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Morphology and composition of CulnSe, that film deposited by Stacked
9 2aal) Elemental Layers for solar cells application
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Abstract

The aim of this study is to investigate the morphology and
composition of the CulnSe, thin film deposited by Stacked Elemental
Layer technique SEL. The films were annealed in different ways to
increase the chalcopyrite phase which may improve its’ electrical and
optical properties. The chalcopyrite phase dominates when samples
heated or step heated at 400° C for 40 — 50 minutes in argon, and for 15
minutes in vacuum. Deposited films were characterized using Atomic
percentage composition and x-ray diffraction techniques. This paper
describes the production of well-formed polycrystalline CulnSe, and well
defined XRD peaks. Atomic percentage composition has been studied in
order to investigate the composition of the films. The thickness of layers
were monitored by a quartz crystal monitor.
Keywords: CulnSe, thin film, Photovoltaic (PV) energy, the chalcopyrite CulnSe,

1. Introduction

Photovoltaic (PV) energy promises to become a leading source of
electrical power, rivaling the largest existing source of electricity. The
first developed photovoltaic systems were 100 times as expensive as
conventional electricity source. Today they are only few times expensive.
The best examples of success came in the area of “thin films” solar cells.
Thin films were in their first stages at 1970s. They now have a substantial
of PV market and are growing rapidly. More important, thin films are
making rapid advances toward cost competitiveness with conventional
electricity sources and are believed to have the potential to achieve cost
parity.

The ternary compound (ABX) semiconductors are of special
interest because they have a wide range of optical band gaps and carriers’
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mobility. The deviations of their properties from the binary analogs make
them very useful especially in solar cells. They are able to form various
solid solutions and to accommodate different dopes. These properties led
them to emerge as technologically significant device materials, including
their application in photovoltaic cells, light emitting diodes, and various
nonlinear optical devicesi, ii].

In the last decades, intensive studies have been carried out to
examine the photovoltaic properties of many materials and compounds.
These includes, crystalline and amorphous Si Cu,S, InP, GaAs, CdTe,
CulnSe,, CulnGaSe, and others. CulnSe, is a ternary direct gap
semiconductor with bandgap of 1.04 eV. CulnSe2 based solar cells are
very promising material because it is an excellent stable material [iii,iv].

Among these compound, the chalcopyrite CulnSe,, either in the
form of single crystal or as polycrystalline thin films, has emerged as a
promising candidate for solar energy conversion, because it possesses the
following useful properties:

- It has a desirable direct band gap of about 1 eV at room temperature,

which is in the energy range for optimum solar conversion [V, Vi].

- It has very high absorption coefficient, about 10* — 10°> cm™ near the
band gap for polycrystalline thin films, which is one of the highest
value reported in the literature for any semiconductor [7, 8].

- It can be made either n- or p- type, which permits the formation of
homojunctions, like diffusing Cd or In into p-type CulnSe, [VIi,
Viii] or by diffusing Cu into n-type CulnSe, [9] and several types of
heterojunctions [7].

- p-CulnSe2 material with low resistivity p ~ 0.5{1 cm and high
mobility of minority carriers y > 500 cm’V'S™ | as required for
efficient heterojunctions, can be prepared by introducing a slight
excess of Selenium in to material [7]. However, difficulties arise in
the material’s reproducibility with desired electrical parameters,
because of the intrinsic doping effects [*]. Very high short-circuit
current densities ~ 39 mA/cm?® [X].
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Excellent stability.
In spite of the possibility of producing CulnSe, homojunction

devices, the most efficient solar cells use heterojunction with n-type CdS
films as a wide band gap window which admit light to the underlying
heterojunction with p —type CulnSe, [xi]. Such devices using 2-4 pum pure
CulnSe; thin film have attained efficiencies as high as 19% [xii] For this
reason the heterojunction n-CdS/p-CulnSe, is currently one of the most
promising technologies. The reasons for this are threefold.

First, it is likely that only polycrystalline or amorphous thin films
solar cells could be fabricated in sufficiently low costs to be
competitive with conventional bulk power sources.

Second, for the currently tested polycrystalline or amorphous
materials only Cu(In,Ga)Se, based heterojunction solar cells have

been demonstrated to achieve grater than 19% [Xiil, XiV,XV]
efficiency with excellent stability at relatively low costs. Not much
higher efficiencies are possible since the band gap of CulnSe; is
significantly less than 1.45 eV, the approximately optimum band gap
required, to match to the solar spectrum [xvi]. In order to increase
the band gap to the optimum value, the pure CulnSe; is alloyed by S
or Ga to form Culn(S,Se), and Cu(In,Ga)Se, [xvii].

Third, the electro-optical, structural, and morphological properties of
CulnSe,, and the corresponding devices performance, are influenced
greatly by films composition, intrinsic defect, and growth parameters
[8].

The most important factor which characterizes the CulnSe, thin

films is the Cu/In ratio, and of practical concern is the ease to obtain
controllable and reproducible Cu/ln ratio [xviii]. This is technique
Simple, low cost and secure techniques to produce the CulnSe, thin films
are needed. These techniques will make CulnSe, based devices reliable
and practical.

2. Experimental Aspect
2.1 Stacked Elemental Layer technique
- 464 -
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Stacked Elemental Layer (SEL) method can be considered as a
spin off the selenization concepts. In this process only one elemental
source is used at a time in depositing elemental layers. The thickness of
each layer can be controlled easy. This process differs from selenization
method in that it does not covert a Cu-In metallic films, called "metallic
precursor” to a chalcopyrite structure by reaction with Se. The precursors
itself contains elemental Se layers. Se containing precursor has shown
some promising results as an alternative to the pure metal precursor [xix].

Some advantages are expected from this method. The
technological simplicities in producing CulnSe, thin films and easy
composition controlling, stand as a key for developing a wide scale
production. SEL method seems to make these conditions reliable.

No principle need to the selenization process in pure Se vapour or
with H,Se which are technologically more complicated and very toxic.
Additional selenization sometimes is used to improve films quality.

2.2 Apparatus setup
Stacked Elemental Layer structure as shown in Figure |, consists of
alternate elemental layers thermally deposited on a microscopic slide

glass at room temperature in standard evacuated chamber at < 10 torr.
Cu = e et

Se it i ii
The evacuation In S
chamber, which has been
used in this work, is a two-
step system. First evacuation
step accomplished by using a
rotation pump. The second
step uses a diffusion pump to
obtain the final evacuation, <

10™ torr.

Glass sustrate
Fig.1: Stacked Elemental Layer

Structure
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A microscopic slide glass

/\ with dimension 25 x 75
1- substrate mm, was used as a

O g ?nuj:]tzs ggg:or substrate. It has been
4- Se screen mounted inside a holder
O 5- Se sourse flxeo! to the upper side of a
e ~_ | 6-Cu sourse rotating wheel, installed
4 N 7-In sourse inside the evacuation
<777 T/ 9-rotating wheel chamber. The substrate was
: 10- shield between mechanically placed above

sourses the elemental sources at
about 17 cm, from each of
them successively by
rotating the wheel. Figure 2
Shows the chamber of SEL
technique.
A sheet of copper with the
same dimensions as those
of the glass substrate was

Fig. 2: Scheme of the evacuation chamber placed on the substrate in

of SEL technique. order to _prevenF the

temperature increasing of
the substrate which may cause unintentional reaction between elemental
components during the deposition of the elemental layers. The
temperature of the substrate was monitored by control nickel - nickel
chrome thermocouple connected to the substrate to observe any
increasing in the substrate temperature.
Figure 3 shows the substrate covered by certain thin molybdenum

mask to form two rows separated by 3 mm. Each row consists of six
squares with 7 mm edge separated by 4 mm.
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JIIL
TITIT

Class Cu"lInSe2
substrate

Fig. 3: Schematic diagram of the substrate

Two molybdenum boats with dimensions 3 x 6 x 3 mm were used
as Cu and In sources. A cylindrical ceramic boat with 16 mm. diameter
and 8 mm height was used as Se source. This boat was covered by
circular ceramic plate with a slit of 2 mm at the centre. The temperature
of the Se source was monitored by nickel-nickel chromel thermocouple.

Each of these sources was connected to a suitable power supply.
Because of the very high temperature needed to evaporate Cu and In as
shown in Table 1 a cooling system has been used to cool down the
holders of these sources and to keep a reasonable temperature inside the
evacuation chamber.

Deposition rate of the elemental materials and the thicknesses of
deposited layers have been monitored by a quartz crystal monitor which
was mounted near the upper side of the wheel, at the level of the
substrate, and in the middle of the evacuated system. To prevent quarts
monitor heating, it was connected to the cooling system also.

Two mechanical controlled shutters have been used. First shutter
was used to screen/unscreen both Cu and In sources simultaneously and
the Se source the other time, while the second one used as an additional
shutter to screen the Se source, to ensure shielding of the Se source until it
cools down the Se evaporation temperature, which takes time up to five
minutes. Each source has been shielded from other sources by fixed
shields installed between the sources.
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2.3 Experimental procedure

The deposition of the elemental layers had been carried out as
follow:

After achieving a suitable evacuation (< 10™ torr) the substrate was
placed above the screened In source by rotating the wheel. The In source
was heated till melting, then the current was increased to boil and
evaporate it. Unscreening the In source and depositing the it onto the
substrate. During In evaporation, the current was regulated to keep a
reasonable and stable flux of In vapour, which was observed as well as
the thickness of the deposited layer, on the quartz monitor. When the
desired thickness was obtained, the screen was returned again over the In
source and the power supply was switched off. Then, the system was left
for a minute to let the In source cool down.

Next, the substrate was placed over the Se source which was
screened by its own screen, and then screened by the main screen. Then
Se source has been heated until it was boiled and started evaporating.
Unscreened the source and regulating the current to keep stable, steady
and reasonable flux of Se vapour. The evaporation speed and the
thickness of Se layer controlled and observed in the same manner as with
In. When the desired Se thickness was deposited, the Se source screened
again by its own screen and by the main screen also (to insure that Se flux
do not reach the substrate) and switched off the Se power supply.

Before Cu was deposed, an enough time must be given to Se
source to be cooled to ensure the stopping of Se evaporation.

To deposit the Cu, at first the copper source was screened, and then
the substrate was placed over the Cu source by rotating the wheel, then
the copper source was heated till evaporation, then depositing Cu on the
substrate by un screening the source, evaporation speed and the deposited
layer's thickness controlled and monitored in the same manner as with
other sources mentioned above, when the desired thickness was reached,
the Cu source was screened and the power supply was switched off.

In order to minimize the probability of evaporation of any impurity
which may get to elemental sources unintentionally, at temperatures just
before the evaporation of each of the elemental materials the temperature
was keep for relatively long time (~30 S), and at evaporation
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temperatures, the substrate stayed at screen position for few seconds to
prevent the deposition of the initial vapour which may contain impurities.
Each three successive elemental layers named "sandwich". This sandwich
can be repeated as many times as wanted, in this work it was repeated up
to nine sandwiches, i. e., 27 elemental layers.

2.4 Annealing process

First annealing of the stacked elemental layers, the principal
annealing, have been done in different ways. An additional annealing in
air at low temperatures (not more than 150°C) seems to be important to
improve the electrical and optical properties of CulnSe2 thin films. The
principal annealing has been carried out as follow:

Four samples from each run have been annealed as follows:
- First one was continuously annealed in argon ambient for 40 minutes at
400°C.
- Second one was annealed in argon ambient in three different
temperature steps, 150°C, 300
°C, and 400°C, 15 minutes each step.
- Third one was continuously annealed in vacuum for 15 minutes at
400°C.
- Fourth one was annealed in vacuum in three different temperature steps,
150°C, 300°C, and 400°C, 5 minutes each step.
3. Characterization of CulnSe, material

3.1 Stoichiometry determination

The first few samples were consisted from one sandwich (three
elemental layers). They have been used to determine the thickness (in
kHz) of each of the elemental layer that needed to produced after
annealing (with the other elemental layers) a chalcopyrite structure thin
film with near stoichiometry composition. The thickness of the films
were about 2 um. The absorption spectrum between 1000 -1400 nm was
used as a test for the formation of the chalcopyrite structure of the
CulnSe2 compound which has absorption edge around 1 eV which close
to result at the literature [xx] . Samples which showed absorption edge
around 12000 nm tested by electron microprobe to know its atomic
composition.
Table 1: Melting points and evaporation temperatures of the elements Cu,
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In and Se [xxi].

Substance Melting point °C Evaporation temperature °C
Cu 1083 2336
In 156.4 2000 + 10
Se 220 688

3.2 Composition and morphology

The morphology of CulnSe, thin films is strongly affected by
precursor’s composition and the following heat processing.
The Se content in the initial sandwich did not conserve after annealing, in
spite of the Se excess in the initial precursors, to insure the P- type
conductivity of the following CulnSe2, most of the films exhibit Se at. %
< 50, Table 2, that is because of the Se re-evaporation due to its volatile
nature and due to the exothermic reactions between elements that take
place during the first steps of annealing [xxii].

Table 2: Atomic percentage composition in the range Cu- poor to Cu-
rich for CulnSe,.
Cuat.% | Inat. % | Se at. %
22.23 29.25 48.62
23.00 27.48 49.52
23.06 28.16 48.78
25.44 24.97 49.59
26.12 24.72 49.15

The film has In as a first layer has the best adhesion to the glass
substrate. The adhesion then depends on the Cu content, the Cu- poor
film shows better adhesion. Samples with Cu- rich show comparatively
large grain which attributed to binary phase formation, like Cu,,Se [23],
and exhibited less adhesion to the substrate with pinholes and cracks.

Films with Cu layer first on the glass showed weak adhesion and
exhibited cracks. Thin films with Se layer first showed very weak
adhesion to the glass substrate and very simple to peel up and it is friable.

Sample annealed or step annealed in argon were homogenous and
show better electrical and optical parameters than samples with the same
composition annealed in vacuum. It is expected that annealing in argon
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enable oxygen to substitute Se vacancies and the samples are less
compensated.

Films color is strongly dependant on their composition and the
method of annealing used. For a constant content of Se, samples with In
excess in general were more light color, while In poor samples were dark.
Cu-poor samples annealed or step annealed in vacuum have light brown
color. Samples with the same composition annealed or step annealed in
argon have dark brown color. Se lost in sample annealed in vacuum is
more. The dark color of samples annealed in argon may be attributed to
the impurities in argon and the oxygen traces which may react with the
elements of ternary compound.

The annealing interval and temperature has a considerable effect
on the quality of the material. The reaction between elemental layers
takes place at the first moments of the annealing and the color of the
precursor simultaneously change. Samples were annealed at temperatures
less than 350°C for less than 25 minutes seems to be non-chalcopyrite,
and dominated by the binary phases. The chalcopyrite phase dominates
when samples heated or step heated at 400°C for 40 -45 minutes in
argon, and for 15 minutes in vacuum.

3.3 X- ray diffraction

Sample with initial composition near stoichiometry were annealed
under the same environmental condition. Samples show tetragonal phase.
X-ray diffraction analysis confirms a single phase chalcopyrite structure
for CulnSe, as shown in Figure 4. The reflections from planes (101) (103)
(211) and (213) (known as super lattice reflection) can be seen clearly in
the diffraction spectra of the CulnSe,. The presence of these reflections
confirms the formation of a good chalcopyrite film [*""]. The intensity of
the (112) peak is abnormally high for all samples. The (112) preferred
orientation in CulnSe, is required for good lattice matching with CdS in
solar cells. The quality of the chalcopyrite phase is demonstrated by the
resolved tetragonal splitting of 204/220 peaks, Figure 5. This results are
close to the standard data in literature [xxiv].
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Fig. 4: X- ray diffraction pattern of CulnSe, thin films
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Fig. 5. The resolved tetragonal splitting of 204/220 peaks
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4. Conclusion

In this work, CulnSe, have been successfully produced by
sequential thermal deposition of elemental materials (Cu, In and Se) in
vacuum chamber onto microscopic glass substrate at room temperature,
each three sequential elemental layers are named “sandwiches”. It was
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found that the sequence In-Se-Cu gave the best adhesion to the substrate.
Films started with Cu on the substrate exhibited pinholes and cracks.
Films started by Se as a first layer on the glass peeled off. The Se content
in the initial sandwich did not conserve after annealing. Sample annealed
or step annealed in argon were homogenous. X-ray diffraction analysis
confirms a single phase chalcopyrite structure for CulnSe..

N -
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