Improvement of CIGS microstructure and its effect on the conversion efficiency of
CIGS solar cells
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ABSTRACTS

The Cu(In,Ga)Sez(CIGS) film was deposited on Mo-
coated sodalime glass by three stage co-evaporation of
elemental In, Ga, Cu, and Se sources. The Se flux
during the co-evaporation has great influence on the
microstructure of CIGS layer. The surface region of
CIGS film showed pores when the Se flux was large. The
conversion efficiency of CdS/CIGS solar cells was
depended on the CIGS surface morphology. The best
CIGS solar cell was obtained at 15 A/s Se vapor
pressure condition and it had the following photovoltaic
parameters: conversion efficiency of 17.57%, Jsc
36.48 mA/cm?, Voc = 0.655 V and FF = 73.5% in an
active area of 0.421 cm®.

INTRODUCTION

Cu(In,Ga)Sex(CIGS) and related chalcopyrite
compounds are greatly gaining interest for photovoltaic
devices since its high optical absorption coefficient and
easy band gap adjustment enable to get cost-effective
thin-film solar cell. And very high efficiencies with 19.5%
have been achieved by NREL group using three-stage
process [1].

In this study, the effect of Se flux during the third-
stage co-evaporation on the microstructure of CIGS thin
film was systematically studied. The CIGS films were
fabricated using three-stage process with in-situ
composition monitoring by means of sensing the
substrate temperature[2]. In order to improve the surface
morphology of CIGS films, we controlled the Se flux by
regulating the effusion cell temperature. It is known that
high Se flux is needed to obtain high conversion
efficiency[3]. However, our finding is that a precise
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control of Se flux is critical to obtain a reproducible and
high conversion efficiency.

EXPERIMETAL

A Mo back contact with a thickness 1.1 ~ 1.2 ym
was deposited on a soda-lime glass substrate by DC
magnetron sputtering. The CIGS absorber layer was
grown by a three-stage process involving the co-
evaporation of In, Ga, Cu and Se. In the first stage, an
(In,Ga),Ses layer with a thickness of 1 ym was grown by
co-evaporating In, Ga, and Se elements on the Mo/Glass
substrates at 350°C. In the second stage, a CIGS film
was formed by evaporating Cu and Se on the (In,Ga)>Ses
layer at 590 °C. The end of the second stage was
detected by measuring the substrate temperature drop[2].
After the second stage, the overall composition is known
to be Cu rich. Since only Cu and Se are supplied during
the second stage, the surface region contains a small
amount of Cuz.Se[4~8]. In the third stage, In, Ga, and
Se elements were evaporated on the CIGS layer in order
to convert Cu-poor CIGS film. The final composition was
adjusted as Cuog(Ino7,Gaos)Sez1, where the cation
compositions are determined from an EDS analysis and
the Se composition is the balance value of cation
valences.

In order to investigate the role of Se flux during
CIGS deposition, Se flux was regulated by effusion cell
temperature ranging from 250 to 285 °C. The selected
values of Se flux are 10, 15, 23, and 35 A/s. The fluxes
of In, Ga, and Cu were fixed at a rate of 4.2, 0.7, and 0.9
AJs, respectively.

RESULTS and DISCUSSION

Figure 1 shows the SEM images of CIGS film after
3" stage ranging from 15 A/s and 35 A/s Se fluxes. After



the second stage, there is no noticeable difference in
surface morphology by the same as “facet” shape.
However, it is found that the CIGS films exhibit different
morphologies by Se fluxes after the third stage,
especially. When the Se flux is bellow 15 A/s, the film
surfaces exhibit tightly connected structure and “facet
shape” structure. Fig. 1(c,d) shows that the surface
morphology of CIGS film shows crevices and small pits
on smooth surface with also “facet” shape structure with
the Se flux with 23 A/s or over.
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Fig. 1. Plane view SEM images of CIGS thin-film with Se
vapor pressures ranging from 10 to 35 A/s during
deposition.

The orientation of the faceted grains shown in Fig. 1d
and their growth direction are useful information. Figure 2
shows (a) a TEM image and (b) selected area diffraction
pattern (SADP) of a faceted CIGS grain with pores. The
SADP is obtained from a triangle-shaped grain and it
shows that the orientation of the faceted grains is (112)
plane, which is equivalent to the (111) plane in cubic ZnS,
and the three-fold ledges consist of (220) and (204) plane
families.

The origin of faceted grain growth and pore
development shown in Fig. 2 can be explained based on
the liquid formation at the CIGS surface. After the second
stage, the overall composition is Cu-rich and, in particular,
Cuz.xSe phase exists on the CIGS surface[4~6]. J. Kessler
et al. reported that segregation of Cu,.,Se binary phase
play an import role in the formation of pore in the CIGS
grain boundaries [9]. However, in our study, it was found
that Se flux also has great importance on the formation of
pores from the Cu-rich CIGS film. This is expected
because Cu and Se are co-evaporated during the second
stage. When the Se flux is small, it is expected that the
amount of liquid will be small. In and Ga atoms are
simultaneously added during the third stage and the liquid

is completely consumed to form (112) CIGS with faceted
growth. When the Se flux is large, the amount of liquid is
expected to be large. In addition to CIGS growth from co-
evaporated In and Ga, CIGS can grow by both the
dissolution of In and Ga from neighboring grains and
precipitation of the melt constituents onto larger grains
through liquid-enhanced long-range diffusion. These result
in large grains and the development of pores at the CIGS
surface. Pores are mostly formed along the grain
boundaries, likely due to higher solubility in these regions.

(a) 35 AlS

Fig. 2. Plane-view TEM image (a) and its SADP (b) of
CIGS film with Se flux of 15 A/s. The faceted structure
with pores is shown in (a).

Figure 3 shows the peak intensity ratio of
(112)/(220)(204) planes with various incident angles for
the CIGS film after the third stage. The x-ray beam
incident conditions were bulk ((e-2e scan, 2° beam angle
(2e scan), and 0.05° beam angle (GI-XRD). In the bulk
XRD scan, the intensity ratio of the CIGS film is in the
range of 22 to 25, indicating that the CIGS bulk film has
a very strong (112) preferred orientation. The value is
quite similar to that after the second stage. It can be
considered that the bulk microstructure does not
significantly change after the third stage process.

In the 2° scan, the intensity ratio for the Se flux of 35
Als is 5, while that for the Se flux of 15 A/s Se is 14. This
indicates that the CIGS film under the Se flux of 35 A/s
loses its (112) preferred orientation from a deeper
surface. In the case of the 0.05° scan, the ratio for the Se
flux of 35 A/s is 2.4, while that for the Se flux of 15 A/s
Se is 5. The results show that the orientation preference
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is fully lost at the surface of the CIGS film for both
conditions.

25
Se flux

2 =\ —o—15RIs

= \ —m—35As

<

o

ﬁ: 15

S \ ®

N

£ 10

) \

T 5 .\;

bulk(6-26) 2°(26) 0.05° (GI-XRD)

XRD scan modes

Fig. 3. Intensity ratio of (112)/(220)(204) in CIGS films
taken with various XRD incident angles: bulk (6 - 26
scan), 2° (26 scan), and 0.05° (GI-XRD).
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Fig. 4. Photovoltaic parameters of CIGS solar cell as a
function of Se flux under AM 1.5 illumination.

Figure 4 shows photovoltaic parameters as a
function of Se flux. For the Se flux of 35 A/s, the open
circuit voltage and fill factor are reduced. It is considered
that the distinctive reason comes from the formation of
pores on surface. After CdS buffer layer deposition, there
is a lot of poor CdS/CIGS region since the pores on

CIGS surface is too deep to be uniformly deposited by
CdS buffer layer. Therefore, the CIGS solar cell with 35
A/s Se flux shows poor diode quality factor and series
resistance as ~ 2.01 and ~ 0.51 Qcm?.  Until so far, it is
reported that strong (220)/(204) texturing is essential to
get high efficiency[1]. However, in our study, the growth
of (220)/(204) plane in strong (112) CIGS film makes
pores on surface and poor diode ideality factor, so poor
photovoltaic properties can be obtained. It means that
partial growth of (220)/(204) plane among (112) planes
does not help improvement of high efficiency CIGS solar
cells. when the Se flux is less than 15 A/s, cell data also
show over all lower performance. It is considered that
insufficiency of Se flux during CIGS deposition make the
quality of film poor. Especially, the cell shows poor
shunting resistance as ~ 470 Qcm?®. Consequently, Se
flux during CIGS deposition critically determines these
behaviors on photovoltaic properties. For the Se flux of
15 A/s, CIGS solar cells shows the best performance
and strong (112) preferred orientation.

40
35

€ 30

s | \

T 25

2 20

[72] s

= \

5 15 J_(mAlcm’)  36.48

£ ol V.(V ) 0655 \

g [ FF( % ) 7426 \

3 s n( % ) 1757
T 1o

00 01 02 03 04 05 06 0.7
Voltage (V)

Fig. 5. llluminated J-V curve of the CIGS solar cell under
Se flux of 15 Ass.

Figure 5 shows the J-V curve of the best cell, which
has a conversion efficiency of 17.57% with Jsc = 36.48
mA/cmZ, Voc = 0.655 V, and FF = 73.52% in an active
area of 0.421 cm® The diode quality factor and series
resistance are 1.62 and 0.26 Qcm?, respectively.

CONCLUSIONS

The CIGS film was deposited the “three stage
process” co-evaporation and the influence of Se flux on
CIGS solar cell was dealt with in this article. Se flux had
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great influence on the microstructure and morphology of
CIGS layer during the third stage. The pores were
developed on CIGS surface with 35 A/s Se flux condition
and it is considered that formation of pores is caused by
long range diffusion through liquid Cu>,Se phase during
the third stage. Moreover, (220)/(204) planes beside
(112) plane was developed near CIGS surface. However,
with Se flux of 15 A/s, the CIGS surface showed tightly
connected structure and the pores on surface were
removed. At this condition, The best CIGS solar cell
showed the conversion efficiency of 17.57% with Jsc
36.48 mA/cmZ, Voc = 0.655 V and FF = 73.52% in an
active area of 0.421 cm”. The adjustment of Se flux was
essential parameter to get better micro-structure and
also photovoltaic properties. More details can be found in
the literature[10].
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