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Abstract

Mo thin films were deposited on sodalime glass (SLG) substrates using
direct-current planar magnetron sputtering, with a sputtering power density of
1.18 W/cm2.  The working gas (Ar) pressure was varied from 0.6 mtorr to 16
mtorr to gain a better understanding of the effect of sputtering pressure on the
morphology and microstructure of the Mo.  Thin films of Cu(In,Ga)Se2 (CIGS)
were deposited on the Mo-coated glass using the 3-stage coevaporation
process.  The morphology of both the Mo-coated SLG and the CIGS thin films
grown on it was examined using high-resolution scanning electron microscopy.
The film microstructure, such as the preferred orientation, and the residual
intrinsic stress were examined by X-ray diffraction.
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Introduction

Molybdenum is one of the most important materials used as a back ohmic
contact for thin-film solar cells. There is a high demand for using this material for
Cu(In,Ga)Se2 (CIGS) film growth, because of its high melting temperature and its
low resistivity [1]. There is a strong correlation between the energy of the
sputtered Mo particles and the working gas sputtering pressure, discharge
voltage, and the mass ratio of target and projectile atoms.  As a result, significant
changes in the properties of the growing films may be induced. The films
experience compressive stress with dense microstructure at relatively low
pressure due to the high kinetic energy of the arriving atoms. When less energy
is provided to the film at relatively high sputtering pressures, films exhibit tensile
stress with open porous microstructure [2,3,4].  One mechanism for compressive
stress is that due to lattice expansion in the growing films induced by energetic
incorporated working Ar gas that bombards the growing Mo films by means of
atomic peening action [5, 6].
__________________
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Thin-film CIGS is one of the most promising materials for thin-film
photovoltaic devices. This is largely due to the possibility of preparing it in either
n- or p-type form, its high absorption constant (3−6 ×105 cm-1) for the solar
spectrum, and the excellent stability under operating conditions [7]. It also has a
desirable variable direct bandgap from 1.02 eV to 1.68 eV, depending on the x =
Ga/(Ga+In) ratio [8]. Unacceptable device performance had been reported for the
photovoltaic structure with high Ga content (x > 0.3 − 0.4)[9]. However, a thin-film
conversion efficiency of 18.8% has been achieved with CIGS solar cells [10].

The purpose of this work is to study the effect of the sputtering pressure,
at fixed power density, on the morphology and microstructure on the Mo thin
films, as well as the subsequently deposited CIGS absorber films.

Experimental

Mo films of thickness 0.6�0.7 µm were deposited on 10.16 cm × 10.16
cm sodalime glass (SLG) substrates by (DC) planar magnetron sputtering. The
cathode electrode (Mo target) was 12.7 cm × 20.32 cm × 0.32 cm, with a
distance of 75 mm from the SLG substrates. Prior to deposition, the vacuum
base pressure was less than 4 × 10-7 torr.  To understand the effect of different
sputtering partial pressures on the morphology and microstructure of the Mo,
the sputtering process was operated in the working Ar gas pressure in the
0.6−16 mtorr range. The average sputtering power density of 1.18 W/cm2 was
used with a discharge current of 1 A and a discharge voltage in the 290−320 V
range. The deposition rate was within the average of 11 Å/s.  The substrate
temperature was difficult to maintain at constant temperature during the
deposition; it was increasing gradually from room temperature to about 400 K.
CIGS thin films were deposited on the Mo-coated SLG by the �3-stage� process
[11] using a computer-controlled deposition system. In this process, the vacuum
base pressure was in the 6 × 10-7 torr range. The first stage consists of
depositing an (In,Ga)2 Se3 precursor layer at a substrate temperature (Tsub) of ∼
400οC.  The precursor layer, in the second stage, is exposed to Cu and Se
fluxes to form slightly Cu-rich CIGS at Tsub = 585οC.  In this stage, a drop in Tsub
occurs due to the formation of a liquid-phase Cu2-x Se that encourages grain
growth [12,13]. In the third stage, a small amount of In, Ga, and Se are added
to the Cu-rich CIGS layer to form Cu-poor CIGS film, i.e., Cu (In,Ga) Se2. Under
continued Se flux, the sample is controllably cooled down to 400οC, after which
the Se flux is turned off and the sample is allowed to cool down naturally to
room temperature.  The device fabrication was performed by chemical-bath
deposition of about 500 Å CdS followed by 500 Å intrinsic ZnO and 3500 Å Al-
doped ZnO using RF sputtering.  Grids of Ni/Al were applied as a front contact.
The performance of these devices was evaluated under standard conditions of
1000 W/m2 and 25oC.
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The chemical composition of the as-grown CIGS films was determined
using electron-probe microanalysis (EPMA).  The morphology of both the Mo-
coated SLG and the as-grown CIGS films was examined using high-resolution,
field-emission scanning electron microscopy (FESEM).  X-ray diffraction (XRD)
was used to examine the film microstructure such as preferred orientation and
the residual intrinsic stress.

Results and Discussion

Mo Thin Films

Using XRD techniques (sin2Ψ method [2]) and standard software provided
by Scintag for data evaluation, residual intrinsic stress for the Mo films was
determined as a function of Ar pressure. Figure 1 shows in-plane stresses σ11
(the parallel component, where the Euler angle ϕ = 0°).  It is clear that the stress
of the films sputtered at low Ar pressure is compressive.  At about 1 mtorr a
transition of the stress from compressive to tensile is evident.  The tensile stress
reaches its maximum value at about 5 mtorr, then starts decreasing as the
working gas pressure increases. The bulk resistance increases with increasing
working gas pressure, as shown in Figure 2.  The high tensile stress and its
subsequent reduction with increasing working gas pressure will be discussed in a
later section.

Fig.1 In-plane stresses vs. Ar pressure. Negative values
 represent compressive stress whereas positive values

represent tensile stress.
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Using the Kα1 line of Cu, the X-ray θ/2θ diffraction pattern revealed that
all Mo films exhibit a strong < 110 > texture parallel to the growth direction. This
is expected for bcc lattices such as Mo, because of the minimum surface energy

Fig.2. Resistivity as a function of Ar pressure.

associated with {110} planes and their very dense packing [4].  The effect of
sputtering pressure on film microstructure is illustrated by the SEM images
shown in Figures 3a−f. The cross-sectional SEM images show that all Mo films
are characterized by columnar morphology.  At 0.8 mtorr, where the film is under
compressive stress, the columns are tightly packed.  The planar view reveals that
this film had a densely packed, small-grain microstructure with closed grain-
boundaries.  No strong evidence of the presence of voids was obtained.  This
microstructure was expected at very low sputtering pressures due to the peening
effect caused by the Mo energetic particles [5,14].  Films deposited at 5 mtorr,
where the maximum tensile stress occurred, had porous and fibrous grains with
fine valleys. The morphology consisted of elongated grains with open grain-
boundary structure of tapered crystallites with domed tops [6].  The cross-
sectional view of this film reveals that this film had closed intercolumnar gaps.
The columns are about 130 nm in width. However, film deposited beyond the
tensile stress maximum at 8 mtorr had an open columnar structure.  It consists of
free-standing columns with widths of about 75 nm, because of the increasing
amount of column boundary voids. The planar view reveals that the fibrous grain
structure had large, aligned, elongated grains with the presence of microcracks.
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  Fig. 3.  SEM planar and cross-sectional views for Mo films sputtered (a and b)
  at 0.8 mtorr, (c and d) at 5 mtorr, and (e and f) at 8 mtorr.

(a) (b)

(c) (d)

(e) (f)

        100 nm        100 nm

        100 nm

          100 nm          100 nm

       100 nm
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As mentioned earlier, the SLG substrate temperature T was increasing during the
sputtering process from  about room temperature to about 400 K.  Consequently,
the ratio of T/Tm also was increasing from 0.1 to 0.14, where Tm is the
molybdenum melting point of 2895 K.  According to Thornton�s diagram [15], we
cannot expect a uniform microstructure, but rather, a substructure of zone I at the
film/substrate interface followed by another substructure of zone T, where zone I
is defined by a ratio of T/Tm ≤ 0.1 for bcc materials.  This can be verified by the
presence of the microcolumnar structure at the film/substrate interface.

One way to explain the increase and then decrease in the tensile stress
with increasing working gas pressure is to correlate it with the differences in the
morphology of the films.  It had been found that the decrease in the tensile
stress, with increasing the sputtering pressure and decreasing the particles�
energy, is caused by a microstructure transformation from a very compact atomic
network of small �closed voids� into a porous microcolumnar with �large voids�
network combined with an increase in the intercolumnar gaps [16].  The stress
relaxation at low working gas pressures had been qualitatively explained by the
loss in the interatomic forces acting on the grain boundary produced by the film
porosity [5]. Therefore, the maximum tensile stress (at 5 mtorr) can be
considered as a net result of the combination of stress build-up by intracolumnar
voids and stress relaxation caused by porosity that causes a loss in
intercolumnar coupling at column boundaries. Also, the tensile stress reduction
or relaxation can be attributed to the increase in the dimensions of the columns
and the amount of column boundary voids at high working gas pressure [2].

CIGS Thin Films

CIGS films were subsequently deposited on the Mo films, which were
grown with different sputtering pressure conditions, using fixed physical vapor
deposition rates for Cu, In, Ga, and Se.  The chemical compositions for some
selected CIGS films are summarized in Table 1.  All samples had similar
compositions and similar Ga/(In + Ga) atomic ratios of about 0.3.

Table 1. Samples chemical composition in at % and Ga/(In + Ga) ratios
Sample ID PAr mtorr Cu In Ga Se Ga/(In + Ga)

a 0.8 24.11 17.03 7.27 51.58 0.299
b 2 21.43 18.11 7.20 53.26 0.284
c 5 23.76 18.09 6.38 51.77 0.261
d 8 23.83 17.94 7.45 50.77 0.293
e 12 24.42 17.78 7.31 50.61 0.291
f 16 24.84 17.01 7.72 50.44 0.312

Figure 4 shows the X-ray θ/2θ diffraction patterns for some selected CIGS
films described in Table 1.  CIGS films exhibit a (220/204) preferred orientation,
where the compressive stress and stress relaxation regions are located for the
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Fig.4.  XRD data for CIGS films reflects the 220/204 preferred orientation in the
compressive and stress relaxation regions for the Mo films. The stick diagram for
randomly-oriented powder CIGS sample is shown with the highest three Bragg peaks
(JCPDS card 35-1102).

Mo substrate sputtered films, as shown in Figure 1.  Considering the expected
intensities (stick diagram shown in Figure 4) from a randomly oriented powder
sample (JCPDS card 35-1102), it is clear that CIGS films deposited on the Mo
substrates sputtered in the stress build-up region show a random orientation
where the intensity of (112) reflection is the highest.

The SEM investigations show that the morphology of the CIGS films
varies from one sample to another in spite of the fixed deposition conditions for
the CIGS films, such as the deposition rate, and the substrate temperature.
The cross-sectional and planar views of the morphology of sample a, which was
deposited on the Mo film grown at 0.8 mtorr (compressive stress condition), are
shown in Figure 5a-b. This CIGS film surface exhibits two microstructural
features.  One surface is the lamellar-type microstructure, where the layers are
positioned at various angles to the substrate [11,17,18], and the other surface
consists of tightly packed, sharp-faceted grains of < 1 µm in width.  It has been
reported [10] that the lamellar-type layered structure is actually a mixed
lamellar intergrowth due to the presence of In2Se3 and γ phases, represented on the



8

1

Fig. 5.  SEM planar and cross-sectional views for CIGS films deposited on Mo
sputtered films (a and b) at 0.8 mtorr, (c and d) at 5 mtorr, and (e and f) at 8
mtorr.

(a) (b)

(c) (d)

(e) (f)

           1 µm                 1 µm

           1 µm              1 µm

           1 µm             1 µm
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Cu2Se-In2Se3 pseudo-binary phase diagram.  On the other hand, the morphology
of sample c, which was deposited on Mo film grown at 5 mtorr (maximum tensile
stress condition), shown in Figure 5c−d, has less faceted, very dense, and
smooth grains.  The grain were large in size.  Grains as large as 2.5 µm were
observed.   Sample d, which was deposited on a Mo film grown at 8 mtorr (stress
relaxation condition), regains a rough surface with more sharp and faceted large
grains, as shown in Figure 5e−f.  The porosity of the Mo films with their open-
grain structure assists in Na diffusion from the SLG substrate into the absorber
CIGS layer during the deposition in the second stage at the high temperature of
about 585οC.  Na diffusion is advantageous during the CIGS growth because it
leads to a better film morphology and a higher conductivity.  Further, its
incorporation induces changes in the defect distribution of the absorber films
[19,20].

Table 2 represents the average performance of 24 solar cells fabricated
on each sample represented in Table 1, without antireflective coating and with
total area of 0.43 cm2/cell.  The cell corresponding to sample c has the highest
average efficiency of 15.99%.  It appears that the combined structural properties
of the open�grain structure for the Mo-sputtered film and the smooth CIGS
absorber film are correlated with the best average Voc of 0.671 mV and average
Jsc of 32.57 mA/cm2.

Table 2. Average results for solar cells for the selected samples
Sample ID PAr

(mtorr)
Voc

(mV)
Jsc

( mA/cm2)
FF
(%)

η
(%)

a 0.8 0.624 30.85 74.64 14.36
b 2 0.658 31.71 73.10 15.25
c 5 0.671 32.57 73.20 15.99
d 8 0.677 32.14 70.64 15.77
e 12 0.643 31.24 73.63 14.79
f 16 0.574 30.64 69.64 12.35

Conclusions

This work points out the relation between the intrinsic stress and
microstructure of sputtered Mo films as a function of working Ar gas pressure.  A
typical transition curve from compressive to tensile was observed.  The
microstructure of the compressively stressed films consists of tightly packed
columns with closed grain-boundary structure, whereas films under tensile stress
become porous with opened grain-boundary structure, and the porosity increases
as the working gas pressure increases. Using our 3-stage process, CIGS films
were deposited on the Mo films.  CIGS films deposited on the Mo substrate in the
tensile build-up region exhibit a random orientation. On the other hand, for the
Mo films in the compressive-stress and the stress-relaxation regions, CIGS films
exhibit (220/204) preferred orientation.  The surfaces of all CIGS films show the
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lamellar microstructure. The microstructure differences may be attributed to the
presence of two or more of the very In-rich phases found elsewhere [11].  The
highest-efficiency device was obtained for the Mo substrates sputtered at a
pressure where the maximum value of the tensile stress is located.
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