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DESe(Diethyl Selenide)
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In this study, Cu(In,Ga)Se; thin films were prepared using a Cu-In-Ga metallic precursor
and diethylselenide (DESe) vapor. The Cu/(In+Gay) ratio of the precursor was adjusted
by modulating the power impressed on the CuGa target. The Cu/(In+Ga) ratio was
varied from 0.45 to 1.02, and the prepared precursors were selenized in a 500°C
quartz furnace using DESe. The results showed that the preferred crystal phase and
the uniformity of the thin film differed according to the composition of the precursor.
After selenization, changes in grain size stemming from Cu composition were observed,
and the occurrence of a binary phase was verified through KCN etching. Shifts in the
Cu;i(InGa)g peak and the separation of CIS and CGS peaks relative to increased Ga
content were also observed.

Keywords: Cu(InGa)Se,; thin film solar cell; chalcopyrite; precursor; sputter CIGS;
diethylselenide

Introduction

Cu(In,Ga)Se,, as a thin film photovoltaic absorption layer, is generally made using the
two-step process of Cu-In-Ga metal precursor sputtering followed by either selenization or
co-evaporation. The two-step process is expected to allow better yield management for a
large area module. The selenization process is normally performed using a highly reactive
H,Se gas or safe Se vapor. However, HySe gas is highly hazardous and needs a special
scrubbing facility, while it is difficult to realize large area uniformity with Se vapor due to
its low chemical activity. On the other hand, diethylselenide (DESe) is less hazardous [1,2]
and has a lower binding energy than either H,Se gas or Se vapor. While the binding energy
of H-Se and Se = Se is 276 and 332 kJ/mol, respectively, the binding energy of Se-C,Hj
is significantly lower at 243kJ/mol, making it the most suitable for use in supplying Se
to the precursor. In a previous study on selenization using Se vapor, the current research
group experimentally confirmed such problems as the non-uniformity of selenization and
a severe deficiency in the amount of incorporated Se, which was 45at% or less (not shown
here). Despite the many advantages of DESe, its applicability in the fabrication of CIGS
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absorption layers has not yet been systematically investigated. Therefore, in this paper,
selenization was performed using a precursor and DESe while varying the Cu/(In+Ga)
ratio of the precursor, in order to observe the resulting changes.

Experimentals

Precursor Deposition

Metal precursor films used in this study were deposited on 25 x 25 mm molybdenum-coated
soda-lime glass substrates. Deposition was carried out via the magnetron co-sputtering
system using 3-inch In and a CuGa (Ga, 24wt%) metal target. For In deposition, DC power
was used; for CuGa deposition, RF power was used. To ensure the uniformity of the thin
film, the stage was spun at 10 rpm and no additional heat was applied. For plasma gas,
Ar gas (99.999% impurity) was used, with the working pressure maintained at lmtorr
(0.13Pa).

With the DC power fixed, the RF power impressed on the CuGa target was varied to
adjust the Cu ratio of the precursor from 0.45 to 1.02. Then, sputtering time was adjusted
to achieve a thickness of 500-600 mm.

Composition and thickness analysis was performed using Inductively Coupled Plasma
(ICP) and Alpha-Step. X-ray diffraction (XRD) was used to determine the crystallography
of the precursor, while its morphology was observed using a scanning electron microscope
(SEM).

Selenization

Selenization was carried out in a resistive heated quartz furnace. Selenization temperature
was 500°C, and the ramp-up speed from room temperature to the target temperature was
22.7°C/min [3]. Once the temperature reached 500°C, reaction was induced for 10 minutes,
then cooling was carried out over 20 minutes. The N, (99.999% impurity) used as the carrier
gas for DESe was added simultaneously with ramp up at a rate of 1L/min, with additional
N> (99.999% impurity) injected into the chamber to maintain atmospheric pressure [4].
Also, to control DESe vapor pressure at a constant level, the DESe bottle was kept at 10°C
using a water bath.

Composition was ascertained using Inductively Coupled Plasma (ICP). X-ray diffrac-
tion (XRD) was used to determine the crystallography of the precursor, while its morphology
was observed using a scanning electron microscope (SEM).

Results and Discussion

Precursor

The composition of the precursor films determined by ICP is given in Table 1-(a). As the
Cu/(In+Ga) ratio increases, the Ga/(In4Ga) ratio also increases linearly, an effect that can
be attributed to the use of a CuGa alloy target.

From the XRD peaks of the precursor films shown in Figure 1, it can be seen that an
increase in the Cu/(In+Ga) ratio causes the Cu;;(InGa)y peak to manifest more strongly
while causing the Culn peak to disappear. This appears to be because the preferred crystal
phase of the precursor changes according to the Cu ratio, with the configuration starting as
Culn in the Cu-poor state, then shifting to Cu;;(InGa)g as the Cu ratio grows higher.
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Table 1. Inductively Coupled Plasma (ICP) data of (a) CulnGa precursor, (b) CIGS after

selenization.
Mol Fraction (In+Ga)=1

Cu/(Ga+In) Ga/(In+Ga) Cu In Ga Se

Precursor (a) 0.45 0.15 0.45 0.85 0.15 -

0.73 0.23 0.73 0.77 0.23 -

0.89 0.27 0.89 0.73 0.27 -

1.02 0.29 1.02 0.71 0.29 -
After Selenization (b) 0.45 0.17 0.45 0.83 0.17 1.63
0.69 0.24 0.69 0.76 0.24 2.00
0.81 0.25 0.81 0.75 0.25 2.09
1.34 0.38 1.34 0.62 0.38 2.35

A particularly interesting observation regarding the XRD peaks of the CulnGa precur-
sor shown in Figure 2 is that the main peak of the Cu;;(InGa)y (312) shifts from 42.274°
to 42.833° as the Cu ratio increases. This is due to the fact that the Ga content changed
along with the Cu ratio, as can be seen in Table 1-(a). Hence, as Ga content increases, the
amount of In in Cu;;(InGa)g that is substituted by Ga, whose atomic radius is comparatively
smaller, also increases, which causes the peak to shift to the right. The peak shift calculated
according to the Vegard’s law equation is shown in Figure 3.

Figure 4 shows the SEM images of the precursors with varying Cu/(In+Ga) ratios.
As can be seen, the surface becomes more uniform as the Cu/(In+Ga) ratio grows higher.
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Figure 1. XRD patterns of co-sputtered Cu-In-Ga alloy film with different Cu/(In+Ga) ratios rang-

ing; (a) 0.45, (b) 0.73, (c) 0.89, (d) 1.02.
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Figure 2. XRD patterns of (312) reflection of Cull(InGa)9 and Culn with different Cu/(In+Ga)
ratios ranging; (a) 0.45, (b) 0.73, (c) 0.89, (d) 1.02.
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Figure 3. (312) peak shift based on the ratio of Cu/(In+Ga) in precursor; (a) 0.45, (b) 0.73, (c)0.89,
(d) 1.02.
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Figure 4. Surface SEM images of Cu-In-Ga precursor with different Cu/(In+Ga) ratios ranging;

(a) 0.45, (b) 0.73, (c) 0.89, (d) 1.02.
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Figure 5. XRD patterns of (a) selenized precursor and (b) enlarged (112) peaks with different

Cu/(In+Ga) ratios of (I) 0.45, (II) 0.73, (IIT) 0.89, (IV) 1.02.
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Figure 6. Surface SEM images of selenized precursor with different Cu/(In+Ga) ratios; (a) 0.45,
(b) 0.73, (c) 0.89, (d) 1.02. The (e) is CIGS film after KCN etching of (c) precursor, and (f) is
cross-sectional image of (d) precursor after KCN etching.

In Cu-poor precursors, In-rich islands form on the surface [5,6], resulting in exacerbated
surface roughness.

Selenization

Table 1-(b) shows the ICP data after selenization. It can be seen that the Ga/(In+Ga) ratio
has become higher than the ratio of the precursor (Table 1-(a)) as a result of selenization.
This Ga/(Ga+In) ratio increase is due to the evaporation of In in volatile InSe form during
high-temperature thermal treatment [7].

The post-selenization XRD data is given in Figure 5. It can be seen in Figure 5-(b) that
the Culng 7Gag 3Se; peak and the CuGaSe; peak begin to manifest as the Cu ratio changes.
As shown in Table 1, the Ga/(In4+Ga) ratio grows increasingly higher from (a) to (b). In
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our study, an increase in the Ga/(In4-Ga) ratio did not cause the main peaks to shift, as
reported in [4], but rather caused the CuGaSe; peak to emerge. In [4], the Culng7Gag3Se,
peak shifted as a result of Ga substitution, but in the current study the peaks for CulnSe,
and CuGaSe, were seen to exist separately from each other. This can be attributed to the
fact that our experiment was based on a 10-minute reaction time, rather than the 90 minutes
seen in [4], which did not allow for sufficient time for Ga to be substituted into CulnSe;.
In Figure 5, (IV) has the highest Ga content; in this case, a Culng7Gag3Se; peak starts to
emerge in the form of a shoulder, indicating that Culng;Ga 3Se; formation has begun even
with 10 minutes of reaction time. In the cross-sectional SEM image provided in Figure
6-(f), a section that is presumably a CuGaSe, layer can be observed close to the Mo layer.

The SEM surface images provided in Figure 6-(a) through (d) show that grain size
increases as the Cu/(In4-Ga) ratio grows higher. Large grains can have a lowering effect
on series resistance. In the most Cu-rich sample, hexagonal crystals that are different from
CulnSe, can be seen embedded in between the grains. These crystals appear to be CuSe,
formed through the reaction of excess Cu and Se in the Cu-rich composition [8]. Figure
5-(e) shows the surface of the selenized precursor with Cu/(Ga+In) = 1.02 composition
after KCN etching, as seen through an SEM. The image shows that the crystals presumed to
be CuSe have disappeared, leaving large pores in their wake. Among the conductive binary
phases that can be removed through KCN etching, such as CuSe, Cu,Se, and Cu,.xSe,
CuSe is the only one that has the large, hexagonal planar shape observable in Figure 6-(e).
Therefore, it can be concluded that the crystals seen between the grains in the Cu-rich
precursor shown in Figure 6-(d) are in fact CuSe.

Conclusions

In this study, we observed the co-sputtering of CulnGa film while varying the power
impressed on the CuGa target, and analyzed the results of selenization in a quartz furnace
using the less-hazardous DESe.

In summary, the precursor film takes on a smoother surface and inclines increasingly
toward the Cu;;(InGa)g phase as it becomes richer in Cu. It also produces larger CIGS
gains, thus helping to lower the series resistance of the resulting device. However, if the
Cu content becomes excessively high, such second phases as CuSe can occur in substantial
quantities after selenization. These leave large pores after they are removed through KCN
etching, thus causing the formation of shunt path. This means that using a Cu-rich precursor
can lead to an inability to achieve acceptable value as a device. Therefore, it is recommended
that DIGS thin films be fabricated from suitably Cu-poor precursors.
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