated as CZTS hereafter)

thin films improves, making them favourable in

order to use them in outer space where gamma

Table 1 Comparison of previous and present work on effects of irradiation on CZTS

Souli et al. [19] Sugiyama et al. [20] Suvanam et al. [21] Our work

Sample form Thin films synthesized by

spray pyrolysis technique,

deposited on glass

substrates

Solar cell Solar cell Nano-powder

Irradiation type Gamma 2 MeV electrons, 380 keV

protons

3 MeV protons 6 MeV electrons

Dose/fluence 10–100 kGy 1014–2 9 1017 cm-2 for

electrons, 1012–

3 9 1016 cm-2 for

protons

1010–1013 cm-2 1–4 9 1015 cm-2

Characterization

methods

X-ray diffraction,

spectrophotometer and

scanning electron

microscope

Photoluminescence (PL)

measurements, current

density–voltage (J–V)

curves

Current density–voltage (J-

V) curves, external

quantum efficiency (EQE)

X-ray diffraction, UV–

Visible spectroscopy,

Raman spectroscopy and

Scanning Electron

Microscope

Results Increase in crystallite size

from 52 to 79 nm has

been observed after

irradiation with 100 kGy

gamma dose, band gap

energy have increased

and reached 1.6 eV at

100 kGy gamma dose

Photoluminescence peak

intensity decreased and

electrical performance

parameters VOC, JSC and g
decrease with increasing

irradiation fluence

For the highest dose, the

saturation current Io
increased by 10 times, a

decrease in the EQE can

be observed in the higher-

wavelength region

Phase transition from

ordered kesterite to

disordered kesterite for

4 9 1015 e-/cm2

irradiation fluence,

decrease in crystallite size

from 14.4 nm to 10.8 nm

with increase in electron

irradiation, bandgap of

the material changed from

1.5 eV to 3.95 eV,

morphology of

hierarchical flower

Cu2ZnSnS4 start

agglomerating with

electron irradiation

Conclusions Structural properties of

CZTS films have

improved by gamma

irradiation while the

optical properties have

slightly changed, which is

favourable for

optoelectronic

applications working in

nuclear environments

Normalized efficiency of

solar cells decreased

when fluence was greater

than * 1015 cm-2 for

electron irradiation or

1012 cm-2 for proton

irradiation

CZTS technology has

superior radiation

hardness

The samples did not

amorphize in the fluence

range used and thus

indicate radiation stability
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radiation is abundant [19]. In another study,

Sugiyama et al. reported effect of electron and proton

irradiation on CZTS solar cell. In their study they

reported the effect of electron irradiation using con-

stant energy of 2 MeV and the fluence was varied

from 1 9 1014 e-/cm2 to 2 9 1017 e-/cm2, while for

proton irradiation, the energy was kept 380 keV from

a 400 kV ion implanter with fluence ranging from

1 9 1012 to 3 9 1016 cm-2. They claimed CZTS solar

cell performance improves up to small amount for

both electron and proton irradiations, which shows

that CZTS solar cell tolerates electron and proton

irradiation analogous to CIGS solar cell [20]. Similar

study was also done by Suvanam et al., where thin

films of Cu2ZnSnS4/Se4 (CZTSSe) and CZTS were

investigated after 3 MeV proton irradiation; it

showed that CZTSSe and CZTS are high-radiation

hardened materials as compared to CIGS solar cell

[21]. In continuation with these studies, we have

carried out an experimental study in which our

objective was to explore the effect of 6 MeV electron

irradiation on CZTS nanoflower-like structures. Fur-

ther we carried out detailed analysis using micro-

Raman spectroscopy to investigate how the structure

changes or modifies upon irradiation. There are no

reports available on structural transition of CZTS due

to electron irradiation. Earlier Parkin et al. reported,

how the presence of electron beam induces sulphur

vacancies in monolayer of MoS2and Raman spec-

troscopy was used as non-destructive method to

estimate defect concentration in MoS2 [22].

In our study, we report 6 MeV electron irradiation

induced changes on nanocrystalline CZTS (size *
14.4 nm). The structural, vibrational, optical, and

morphological properties were studied using X-ray

diffraction, Raman spectroscopy, UV–Visible spec-

troscopy, and scanning electron microscope (SEM). A

comparison of the previous and present work on the

effects of irradiation on CZTS is shown in Table 1.

2 Materials and methods

One step microwave-assisted synthesis method was

used to synthesize the material as mentioned in the

previous reports [23, 24] with a slight modification

that instead of cyclic microwave irradiation, single

step microwave irradiation was carried out. In a

typical synthesis process, all the required precursors

were taken in an appropriate concentration and

exposed to microwaves for 10 min. After that the

precipitate was washed with ethanol, centrifuged

and dried to get the final CZTS nanopowder.

Indigenously developed Race-Track Microtron

accelerator having 6 MeV energy electron beam with

faraday cup attached to a counter (1 count = 1011

electrons) was used [25] for irradiation. X-ray

diffractometer D8 Advance BRUKER AXS was used

to determine crystal structure and crystallite size of
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Fig. 1 a X-ray diffraction patterns of Cu2ZnSnS4 samples

irradiated with 6 MeV electron at different irradiation fluences.

b An expanded view of X-ray diffraction pattern of Cu2ZnSnS4
sample irradiated with 6 MeV electron at 4 9 1015 e-/cm2

irradiation fluence
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the sample with Cu Ka ray of wavelength 1.54 Å.

JASCO V 670, UV–Visible spectrometer was used for

optical absorption measurements. For simplicity

throughout the text, we are representing pristine

CZTS (without irradiation) sample as A1 and 6 MeV

electron irradiated with fluence 1 9 1015 e-/cm2,

2 9 1015 e-/cm2, 3 9 1015 e-/cm2 and 4 9 1015 e-/

cm2 as A2, A3, A4 and A5, respectively.

Laboratory based X-Ray Diffractometer is not suf-

ficient to differentiate the two forms of CZTS crystal

structures [26, 27]. To identify various impurity

phases, quantifying disorder and also to estimate the

quality of crystallinity in this class of compounds

Raman spectroscopy is particularly used. Renishaw

Raman spectrometer was used in backscattering

configuration at the excitation wavelength of 532 nm

for Raman spectroscopy measurements. For Raman

spectra analysis, Lorentzian function was used to fit

Raman spectra to determine mode frequencies, area

under the curve, FWHM and integrated intensity.

Fitting was carried out with the minimum number of

peaks which provides peak position, FWHM and

integrated intensity. The same standard procedure is

followed for the data for all electron irradiated

samples.
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Fig. 2 Williamson-Hall Plot of a pristine Cu2ZnSnS4 and b Cu2ZnSnS4 sample irradiated with 6 MeVelectronat 3 9 1015 e-/cm2 fluence
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Fig. 3 Estimated crystallite size of Cu2ZnSnS4 samples using

XRD at different irradiation fluences
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Fig. 4 Strain on Cu2ZnSnS4 samples calculated using XRD

patterns at different irradiation fluences
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3 Results and discussion

Figure 1 shows X-ray diffraction pattern of pristine

nano-Cu2ZnSnS4 (A1) and nano-Cu2ZnSnS4 irradi-

ated at different electron fluences 1 9 1015 e-/cm2

(A2), 2 9 1015 e-/cm2 (A3), 3 9 1015 e-/cm2 (A4)

and 4 9 1015 e-/cm2 (A5). The broad peaks occur-

ring at 28.4�, 47.6� and 56.5� are indexed to (112),

(220) and (312) planes which are signature peaks of

kesterite phase CZTS and are very well matched with

JCPDS card no. 26-0575. The X-ray diffraction (XRD)

pattern does not show any extra peak in pristine

nano-Cu2ZnSnS4 which in general suggests the

absence of impurity phases. Further, it is observed

after irradiation, there is a decrease in the peak

intensities revealing that the crystallinity is decreas-

ing with increase in electron fluence. Moreover, we

can clearly observe that up to fluence of 3 9 1015 e-/

cm2 the XRD pattern remains same, but at a fluence

of 4 9 1015 e-/cm2 the intensity of peak at 56.5� for

(312) plane completely vanished and new peaks

appear at 57.9� and 62.9�. The new peaks may be

attributed to the secondary phase formation or dis-

order arising due to the effect of electron irradiation.

An important observation is that the sample did not

amorphize up to the highest fluence applied. This

indicates radiation stability of CZTS and is significant
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Fig. 5 Dependence of X-ray diffraction peak positions of

Cu2ZnSnS4 samples for different electron irradiation fluences
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Fig. 6 Dependence of intensity (area under the curve) of (112),

(220) and (312) peaks of X-ray diffraction patterns of CZTS

samples for different electron irradiation fluences
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Fig. 7 UV absorption spectra of Cu2ZnSnS4 samples irradiated

with 6 MeV electron at different fluencies
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in the context of its application as a solar cell material

in space. Voigt function was used to fit X-ray

diffraction patterns. To calculate crystallite size and

strain on Cu2ZnSnS4, we have used Williamson–Hall

method. Total peak broadening bT is caused by

crystallite size broadening bD and micro-strain

broadening be of the crystallite.

bT ¼ bD þ be ð1Þ

From Scherrer equation we know that

bD ¼ Kk
D cos h

ð2Þ

where h is the diffraction angle, k is the wavelength of

X-ray (1.54 Å), D is the crystallite size and K (0.9) is

shape factor.

Similarly, the X-ray diffraction peak broadening

due to strain is given by:

be ¼ 4e tan h ð3Þ

where be is the broadening due to strain, e is the

micro strain and h is the diffraction angle.

Putting Eqs. (2) and (3) in (1) we get,

bT ¼ Kk
D cos h

þ 4e tan h ð4Þ

Rearranging above equation, we get

bT cos h ¼ Kk
D

þ 4e sin h ð5Þ

Equation 5 represents uniform deformation model

(UDM) where it was predicted strain is uniform in all

crystallographic directions [28]. bTcosh is plotted as a

function of 4sinh for peaks of CZTS. Strain (e) is

estimated from slope of the fit and crystallite size D is

estimated from the Y intercept of the fit.
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Fig. 9 Raman spectra of Cu2ZnSnS4 samples irradiated with

6 MeV electron at different fluences
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Figure 2 represents Williamson–Hall plot of

(a) pristine CZTS and (b) CZTS sample irradiated

with 6 MeV electron at 3 9 1015 e-/cm2 electron

fluence. The crystallite size of pristine CZTS is esti-

mated to be 14.4 nm and upon irradiation the aver-

age crystallite sizes of A2, A3 and A4 samples are

obtained to be around 13.6 nm, 13.2 nm and 12.3 nm

which is also represented in Fig. 3. Here we can

clearly see crystallite size decreases with electron

fluence. Figure 4 shows strain due to electron irra-

diation on of CZTS. We can clearly see that change in

strain on CZTS with electron irradiation is marginal.

Figure 1b shows the data for sample A5. This corre-

sponds to 4 9 1015 e-/cm2 electron fluence, i.e. the

highest electron irradiation; the decrease in crys-

tallinity and formation of new phases is apparent.

Estimating the peak broadening for the three peaks of

interest is not unambiguous. Hence, only four points

of data were employed for Figs. 3 and 4. Figure 5

shows peak position as a function of electron fluence

which clearly indicates there is no change in peak

position due to electron fluence, whereas area under

the curve (integrated intensity) is decreasing for

(112), (220) and (312) planes with increase in electron

fluence. Considering pristine sample intensity as

100% for (112) peak intensity decreases to * 30%, for

(220) peak intensity decreases to * 26% and for (312)

it decreases to * 16% for the 4 9 1015 e-/cm2 elec-

tron fluence as shown in Fig. 6, indicating decrease in

crystallinity as decrease in XRD peak intensity gen-

erally implies decrease in crystallinity [29]. Figure 7

shows UV absorption spectra of pristine- and

electron-irradiated samples of CZTS and the corre-

sponding Tauc’s plot is shown in Fig. 8. The band

gap energy was calculated from the absorption

spectra by extrapolating the linear portion of the

graph of (ahm)1/2 as a function of (hm) to the energy

axis using Tauc’s relation. The band gap of pristine

sample, i.e. A1 is 1.5 eV and for A2, A3, A4 and A5

band gap goes on increasing to 1.57 eV, 2.13 eV, 2.83

and 3.95 eV. Therefore, with increase in electron flu-

ence, the band gap goes on increasing. This increase

in band gap may be attributed to the spatial con-

finement effect. The excitation of a negatively

charged electron from the valence band and the

resultant positively charged hole in the valence band,

give rise to an exciton (electrostatically bound elec-

tron–hole pair). The exciton has a finite size within

the crystal defined by the Bohr exciton diameter (aB),

which can vary from 1 to more than 100 nm

depending on the material. If the size of a semicon-

ductor nanocrystal is smaller than the size of the

exciton, the charge carriers become spatially con-

fined, which raises their energy. Therefore, the

energy difference between the filled states and the

empty states increases, i.e. the band gap of the

semiconductor widens [30].

Figure 9 shows Raman spectra of CZTS for pristine

and irradiated samples. Bands at 280 cm-1 and

331 cm-1 are the signature peaks of nano-CZTS

[31–33]. From Fig. 9, we can clearly observe that up to

2 9 1015 e-/cm2 Raman mode frequencies of CZTS

are stable, while for further irradiation at

4 9 1015 e-/cm2 the relative intensity of band at

280 cm-1increases as compared to 331 cm-1 mode.

Our earlier high temperature study on nano-CZTS

indicated that beyond 550 K there is a considerable

variation in relative intensities of 280 cm-1 mode and

331 cm-1 Raman mode frequencies, indicating phase

transition from ordered kesterite to disordered kes-

terite structure [34]. The transition that occurs at

higher irradiation dose is exactly same as transition at

high temperature. Figure 10 shows electron fluence

dependence of Raman mode frequencies of nano-

CZTS. Here, we see that Raman mode at 331 cm-1 is

stable with increase in electron fluence, while Raman

mode frequency of the 280 cm-1 mode decreases

marginally with electron fluence. Electron irradia-

tion-dependent FWHM of Raman mode frequencies

of nano-CZTS is plotted in Fig. 11. It shows that the

width of mode at 280 cm-1 increases with electron

fluence, but width of 331 cm-1 is stable which shows
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irrespective of the electron fluence the strongest

mode of CZTS is stable. Intensity ratio of mode at

280 cm-1 to mode at 331 cm-1is plotted in Fig. 12,

which shows a clear increase beyond 4 9 1015 e-/

cm2, indicating a phase transition to a disordered

kesterite phase.

The SEM images of CZTS before irradiation are

shown in Fig. 13a; it consists of hierarchical flower-

like morphology having around 1 lm particle size

clearly visible in magnified image Fig. 13b, c shows

SEM images after different irradiation. We can clearly

see for 1 9 1015 e-/cm2 there is no change in mor-

phology but beyond this, particles start agglomerat-

ing and become irregular. For 4 9 1015 e-/cm2

irradiation fluence, the morphology is completely

changed as shown in SEM image in Fig. 13d.

4 Conclusions

In conclusion, the effect of electron irradiation on

Cu2ZnSnS4was investigated, to explore its radiation

stability. The samples were characterized for their

structural, optical, vibrational, and morphological

properties using X-ray diffraction, UV–Visible spec-

troscopy, Raman spectroscopy, and SEM. The results

reveal phase transition from ordered kesterite to

disordered kesterite for 4 9 1015 e-/cm2 irradiation

fluence. The XRD shows decrease in crystallite size

from 14.4 to 12.3 nm with increase in electron irra-

diation. Also, crystallinity decreases with increase in

electron irradiation. Band gap of the material chan-

ged from 1.5 to3.95 eV. Raman spectroscopic mea-

surements confirm the structural phase transition

beyond 3 9 1015 e-/cm2. SEM study reveals the

morphology of hierarchical flower Cu2ZnSnS4 start

agglomerating with electron irradiation and it com-

pletely changes at 4 9 1015 e-/cm2. The samples did

not amorphize in the fluence range used and thus

indicate radiation stability.
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Philipps, J. Schöne, G. Siefer, M. Steiner, A. Wekkeli, E.
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