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Abstract — Solar cell degradation can occur through many
pathways and at the different stages of the fabrication process,
notably due to water condensation. In the case of Cu(In, Ga)Se2
solar cells, the impact of water ingress on Mo back contact can be
substantial, for not only the film itself but also the device
performance and reliability. Micro-structural modification,
change in film morphology, loss in reflectance, and increased
resistivity due to moisture ingress were observed via X-ray
diffraction, transmission electron microscopy, spectroscopic
ellipsometry, and four-point probe measurements. Secondary ion
mass spectrometry measurements revealed drastic changes in the
alkali (Na, K) profiles in both the CIGS and Mo layers, likely due
to a modification of their diffusion coefficient through Mo. This in
turn negatively impacts the solar cell efficiency by decreasing both
fill factor and open circuit voltage. Additional experiments,
modifying the substrate and utilizing a NaF post-deposition
treatment, highlight the mechanisms of degradation as being due
to both a modification of the Mo/CIGS interface and the lack of
alkali diffusion after water ingress.

Index Terms —Molybdenum, Cu(In, Ga)Se2, photovoltaic cells,
semiconductor device reliability, stability, water ingress,
degradation

1. INTRODUCTION

Molybdenum thin films have been used for many years as the
back contact for the fabrication of CulnixGaxSe2 (CIGS) solar
cells, and, to date, continue to be used in high-efficiency CIGS
devices [1]. This material presents many advantages, including
low contact resistance with CIGS layer, mechanical stability
during high-temperature CIGS growth process, good adhesion
with soda lime glass (SLG) substrate, viable pathways for Na
diffusion from SLG, chemical inertness and formation of a
beneficial MoSe2 interfacial layer [2,3]. However, the
susceptibility of Mo to degrade in a humid environment is a
potential concern for the long-term stability of these solar cell
devices [4, 5]. Many studies have therefore been conducted to
investigate the effect of damp heat and moisture on the
properties of Mo thin films [6-9]. Researchers have shown that
the surface oxidation of Mo films results in the loss of both
conductivity and reflectivity [10, 11], while it can also prevent
the formation of a beneficial interfacial MoSe2 [12].
Meanwhile, the effect of Mo oxidation on device performance
is not completely consistent, as some researchers observed
positive effects, while others have noticed negative effects [8,
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13, 14]. Another related and critical degradation mechanism is
due to water ingress or water condensation [15, 16], which can
happen on fielded modules, but also at various stages of the
fabrication process, especially for a batch process.

In this paper, Mo thin films exposed to deionized water
(DIW) for 24 h at 50°C are studied to assess the failure
mechanisms of Mo back contacts due to water ingress and to
elucidate the impact of Mo degradation on the device
performance. Several types of samples were prepared to allow
for more accurate identification of the issues, and solutions are
proposed to test and confirm our hypothesis.

II. EXPERIMENTAL DETAILS

CIGS devices with a Mo/CIGS/CdS/i-ZnO/ITO structure
were fabricated on SLG and alumina substrates. A Mo bilayer
was deposited by DC magnetron sputtering at a constant power
density of 7.4 W/cma. The bottom layer was deposited at an Ar
pressure of 1.33 Pa and the top layer at a lower pressure of 0.4
Pa. The resulting combined thickness of the Mo film was ~800
nm. For the CIGS deposition, Mo samples from the same batch
were used. Half of the Mo samples were immersed into
deionized water (18.2 MQ) at 50°C for 24 h in a glass beaker
prior to CIGS deposition (referred to as water-soaked (WS)
samples), while the other half was kept in a desiccator. The
CIGS layers(~2 micron) were thereafter deposited using a
three-stage co-evaporation process [17] as reported in reference
[18]. The cells were completed by depositing CdS (50-60 nm)
using chemical bath deposition, i-ZnO (70-80 nm) and ITO
(250-300 nm), both using RF sputtering with a constant power
density of 4.9 W/cm2 at Ar pressure of 0.67 Pa. Finally, the
Ni/Al/Ni front contacts were deposited by e-beam evaporation.
Table 1 summarizes the type of CIGS samples studied in this
work. Sample A prepared on SLG substrate and Sample D
prepared on alumina substrate are the reference samples in the
experiment, allowing comparison with the water exposed
samples.

The structural analysis of the films was done by X-ray
diffraction (XRD) (Miniflex benchtop X-ray diffractometer,
Rigaku) and the optical properties were extracted using
spectroscopic ellipsometry (M2000, J.A. Woolam Co.). The
cross-section morphology was studied by scanning
transmission electron microscopy (STEM). Samples for STEM
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work were prepared in a FEI Helios Ga-source focused ion
beam (FIB) at 30 kV using low currents (48 pA - 96 pA) and
finished with a 5 kV cleanup to minimize amorphous damage.
STEM imaging was performed on an image-corrected FEI
Titan3 G2 STEM at 300 kV. Secondary ion mass spectrometry
(ToF SIMS) was used to measure the compositional variation
as a function of depth in the device. ToF-SIMS analyses were
conducted using a TOF SIMS V (ION TOF, Inc. Chestnut
Ridge, NY) instrument. 3 keV Cs+ with 20 nA current was used
to create a 120 um by 120 um area, while a middle 50 pm by
50 um area was analyzed using 0.3 pA Bi3+ primary ion beam.
The photovoltaic characteristics were evaluated by in-house
current density-voltage (J-V) measurements under AM1.5G
with a light intensity of 100 mW/cm2 at 25°C (IV5, PV
measurement Inc.) and by external quantum efficiency (QE)
measurements (QEX7, PV measurement Inc.).

TABLE 1
SUMMARY OF THE CIGS SAMPLES USED IN THIS STUDY

Sample Substrate Mo WS NaF PDT
A SLG No No
B SLG Yes No
C SLG Yes Yes
D Alumina No Yes
E Alumina Yes Yes

III. RESULTS AND DISCUSSION

A. Characterization of Mo on SLG substrate

The XRD diffractograms of the reference Mo and water-
soaked Mo are shown in Fig. 1 (insert). The anticipated peaks
relating to Mo-O phases were not evident in the symmetric
geometry (0/20) XRD patterns at least in the water-soaked Mo.
Furthermore, no noticeable change in the peak position,
intensity, or broadening was observed in the symmetric
geometry XRD(0/20) patterns. However, glancing incidence
XRD (GIXRD) patterns of Mo before and after water soaking,
taken at an asymmetric geometry with 0.5° angle of incidence
(probing primarily the surface region), shows a different trend.
The (110), (200) and (211) peaks of Mo are observed in both
films (note that the (200) peak is not readily observable in the
XRD (6/28) scans). The peak intensity of the (200) drastically
diminished after water soaking, while the (110) and (211)
intensities were only slightly reduced. It shows that, although
[110] is the main crystal orientation of the Mo films, there are
some changes in the orientation of the top Mo layer after water
soaking.

The film structure and the electrical properties of the Mo film
were optically analyzed by spectroscopic ellipsometry (SE)
measurement before and after water soaking the Mo layer. Mo
bulk layer plus the surface roughness layer on top was used as
the nominal structural model used in the analysis of the SE data.
The dielectric functions of the surface roughness layer were
determined using the Bruggeman effective medium
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Fig. 1. GIXRD pattern of the reference Mo film and the water-
soaked Mo film at 0.5° angle of incidence (insert: symmetric XRD
pattern).

approximation (EMA) [19] by assuming a mixture of bulk layer
material and voids (50% Mo - 50% voids). The complex
dielectric functions (&) of the Mo layers were obtained by
mathematical inversion [20]. The parametric form of the
extracted dielectric functions using a Drude oscillator
(epruderm)) [20] and three critical point parabolic band
oscillators (CPPB) [20] expressed in equation (1), was obtained
by least square regression analysis.

3
e(E) = &0 + Eprude(rr) T Z ecrpen(E) (1)

n=1
where €1 o is an energy-independent contribution to the real
part of the dielectric function.

Fig. 2 shows the dielectric functions of the reference Mo and
the water-soaked Mo. A rapid decrease in the €1 spectra below
the photon energy of 1.5 eV, represents the dielectric response
due to the free-carrier absorption related to the Drude term. The
resistivity and the scattering time deduced from the Drude term
suggest that the resistivity increased by ~2x and the scattering
time decreased by ~2x after water soaking. The increase in
resistivity as observed with ellipsometry correlated well with
the measured resistivity from four-point probe measurements.
The relatively short scattering time in the water exposed Mo
may result from the increased grain boundary scattering [21]. It
was also observed that the amplitude of &2 for the reference Mo
was higher compared to the water-soaked Mo, which occurs
due to the stronger optical absorption associated with the
interband transitions [21]. This, in turn, suggests a higher void
volume fraction or a decrease in the crystallite packing density
of the water-soaked Mo compared to the reference Mo [21, 22].
It is worth noting here that the surface roughness layer from this
analysis was found to increase from 6.7 = 2 nm to 14 + 3 nm
after water soaking. The apparent increase in porosity or
decrease in density of the Mo film after water exposure from
this optical analysis was further validated by high-angle annular
dark field (HAADF) STEM analysis discussed in the next
section. Additionally, the reflectance of the Mo sample before



and after water exposure, as measured by spectroscopic
ellipsometry (SE), is shown in Figure 2 (insert). The reflectance
of the Mo samples dropped by ~50% on average after water
soaking in the measured wavelength range from 300 nm to 1000
nm.
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Fig. 2. Dielectric functions € = €; + i€, of the Mo films before
and after water soaking. (Insert: reflectance versus wavelength for
the reference and the water-soaked Mo film).

B. Effects of Mo degradation on the CIGS films

Fig. 3a shows the HAADF STEM images of CIGS devices
prepared on SLG/Mo substrates. The cross-sectional images
reveal a significant change in the morphology of the water-
soaked Mo film. The reference Mo shows a bilayer columnar
grains as expected since the bottom layer was deposited at high
Ar pressure and the top layer was deposited at low Ar pressure
with a constant sputtering power density to obtain an adhesive
high conductive film [23]. While the bottom layer of the water-
soaked Mo resembled the reference Mo, the top layer was
structurally degraded. This suggests a progressive degradation
occurring from the top to the bottom part. Figure 3a also
described the changes seen in the GIXRD pattern (Fig. 1).
While the bottom Mo layer orientation did not change after
water soaking, the top layer orientation has been changed,
which is seen in the GIXRD analysis at 0.5° angle of incidence.
Comparing the intensity in the HAADF STEM images reveals
an interesting result. We note here that, for the same material,
the contrast in the HAADF images depends on the local density
of the material. In the case of the as-deposited Mo, the bottom
layer appeared darker than the top layer, as expected since Mo
deposited at low Ar pressure is denser than at high Ar pressure
(other parameters remaining constant). However, in the water
exposed Mo, the top layer appeared darker compared to the top
layer of the reference Mo and was almost similar in contrast to
the bottom Mo layer, indicating a lower density of the material.
This is in close agreement with the spectroscopic ellipsometry
results. The apparent lower density of degraded Mo may result
from the additional contribution coming from Mo oxidation
since the density of MoOx is much lower than the density of
Mo. To corroborate this argument, EDS analysis was performed
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Fig.3a STEM-HAADF images of CIGS samples prepared on
reference (left) and water-soaked Mo (right) (both on SLG
substrate). The top and the bottom Mo layer in the images are
distinguished by a solid and dotted line respectively. On top of Mo,
a portion of the CIGS layer is seen in both images.

m HAADF

Fig. 3b. Elemental distribution of Mo, O, Se and Na in the water
soaked Mo measured by EDS in STEM. The measurement was
done after CIGS deposition (here on top, indicated by the intense
Se signal).

and showed a higher concentration of oxygen at the top layer,
indicating oxidation of Mo (see Fig. 3b).

Furthermore, the arecas with higher oxygen content are
associated with higher Na content as well, possibly due to the
formation of a Na-containing Mo oxide such as NaxMoOs3 [14,
24] or formation of thermodynamically favorable Na20
disrupting the Mo-O bonds [25]. Since the measurement was
done on the sample after the CIGS deposition, Se was observed
in the near-surface region of degraded Mo. Since there is an
inverse correlation between Mo and Se contents, it is likely that
Se diffused rather than merely forming a MoSe: layer, which is
also supported by the observation that MoO:2 suppresses the
formation of a MoSe: layer [12]. It is possible that the selenium
diffusion occurred through the micro-cracks in oxidized Mo
whose surface roughness layer, composed of underlying Mo
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Fig. 4. Elemental distribution in the CIGS devices prepared on reference Mo (a — positive SIMS, c-negative SIMS) and
water-soaked Mo (b-positive SIMS, d-negative SIMS) deposited on SLG substrates.

together with voids, was also found to be roughly twice as high
as the reference Mo by SE analysis.

CIGS devices prepared on SLG substrates were analyzed by
SIMS measurements (Fig. 4). Although purely quantitative
analysis of the SIMS spectra could not be made due to lack of
a standard, a comparative study of the elemental profiles can
still be made. The Ga/(In+Ga) ratio for the CIGS on reference
and water-soaked Mo showed no noticeable difference.
Moreover, the overall composition of the CIGS film did not
show a statistically significant difference. We can, therefore,
assume that the constituent elemental profile of the CIGS film
and the overall composition remains identical for both samples,
as expected.

Of particular interest here is the distribution of alkali elements
(Na, K) in the CIGS layer (Fig. 4(a, b)). It is well known that
alkali ions diffuse during the CIGS growth from the SLG
substrate into the CIGS through the intermediate Mo layer. The
properties of the Mo layer are therefore of critical importance
to the diffusion of the alkali into the CIGS. Here, the alkali

element profile has a rising trend within the bulk Mo when it is
water-soaked but is relatively flat for the reference sample
inside Mo layer. On the other hand, when deposited on WS Mo,
going from the Mo/CIGS interface to the CIGS/CdS interface,
the alkali element profile has a relatively steeper downward
slope up to the Ga notch in the CIGS. Both alkali species track
with the Ga profile exceedingly well in both samples.
Furthermore, the bump in alkali ion counts at the CIGS/CdS
interface observed in the reference sample is drastically reduced
in the Mo WS sample.

Significant differences can also be seen in the negative SIMS
profile (Fig. 4(c, d)). The H-, OH- and O2- profiles in the
reference samples are relatively flat in Mo while nearly absent
in the CIGS. In the water-soaked Mo samples, all profiles slope
upward from the glass substrate toward the CIGS. This is in
good agreement with the oxidation observed by STEM/EDS.
Another trend, also observed for the alkali profiles, is a clear
demarcation between the top Mo layer (1600-2200 sec) and the



bottom Mo layer (2200-2500 sec) with a sharp increase in the
Na signal in the reference Mo film however such demarcation
is rarely visible in WS Mo. This can be also seen in Fig 3a,
where the regular Mo has two clear layers (seen by a difference
of contrast, related to a difference of density), while the WS Mo
is much more uniform in terms of contrast.

Several previous studies have shown a higher diffusion of
sodium in the Mo layer deposited at relatively higher Ar
pressure, which is also evident here in the reference Mo when
we compare the Na intensity level at the bottom part deposited
at high pressure to the top part deposited at low Ar pressure [24,
26]. These variations in the sodium diffusion are linked to the
oxygen content, which is believed to provide a chemical driving
force for Na diffusion in Mo [24, 27]. However, simultaneous
Na accumulation in oxidized Mo but frustrated diffusion into
the subsequently prepared CIGS was seen in this experiment
and elsewhere [14]. This suggests that the degree of oxidation
in Mo back contact plays a vital role in alkali incorporation in
the CIGS films, when entirely dependent on the Na supply from
the SLG substrate. Based on our experimental results a possible
explanation for the observed phenomena is that: (i) the oxidized
Mo facilitates a higher diffusion of alkali within Mo; (ii) the
interaction of adsorbed chemical species during CIGS
deposition with the heavily modified surface of Mo (as seen by
GIXRD, SIMS and SE) forms a barrier to the further diffusion,
where there is a significantly thicker blocking layer at the
Mo/CIGS interface. The modified alkali profile both in Mo
(accumulation) and the CIGS (depletion) was simulated using
COMSOL and correlated with previous studies of alkali
diffusion in Mo [28]. Using similar COMSOL methodology,
the oxidized Mo layer was determined to have a blocking layer
twice as thick.

C. CIGS Device Performance

The changes in alkali content in the CIGS observed in Fig. 4,
can result in a significant loss in device performance [29, 30].
Solar cells were therefore fabricated according to Table I, to
study the influence of Mo back contact on the device
performance (Fig. 5). Fig. 5 shows a summary of the key
photovoltaic parameters for the different types of devices and
Fig. 6. shows representative dark J-V curves, with a double
diode model fit for the same devices (labeled A to E) [31].
Compared to the reference device on SLG (Device A), the
water-soaked Mo device (Device B) shows significant
performance losses, due to a decrease in Jsc, Voc, and FF. Also,
device B tends to show a slight rollover characteristic in the
forward bias. A rollover effect is commonly observed in CIGS
devices with low carrier concentration, mostly due to a lack of
Na [32, 33] and has been associated with a Schottky barrier at
the back contact. This behavior is consistent with the SIMS
analysis discussed in the previous section and suggests that Na
diffusion in the CIGS layer is reduced after water soaking. In
order to identify if the Mo water-soaking degrades the solar cell
performance just by suppressing the Na diffusion (or if other
phenomena are involved), we performed a NaF post-deposition
treatment (PDT) after the growth of CIGS on a device with a
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SLG/water-soaked Mo substrate (Device C). As shown by the
device characteristics and the J-V curve, a partial recovery in
the Voc, FF, and Jsc was observed after the NaF PDT.



TABLE II
PHOTOVOLTAIC CHARACTERISTICS AND DIODE PARAMETERS (DARK J-V) OF THE REPRESENTATIVE
CELLS SHOWN IN FIG. 6.

D?I/)lce J] Voc Jsc ljF " iI 001_10 o iI 002_05 Rs Rsh
(%) (mV) (mA/cm2) (%) (mA/cmy) (mA/em2) (Q.cm2) (kQ.cm2)

A 16.5 697 31.4 75.5 0.25 1.17 0.73 3.26

B 8.6 576 29.5 50.7 111 4.08 2.34 1.37

C 13.6 657 29.2 70.9 0.87 5.32 0.66 2.89

D 16.0 699 31.4 73.0 0.24 1.16 0.93 3.20

E 13.9 646 30.2 71.5 1.21 491 0.96 3.52
Furthermore, no rollover was observed after NaF PDT. This
indicates that other factors besides Na are in play for the
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performance drop. To further validate that the detrimental
effect is due to more than a lack of Na diffusion, CIGS devices
were grown on alkali-free alumina substrates. Devices D and E
were prepared in the same CIGS batch with NaF PDT, but with
a Mo water-soaked substrate for Device E and a reference Mo
for Device D. Device performances for Device D were
comparable to the reference Device A prepared on SLG glass
(Fig. 5.), while Device E produced degraded devices
comparable to Device C (SLG/WS Mo with NaF PDT). A
double diode model was then used to extract the diode
parameters of all the devices (Table II)[31]. One can see that
the value of the reverse saturation current density, Jo1, is order/s
of magnitude higher in Devices B and E as compared to their
respective reference Devices A and D. The device with the most
degradation is Device B, with no NaF PDT, for which all diode
parameters degrade rather significantly, including in Rs and Rsh.

Fig. 7. shows the QE(-1V)/QE(0V) ratio for devices A
through E. Except for device B the ratio is close to 1, which
indicates that there is no significant carrier collection loss in
these samples. For device B, the ratio is wavelength dependent.
The increased voltage-dependent carrier collection at longer
wavelength suggests poor minority carrier collection on water-
soaked Mo [34].

VI. CONCLUSION

Device efficiency and reliability can change drastically when
expose to harsh environments. The origins of these
modifications can sometimes be difficult to ascertain due to the
multiple effects that can occur on the materials properties. In
the case of Cu(In,Ga)Se: solar cells, the exposure of the back
contact to water ingress has an immediate effect on the Mo layer
right after exposure, and an even stronger effect after
Cu(In,Ga)Se2 deposition. However, the most drastic effect
occurs due to the modification of the alkali diffusion process
from the substrate into the Cu(In,Ga)Se:2 layer. By varying the
substrates and the origin of the alkali (applying post-deposition
treatment), the distinction between the hindered alkali diffusion
effect and the Mo/Cu(In,Ga)Se2 interface effect were separated,
demonstrated that both were present.
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