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Influence of the Precursor Annealing on the
Cu(In,Ga)Se; Solar Cell Performance

HYE-JIN HAN, SANG-WOOK PARK, SOON-ROK PARK,
JU-YOUNG BAEK, TAE-YOUNG YUN, JUN-SEONG PARK,
AND CHAN-WOOK JEON*

Optoelectronic Devices Laboratory, School of Chemical Engineering, Yeungnam
University, Gyeongsan, Korea

The stacked CuGalln metallic precursor thin films were fabricated and annealed at low
temperature of 200°C before the selenization for fabricating Cu(In,Ga)Se, photovoltaic
absorber. The pre-annealing of Cu-In-Ga precursor was found to reduce CugGay phase
and increase the formation of Cu;s(In,Ga)g phase, which may be preferable for the
subsequent selenization in terms of homogenizing Ga across the absorber thickness.
However, the replacement of In with Ga in the ternary phase produced large amount
of free-In, which gave rise to blistered area as shunt paths after the selenization. The
performance of solar cell fabricated using the pre-annealed precursor was heavily
deteriorated compared to the not-annealed precursor.

Keywords Two-step process; selenization; Cu-In-Ga precursor; precursor annealing

Introduction

Cu(In,Ga)Se, (CIGS)-based thin film solar cell has already been partially commercialized
due to its high cell efficiency. CIGS thin film solar cells exhibit an efficiency of 20% at
a laboratory scale, which is the highest efficiency ever reported for any kind of thin film
solar cells [1]. Cu(In,Ga)Se; as a thin film photovoltaic absorption layer, is generally made
using either co-evaporation of four elements onto a heated substrate or the two step process
of Cu-In-Ga metal precursor sputtering followed by selenization. The highest efficiency
was obtained by the three stage co-evaporation process developed by NREL. Since this
technique does not guarantee a good stoichiometry over a large area, now most research
is oriented towards processes that are easily scalable and that are able to produce low cost
and efficient modules. The two step process is expected to allow a better yield management
for large area module [2]. However, as one of the drawbacks, the two step process has
such an inherent problem that Ga, which is alloyed to increase the bandgap energy of the
absorber, is crowded near Mo back contact during the selenization process. This happens
due to the reaction rate difference of In and Ga with Se; In forms its selenide much faster
than Ga. The crowded Ga sometimes leaves a metallic phase of CugGay right on the Mo
surface, which suggest that the phase is quite resistant against the selenization reaction
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Figure 1. Optical micrographic images of precursor obtained from (a) and (c) the not-annealed
precursors, (b), (d), and (e) the annealed precursors.

[3, 4]. Including the CuygGa, phase, in the middle of the selenization reaction, the precursor
film would contain various metallic phases like Cu,In (or Cujglng), Cu;;Ing and pure In
as well [5, 6]. Among these, the Cujglng phase is known to incorporate more Ga during
the ramp-up for selenization reaction [7]. It would be highly desirable to mix all the three
elements of Cu, In, and Ga, that is, such as the ternary phase of Cu;¢(In,Ga)g,in terms of
precursor homogenization.

In this study, the precursor annealing before the selenization process was carried out
in an effort to homogenize Ga distribution across the precursor thickness by promoting
the Cuy¢(In,Ga)y ternary alloy phase. Nevertheless, surface morphology of the annealed
precursor was found to become worse. Therefore, we investigated the influences of the
precursor morphology on the selenization process and the solar cell performance.

Experimental

The Cu(In,Ga) precursor films were deposited on 0.6 pm thick Mo coated soda-lime glass
substrates using a DC-magnetron sputtering system. A CuGa (28at% Ga) alloy target and
pure In target were selected as main sources. The precursor films consist of three sequential
CuGa/In layers, where each pair of CuGa/In has identical thickness of roughly 200 nm.
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Figure 2. Optical micrographic images of CIGS thin films obtained from (a) and (c) the not-annealed
precursors, (b), (d) and (e) the annealed precursors.

The composition of the precursors were adjusted to give Cu/(In+Ga)~0.85 by changing
the sputtering duration of each target. This multilayer structure should ensure a good
intermixture of the components. One of the prepared precursors was annealed at 200°C for
15 min by halogen ramp under vacuum. And another was not annealed.

The solid state selenization of the precursors was carried out in a resistively heated
quartz furnace with N, atmosphere of 1atm for 20 min at 460~500°C. Subsequently, CdS
buffer layer was grown by chemical bath deposition (CBD) and window layer of un-doped
ZnO (80 nm) and Al-doped ZnO (500 nm) was deposited via a RF-magnetron sputtering
and DC-magnetron sputtering, respectively.

Measurements

The surface morphologies of the precursor and the selenized layer were analyzed by optical
microscope and charge-coupled device (CCD). X-ray diffraction (XRD) measurements
were carried out at RT with a Cu anode X-ray tube in a ®-2® measurement setup. The
Mo(110) reflection at 20 = 40.5° was used as reference to correct the x-ray beam alignment.
The evaluation of photovoltaic performance of the solar cells has been performed using
solar simulator under AM1.5, 100 mW/cm? illumination at 25°C.
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Figure 3. Diffractogram of samples with the annealed and not-annealed precursors.
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Figure 4. Diffractogram of samples with the annealed and not-annealed CIGS thin films.
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Figure 5. Cross-sectional views of the CIGS thin films with (a) not-annealed precursor and (b)
annealed precursor, plane views of them with (c) and (e) not-annealed precursor and (d) and (f)
annealed precursor.

Results and Discussion

The morphologies of the CIGS absorber layers selenized from the annealed and not-
annealed precursors are shown in Fig. 1 and Fig. 2. The annealed precursor (Fig. 1b) shows
lots of bumps with size distribution, which is absent on the not-annealed precursor surface
(Fig. 1a). Some of the bumps are very large in size and looks metallic shiny (hereafter “big
bump”), which presumably are In droplets or In-enriched alloy phases (Fig. 1d). The other
small bumps (hereafter “small bump”) shown in Fig. le are also assumed to be In-bumps.
The free-In would be released and agglomerated to form a bump since the precursor itself
is In-rich and also In-rich alloy phases are not allowed as far as the precursor film was made
by sputtering.

The bumps of similar shape are found even after the selenization of the precursors as
shown in Fig. 2. They are not likely free-In (or In-rich metallic alloy) since indium selenide
forms far below the selenization temperature of 530°C, however, obviously related with the
In-bumps found in the precursor surface [8]. Fig. 2e is an example of the burst In-bump,
which is highly likely matching to the big bump of the precursor. In the center of the
blistered area, the back contact Mo surface was exposed, which can provide with a shunt
path for the solar cell [9].
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Figure 6. J-V curve of thin film solar cells. (a) Not-annealed precursor solar cell J-V curve (b)

Annealed precursor solar cell J-V curve.

As shown Fig. 3, XRD patterns of the annealed and not-annealed precursors were com-
pared. For the not annealed precursor, the reflection positions of CugGay (PDF# 71-0458)
phases are clearly separated from the ternary Cu;¢(In,Ga)g, which is shifted towards higher
angle by incorporating more Ga compared to Cujglng (PDF#42-1475) [5, 6]. For the an-
nealed precursor, however, CugGay peak disappeared and a new peak, which can be indexed
as Cuje(In,Ga)g phase but having even greater Ga content than the original one, emerged
between the two binary peaks. This result suggests that Ga is released from CuygGay and
replace In of the ternary phase, which makes the free-In peak intensity stronger. The big
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bumps in the annealed precursor observed in the microscope image of Fig. 1d, is well
consistent with the XRD patterns.

Figure 4 shows the XRD patterns of the selenized layers of the two precursors. Both
films are well matched to the Culng;Gag3Se, phase and no other secondary phase was
found except MoSe,. Qualitatively, the crystalline quality of CIGS obtained from the
annealed precursor seems to be better than the not-annealed precursor when comparing
the diffraction .intensity. Also, the annealed precursor resulted in weaker peak intensity of
MoSe,, telling that the pre-annealing of metal precursor suppresses the excessive formation
of MoSe, phase.

Figure 5 shows the cross-section and plan view SEM images of both CIGS’s. As
expected from the XRD analysis, it can be clearly observed that the grain size of CIGS and
the MoSe; thickness are much greater for the annealed precursor (Fig. 5a and 5b). The bump
distribution is well consistent with the previous optical microscope results as shown Fig. 5S¢
and 5d. Fig. 5b and 5c correspond to the blistered area found after the selenization. At the
moment, the formation mechanism of the blistering is not clear, however, it is obvious that
the big In bump is closely relevant such that In diffuses faster away from the bump than Cu
heading towards the bump center, which will deplete material and form a void. Anyway,
there is a high chance for a shunt path due to the exposed Mo back contact.

Figure 6 shows the current-voltage characteristics of two CIGS solar cells with differ-
ent precursor annealing history. The annealed precursor yielded a heavily shunted diode
behavior. It is apparent that the abnormal I-V behavior stems from the blistered area.

Conclusions

The precursor annealing before the selenization process was carried out in an effort to
homogenize Ga distribution by promoting the Cu-Ga-In ternary alloy phase [10, 11].
However, the surface morphology of the annealed precursor was found to become worse
mainly due to the formation of big In bumps. This study successfully demonstrated that
the precursor annealing process can incorporate more Ga in Cu(In,Ga)g phase and thus
uniform Ga distribution across the film thickness. However the In substituted by Ga came
out and clustered on the surface. Some of the In bumps were blistered after the selenization
reaction and provided a high density of shunt paths, which manifested by the nearly shorted
I-V behavior.
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