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Abstract 

We present a fast fabrication route for Cu2ZnSnSe4 (CZTSe) kesterite absorbers using co-sputtering of 

elemental metal precursor followed by rapid thermal annealing with selenium capping layers. The 

formation of secondary phases at the absorber surface can be reduced, making a specific etching 

routine redundant. Starting from a homogenous metal precursor with Se capping layer, a short 

annealing time of 5 min at 550°C is sufficient to achieve fully crystallized kesterite absorber. Selenium 

capping layers with thickness at least twice the precursor thickness were found to yield very 

homogenous absorber on 5x5 cm2 samples but also promote the formation of ZnSe. By reducing the Se 

layer thickness an enhanced grain growth and reduction of secondary phases can be achieved, which 

finally yields maximum efficiencies up to 9.4%. 
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1. Introduction

Due to the abundance of its constituents, kesterite solar cells (Cu2ZnSn(S,Se)4) (CZTSSe) are considered 

to be a sustainable alternative to highly efficient chalcopyrite (Cu(In,Ga)(S,Se)2) (CIGS) solar cells. 

Currently, the efficiency of kesterite solar cells is still limited to 12.6% for CZTSSe [1] and 11.6% for the 

sulphur-free CZTSe [2], mainly attributed to a large deficit in open circuit voltage. Sputtering of metal 

precursor with subsequent annealing is a robust synthesis route for thin film absorber offering high 

throughput and excellent process control. For pure selenide absorber, efficiencies over 10% could be 

achieved for stacked metal precursors [3],[4]. The spatial separation of the constituents in the stacked 

precursor can promote phase segregation, thus, longer annealing times are needed to ensure 

complete intermixing or different etchants have to be used to remove residual secondary phases 

[5],[6],[7]. To overcome the issue of intermixing of metals in the precursor, direct co-sputtering [8] and 

stacking of multiple thin layers were recently employed [9],[10], reaching efficiencies up to 8.1% [11]. 

In this study, we follow the approach of co-sputtering mixed metal precursor and investigate the 

influence of an evaporated selenium capping layer on the morphology, grain growth and formation of 

secondary phases of the annealed absorber. We show that it is possible to significantly reduce 

secondary phases using rapid thermal annealing by tuning the thickness of the selenium capping layer, 

which makes an additional etching step redundant. The consequences on the final device performance 

are discussed and an efficiency of 9.4% for the best cell is demonstrated. 

2. Experimental details

The Mo back contact was deposited using DC sputtering on top of soda lime glass with SiOx as the alkali 

diffusion barrier. A mixed Cu-Zn-Sn precursor was deposited by co-sputtering of elemental metal 

targets (Cu: 99.999%, 3.6 W/cm2; Zn: 99.995%, 2.9 W/cm2; Sn: 99.999%, 4.0 W/cm2) at room 

temperature in a con-focal arrangement (AJA ATC-Orion 5 system from AJA Inc.). The precursor 

composition with Cu/(Zn+Sn) = 0.75 and Zn/Sn = 1.35 was deduced from the individual sputter rates 

and confirmed by energy-dispersive X-ray (EDX) measurements. A sputtering time of 12.5 min under an 

Ar base pressure of 0.26 Pa resulted in a precursor thickness of 400 nm. For all experiments, the same 
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metal precursor recipe was used. Prior to the annealing, a Se capping layer of various thicknesses was 

thermally evaporated on top of the unheated metal precursor in order to reduce elemental losses [10]  

and enhance homogeneity during the annealing. In a rapid thermal processing (RTP) system (AS-ONE 

from Annealsys), the precursor was heated to 550°C for 5 minutes with additional Se pellets (800 mg) 

in a closed graphite reactor. The annealing was performed using a nitrogen base pressure of 625 mbar 

and fast heating and cooling rates (from room temperature to 550°C at a rate of 4°C/s and cooling from 

550°C to 300°C in 5 min).  

As deposited CZTSe absorber were subsequently covered with a CdS buffer by chemical bath 

deposition without further surface treatment, followed by the deposition of the i-ZnO/ZnO:Al window 

by RF magnetron sputtering. In the final step a Ni/Al grid was applied by e-beam evaporation and 

individual cells (0.36 cm2) were mechanically scribed. No anti-reflection coating was applied. The 

morphology was studied by scanning electron microscopy (SEM, HITACHI S-4800) and combined with 

energy-dispersive X-ray spectroscopy (EDX, 7 kV and 20 kV acceleration voltage, emission current 10 

µA) to reveal surface composition. The bulk composition was determined by using X-ray fluorescence 

(XRF, 45 kV acceleration voltage). X-ray diffraction (XRD) pattern were recorded using Cu Kα radiation 

(Bruker D8). Depth profiling data were obtained with a time-of-flight Secondary Ion Mass Spectroscopy 

(SIMS) 5 system from ION-TOF. Bi+ ions were used as primary ions and positive ions were detected. 

Sputtering was performed using O2
+ sputtering ions with 2 keV ion energy, 400 nA ion current and a 

300×300 μm2 raster size. An area of 100×100 μm2 was analyzed using Bi+ ions with 25 keV ion energy. 

Raman scattering measurements were performed with FHR640 Horiba-Jobin Yvon spectrometer 

coupled to Raman probe developed at IREC and -70ºC cooled CCD detector. Backscattering 

measurements using a 442 nm monochromatic laser line from the HeCd gas laser as excitation sources. 

The laser power density was kept below 250W/cm2 in order to avoid thermal effect. In order to 

characterize a representative area of the samples’ surface, a spot diameter of 50 μm was used. All 

measurements were calibrated spectrally using a silicon monocrystalline reference, imposing the 

position of the main band at 520 cm-1.  

 The CZTSe solar cell devices were characterized by current–voltage (JV) and external quantum 

efficiency (EQE) measurements under standard test conditions (AM 1.5G spectrum, 25 °C, 1000 W/m2). 
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3. Results and discussion 

3.1. Precursor analysis 
The co-sputtered precursor appears as uniform metallic layer with silver color. The SIMS depth profile 

(Fig. 1) proves that Cu, Zn and Sn are evenly distributed within the whole precursor depth. To analyze 

the phase composition of the precursor, each of the constituents of the mixed precursor was solely 

sputtered on molybdenum using identical deposition parameters as for co-sputtering. The XRD 

patterns of Cu/Mo, Zn/Mo and Sn/Mo stacks were measured and are depicted in Fig. 1. When 

analyzing the XRD pattern of the mixed CZT precursor, it can be clearly seen that no elemental Cu and 

Zn exist in the mixed precursor while Sn is present. The formation of different brass and bronze phases 

takes place during deposition at room temperature. Small traces of ZnO are visible, which form 

presumably during the storage in air. The residues of Sn were also reported for precursors from thin 

multilayer arrangement [12].  

3.2. Absorber analysis 
RTP of the precursor was performed using samples with 1.15, 0.85, 0.57, and 0.28 µm thick Se capping 

layers and additional Se pellets. Fig. 2a) shows a representative XRD pattern of a completed solar cell 

device processed from a 1.15 µm Se top layer. It exhibits all typical reflections for the CZTSe phase and 

reveals the presence of MoSe2. No characteristic peaks of Cu-Se and Sn-Se phases could be observed. 

The CZTSe peaks present a shoulder towards smaller angles. The origin could be the presence of ZnSe, 

Cu2SnSe3 or related to stress. However, a clear discrimination by XRD is not possible [13]. The inset in 

Fig. 2a) represents the (011) reflection of CZTSe absorbers synthesized from different selenium layer 

thicknesses. No effect on full width-at-half-maximum (FWHM) and reflection intensity can be observed 

for the investigated range of Se top layer thicknesses. Figure 2b) and 2c) show the SIMS depth profile 

for absorber synthesized with 1.15 µm and 0.57 µm Se top layer, respectively. A comparison of the 

absorbers reveals a significant increase in Zn counts at the surface in the case of a thicker Se top layer, 

which can be attributed to a segregation of ZnSe at the absorber surface. It is worth noting that the 

SIMS signals are less abrupt at the absorber/Mo interface than at the precursor/Mo interface because 

of absorber roughness. In Fig. 3 segregations of ZnSe appear in SEM top view images as bright spots, 

which is confirmed by EDX mapping and point measurements. Due to the initial very Zn-rich precursor, 

the composition of the CZTSe phase remains still Zn-rich despite the phase segregation. SEM top view 
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and cross section images presented in Fig. 4 a)-d) gives further evidence about secondary phases and 

morphology. The increasing amount of ZnSe on the absorber surface for increasing Se layer thickness is 

supported by surface sensitive EDX (increasing Zn/Sn ratio), while XRF bulk measurements remain 

unaffected as shown in Table 1. Depending on the grain size, the thickness of the absorber varies 

between 1-1.5 µm as estimated from the SEM cross section images. The use of rather thick Se layer 

was found to be beneficial for the lateral homogeneity on 5x5 cm² absorber, which can be seen from 

the macroscopic appearance as well as the distribution of JV parameters. On the other hand, exceeding 

a certain excess of the selenium layer, detrimental effects on the microscopic morphology like the 

formation of ZnSe, reduced grain size and increased surface roughness can be observed. The grain size 

increases when increasing the Se layer thickness from d) 0.28 µm to c) 0.57 µm, but further decreases 

for higher amounts of selenium a) and b) due to the segregation of ZnSe. While liquid Se is reported to 

enhance the grain growth [14], the segregation of ZnSe seems to hinder the grain growth of the CZTSe 

crystals. Further experiments are needed to understand the segregation of ZnSe in dependency of the 

capping layer thickness. Raman characterization of the complete devices using the 442nm excitation 

wavelength (2.8eV) is showed in the Fig 5. The characterization under blue light and the bandgap 

difference of the ZnO:Al/i-ZnO/CdS windows layers allows to evaluate the presence of the ZnSe phase 

in the surface of the absorber by the Raman signal enhancement induced for the resonant conditions 

for the ZnSe (Eg ≈ 2.6eV). The ratio of the ZnSe signal contributions with the main peaks of the CZTSe 

allows observe a variation of the ZnSe concentration in the absorber surface (penetration depth in the 

absorber estimated < 50 nm). Further evaluations of the CZTSe main modes indicate a Zn-richer 

composition for samples with thicker Se top layer, which is expressed in a decrease in intensity of the B 

mode around 170 cm-1 and a broadening of the A mode around 197 cm-1 [15].  

 

3.3. Solar cell parameters 
To evaluate the influence of morphology, surface roughness and formation of ZnSe on the final device 

performance, JV measurements for 49 cells scribed on 5x5cm2 samples with a cell area of 0.36 cm2 

were performed (Fig. 6). As mentioned earlier, reducing the thickness of the Se top layer deteriorated 

the lateral homogeneity of the sample, which was manifested in a larger spread of the JV parameters. 

The inhomogeneity arose mainly from pinholes in the absorber, which led to low shunt resistance of 
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the devices. Shunting was more pronounced in the center region of the device, while cells located 

closer to the edges were not affected. When comparing the best cells, it is obvious that fill factor and 

short-circuit current increase when the formation of ZnSe is suppressed. The open-circuit voltage is 

less dependent on the morphology and has similar values. Despite the lack of homogeneity, the best 

cell was obtained using a 0.57 µm Se top layer. The JV curve and the detailed device parameters for the 

best cell are given in Fig. 7. The cell achieves a VOC of 440 mV, a JSC of 34.0 mA/cm2 and a fill factor of 

63.0% resulting in a cell efficiency of 9.4%. The short-circuit current was calculated from integration of 

the EQE spectrum (Fig. 7). No light-soaking effect was observed for these cells. A bandgap value of 1.06 

eV was derived from the inflection point of the EQE curve.  

4. Conclusion 
 

A combination of co-sputtered metal precursor with evaporated Se top layer and a rapid thermal 

annealing was exploited to synthesize CZTSe absorbers. A selenium top layer can be used to reduce 

elemental losses and improve homogeneity. The high reactivity of elemental metals with selenium 

allows a very short annealing time of 5 min to achieve well-crystallized kesterite absorbers. Using this 

fabrication route, it is possible to achieve efficiencies over 9% without any further surface treatment. 

We show the strong influence of the selenium supply on the formation of ZnSe, grain growth and 

device performance. Tuning the Se top layer thickness adequately, the appearance of ZnSe on the 

absorber surface can be strongly reduced.  
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Figures	

 

Fig.	1:	Left:	XRD	profiles	for	sputtered	CZT/Mo,	Sn/Mo,	Zn/Mo	and	Cu/Mo	stacks.	For	the	CZT/Mo	
stack	reflections	for	Cu‐Zn	and	Cu‐Sn	alloys	as	well	as	elemental	Sn	and	traces	of	ZnO	are	detected.	
Right:	SIMS	depth	profile	of	the	CZT/Mo	stack.	Cu,	Zn	and	Sn	are	evenly	distributed	through	the	
whole	precursor	thickness.	

 

Fig.	2:	a):	XRD	profile	for	a	complete	solar	cell	from	co‐sputtered	elemental	precursor.	The	data	is	
plotted	in	logarithmic	intensity	scale	to	highlight	present	reflections.	The	inset	shows	a	
comparison	of	the	(011)	reflection	for	absorbers	synthesized	from	different	Se	top	layer	
thicknesses.	No	significant	changes	in	intensity	and	FWHM	can	be	observed.	b,c):	SIMS	depth	
profile	of	a	CZTSe	absorber	synthesized	with	b)	1.15	µm	and	c)	0.57	µm	Se	top	layer.	The	interface	

a)  b) 

c) 
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between	absorber	and	back	contact	is	not	abrupt	due	to	a	high	roughness	of	the	CZTSe	layer.	In	
case	of	b),	an	increase	of	Zn	counts	at	the	front	is	observed	due	to	the	ZnSe	phase	segregation.	

 

Fig.	3:	Left:	EDX	mapping	of	an	absorber	surface	with	1.15	µm	Se	top	layer.	The	bright	appearing	
spots	in	the	SEM	image	show	a	high	intensity	in	Zn	signal,	which	can	be	correlated	with	the	
formation	of	ZnSe.	Right:	EDX	point	measurements	at	“dark”		and	“bright”	spots,	revealing	the	
composition	of	the	CZTSe	phase	and	the	segregated	ZnSe	phase.	

 

Fig.	4:	Top:	SEM	top	view	of	bare	absorber	synthesized	with	different	Se	top	layer	thicknesses:	a)	
1.15	µm	b)	0.85	µm	c)	0.575	µm	d)	0.28	µm	Bottom:	SEM	cross	section	of	the	complete	solar	cell	
synthesized	with	different	Se	top	layer	thicknesses:	a)	1.15	µm	b)	0.85	µm	c)	0.575	µm	d)	0.28	µm.	
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Fig.	5:	Left:	Raman	spectra	of	completed	devices	with	different	Se	top	layer	thickness.	Right:	
Detailed	view	of	1st	order	CZTSe	and	ZnSe	peaks.	Arrows	indicate	increase	of	Zn	content.	All	
spectra	are	measured	with	442	nm	excitation	wavelength.	
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Fig.	6:	a)	Efficiency,	b)	open‐circuit	voltage,	c)	short‐circuit	current	density	and	d)	fill	factor	of	
solar	cells	synthesized	from	different	Se	top	layer	thicknesses.	The	graphs	represent	best,	average	
and	median	values	obtained	from	49	solar	cells	of	0.36	cm2	area	each	located	on	5x5	cm2	
substrates.		

   1.15 µm    0.85 µm    0.57 µm   0.28 µm 

   1.15 µm    0.85 µm    0.57 µm   0.28 µm    1.15 µm    0.85 µm    0.57 µm   0.28 µm 

   1.15 µm    0.85 µm    0.57 µm   0.28 µm 

b) a) 

c)  d) 
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Fig.	7:	Left:	Solar	cell	parameters	for	the	best	cell	(0.575	µm	Se	layer	thickness)	without	anti‐
reflection	coating.	Right:	External	quantum	efficiency	measurement	for	the	best	cell	without	anti‐
reflection	coating.	

 

Table	1:	Comparison	of	compositional	measurements	(EDX	and	XRF)	for	samples	with	different	
Se	top	layer	thicknesses.	The	surface	sensitive	EDX	measurements	reveal	higher	zinc	content	for	
samples	with	thicker	Se	capping	layer,	while	XRF	measurements	show	no	significant	differences	in	
bulk	composition.	

	 	 1.15	µm	 0.85	µm	 0.57	µm	 0.28	µm	
EDX	 Cu/(Zn+Sn)	 0.69	 0.75	 0.74	 0.81	

Zn/Sn	 1.45	 1.30	 1.18	 1.14	
XRF	 Cu/(Zn+Sn)	 0.81	 0.83	 0.83	 0.80	

Zn/Sn	 1.29	 1.25	 1.28	 1.24	
 

Eg = 1.06 eV 
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