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Molybdenum (Mo) coated soda-lime glass is a commonly used substrate for Cu(InGa)Se2 solar cells as it also acts as
the sodium (Na) source, which improves the efficiency of these devices. In this work, we investigate how oxygen controls
the segregation and accumulation of Na on the Mo surface. A direct relationship between the concentration of surface
oxygen and the amount of Na accumulation is showed. Values for the surface segregation ratio and grain boundary dif-
fusion coefficient for Na in Mo are obtained by fitting diffusion data at several temperatures to a model for grain
boundary diffusion. The results of this model reveal that surface oxygen controls the Na saturation level through its
effect on the surface segregation of Na. An activation energy for grain boundary diffusion of Na is estimated and is sim-
ilar to that of MoAO bond dissociation in MoO3 suggesting the involvement of this bond during Na transport. VC 2014
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Introduction

With efficiencies exceeding 20%1–3 and relatively low
costs, Cu(InGa)Se2 (CIGS) based photovoltaics remain a
promising technology for realizing a $0.50/watt manufactur-
ing goal. To achieve higher efficiencies in CIGS devices, a
small amount of sodium (Na) is incorporated into the CIGS
film to improve open-circuit voltage (VOC) and fill factor
(FF) of the device.4–6 Na can be incorporated from a variety
of sources before, during, or after depositing the CIGS
film.7–12 One of the simplest methods is to allow Na to dif-
fuse from a soda-lime glass (SLG) substrate through a thin
molybdenum (Mo) layer during the CIGS deposition, where
the Mo serves as an electrical contact to the back of the
CIGS film. The high temperatures during deposition, typi-
cally greater than 450�C, cause Na to diffuse through the
Mo and into the CIGS. The amount of Na incorporated using
this approach is not well controlled and can result in nonuni-
form amounts of Na over large areas.13 However, it remains

an attractive option due to its simplicity and low cost. Devel-
oping a better understanding of the Na diffusion mechanism
through Mo can potentially lead to solutions that overcome
these controllability issues.

Although there have been several studies on how the Mo
back contact affects Na incorporation in CIGS,14–20 the spe-
cific diffusion mechanism is still not well understood. The
current understanding is that at CIGS deposition tempera-
tures, which range from 450 to 600�C, Na is highly mobile
along Mo grain boundaries14 but does not diffuse into the
grain interiors since the solubility of Na is negligible up to
at least 2623�C,21 the melting point of Mo. Therefore, it is
unlikely that any bulk transport takes place within the grain
interiors of Mo. Because grains in a typical Mo back contact
are columnar and span the entire height of the film,22 the
grain boundaries provide a fast diffusion path to the CIGS
interface. Near the Mo/CIGS interface, Na tends to segre-
gate, and this effect has been measured by different groups
using secondary ion mass spectroscopy (SIMS).15,16 The
amount of Na that accumulates at the Mo surface may deter-
mine how much Na is incorporated into the rest of the CIGS
film.16

The Mo void fraction or porosity has a large effect on the
amount of Na incorporated into CIGS,16–20 and less Na is
observed in films grown on dense Mo compared to those
grown on porous Mo.16–19 It is believed that these voids
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occur along grain boundaries and store oxygen, which is
known to facilitate Na diffusion because of the strong affin-
ity of Na for O2.14,16 Previous work in our group has shown
that Na does not accumulate on the Mo surface when heating
under high vacuum in the absence of oxygen.23 CIGS depos-
ited on intentionally oxidized Mo has been shown to have a
higher Na concentration,16 and CIGS devices made on inten-
tionally oxidized Mo films show a small improvement in
VOC and FF, likely due to increased incorporation of Na.24

In this study, we evaluate the role that oxygen plays on
the accumulation of Na on the Mo film surface. Specifically,
we show that at a given temperature less Na accumulates on
the Mo surface if oxygen is removed prior to Na diffusion
and more accumulates if oxygen is added. Based on the
experimental results, a diffusion model is used to explain Na
diffusion from SLG and its accumulation on Mo. By fitting
the model to diffusion data at different temperatures, the
apparent activation energy for grain boundary diffusion of
Na through Mo is determined.

Experimental Methods

Single layer Mo films were deposited using DC magnetron
sputtering in 0.24 Pa of argon onto 2.5 3 2.5 cm2 SLG sub-
strates rotating at five revolutions per minutes. The sputter
current was held at 1.5 A for 75 min resulting in �700 nm
thick films.

Surface compositions were measured using a PHI 5600
x-ray photoelectron spectrometer (XPS). The system was
equipped with an aluminum anode x-ray source and a mul-
tichannel hemispherical analyzer. The binding energy scale
was calibrated by comparing the position of primary pho-
toelectron peaks from copper, silver, and gold reference
foils to published values. Relative sensitivity factors
(RSFs) for O and Mo were verified using MoO3 powder,
and the RSF for Na was verified using trisodium citrate
(Na3C6H6O7).

The XPS chamber was equipped with a differentially
pumped ion gun for sputter cleaning. An accelerating voltage
of 2 kV, an emission current of 25 mA, and an argon pres-
sure of 1.1 3 1022 Pa were used, resulting in a sputter cur-
rent of approximately 3 mA at the sample surface and a
sputter rate of roughly 0.5 nm/min. The ion beam raster size
was 1 3 1 cm2, which covered the entire sample.

Sample heating was performed in a separate process
chamber attached to the XPS system through a gate valve.
Samples could be transferred between the process chamber
and the XPS analysis chamber under vacuum and without
exposure to ambient air. In the process chamber, a resistive
heater of Ta wire was located 5 mm above the sample. Tem-

perature was measured using an identical Mo/SLG reference
sample with a K-type thermocouple permanently attached.
The sample of interest is assumed to have the same tempera-
ture as the reference sample because they are both located at
the same distance away from the heater. This setup allows
the sample of interest to freely move between the process
and analysis chambers without restriction from an attached
thermocouple.

Results and Discussion

Characterization of Mo films

Cross-sectional scanning electron microscope (SEM)
images were used to characterize the grain structure of the
Mo films, and the measured dimensions will be used as input
parameters when modeling the diffusion of Na through Mo.
Figure 1a shows an SEM image of a Mo film that is 680 nm
thick having columnar grains with an average width of 50
nm extending through the entire thickness of the film. Figure
1b shows a simplified cross-sectional schematic of the Mo
film with arrows denoting the diffusion path of Na. Figure
1c shows a schematic of a close up of a Mo grain boundary
along with adjacent grains and denotes the dimensions that
will be used in modeling the diffusion of Na. Notation from
this figure is discussed in the Diffusion Modeling section.

XPS scans of the Mo 3d, O 1s, and Na 1s regions were
taken of the Mo/SLG surface and the composition was calcu-
lated from the peak areas divided by their RSF. The RSF
adjusted peak area of an element was divided by the sum of
the adjusted peak areas of all elements present to give an
atomic percentage. Surface carbon was not included in this
calculation.

Scans of the as-deposited Mo surface show 47 at % Mo
and 53 at % O with no Na. The Mo 3d XPS spectrum shown
in Figure 2a reveals that MoO2, MoO3, and metallic Mo are
all present on the surface. For this particular sample, 82% of
the Mo 3d region is metallic, 3% is MoO2, and 15% is
MoO3. These peak areas of the Mo oxides are in good agree-
ment with the actual percentage of oxygen measured. XPS
depth profiling (Supporting Information Figure S1) reveals
that MoO3 exists only with the first few nanometers of the
film, and only MoO2 is detectable further in the film. Quali-
tative SIMS measurements (Supporting Information Figure
S2) show that the oxygen level is nearly constant through
the entire film and depth profiling with Auger electron spec-
troscopy (AES) reveals that the oxygen concentration within
the Mo film is about 2 at %. Oxygen impurities in sputtered
Mo films have been shown to originate from the residual gas
in the sputter chamber.25,26 Given the very low solubility of
O in Mo,27 most of this O must reside at grain boundaries.

Figure 1. (a) Cross-section SEM image of sputter deposited Mo on SLG.

(b) Enlarged schematic of seven Mo grains with arrows denoting the diffusion path of Na. (c) Schematic depicting two adjacent

Mo grains with their shared grain boundary. Dimensions used for diffusion modeling are depicted and are not shown to scale.
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After heating the sample from Figure 2a for 10 min at
400�C, Na appears with a concentration of 4 at %. The Na
1s peak was located at 1072.5 eV as shown in Figure 2b,
which is in agreement with the binding energy of Na2O.

Controlling surface oxygen on Mo

To evaluate the relationship between the amount of oxy-
gen on the Mo surface and the amount of Na accumulation,
the concentration of surface oxygen was precisely controlled
before diffusion experiments. The amount of oxygen on the
surface of Mo was controlled by either sputtering to remove
oxygen or heating in air to add oxygen.

Heat treating in ambient air at 200�C for 30 min increased
the surface oxygen content from roughly 50 at % for the as-
deposited sample to 65 at %, and Figure 3a shows the
increase in surface oxygen as measured by XPS as a func-
tion of heat treatment time. Depth profiling measurements
with XPS reveal that this oxide layer is only a few nano-
meters thick. It was determined that Na diffusion in Mo at
this temperature is too slow to cause any significant diffusion
of Na out of the glass during this heat treatment.

To remove oxygen from the Mo surface, samples were
sputter etched inside the XPS analysis chamber at a sputter-
ing rate of approximately 0.5 nm/min, and Figure 3b shows
the decrease in surface oxygen with sputter time. The Mo
thickness is reduced by less than 1% during sputtering,
which will not significantly skew results from diffusion
measurements. The oxygen concentration stabilizes at an

artificially high concentration after long periods of etching,
and it is most likely that a small amount of surface oxygen
is pushed into the film during sputtering preventing the com-
plete removal of oxygen from the surface. Surface oxygen
concentrations as low as 16 at % can be achieved using this
procedure. Diffusion experiments were performed immedi-
ately after etching and without exposure to ambient air to
prevent reoxidation of the Mo surface.

Relationship of surface oxygen to Na segregation

The accumulation of Na on SLG/Mo during heating in
vacuum was compared between a sample having 54 at %
oxygen due to ambient air exposure, and a sample that had
been sputter etched for 20 min to have 13 at % oxygen.
These samples were heated in a vacuum of 1025 Pa at
400�C for 1–2 min, cooled to near ambient temperature, then
transferred to the XPS analysis chamber to measure the Na
content. This process was repeated on the same sample until
the concentration of Na stopped increasing. Figure 4 shows
results of this experiment for both samples. Within 10 min
of heating, the surface of both samples becomes saturated
with Na, and the concentration no longer increases. The satu-
ration concentration varies by nearly an order of magnitude
between the low and high oxygen samples, suggesting that
oxygen on the surface of Mo may affect the amount of Na
that accumulates.

To clarify the relationship between surface oxygen and Na
accumulation, similar heat treatments were performed where
the oxygen concentration on SLG/Mo samples was varied
from 27 to 59 at % using the techniques described above.
These samples were heated under vacuum at either 400 or

Figure 3. Surface oxygen content of Mo on SLG as
measured by XPS for samples (a) heated in
ambient air at 200�C and (b) sputtered in
vacuum.

Figure 2. (a) XPS spectrum of Mo 3d region for as-
deposited Mo surface with peaks for oxide
and metallic species.

(b) XPS spectrum of Na 1s region for SLG/Mo sample

after heating at 400�C for 10 min. [Color figure can be

viewed in the online issue, which is available at wileyon-

linelibrary.com.]
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500�C until the Na concentration stopped increasing. In Fig-
ure 5, the saturation concentration is plotted against the
amount of surface oxygen before heating. There is a linear
relationship at both temperatures where samples with more
surface oxygen accumulate more Na, which clearly demon-
strates that surface oxygen plays a critical role in controlling
the Na saturation concentration. At this point, it is not clear
why the saturation concentration is greater for samples that
were heated to higher temperatures. Mathematical modeling
was then performed to explain the observed relationships
and quantify the diffusion process.

Diffusion modeling

The accumulation of Na on the surface of Mo was mod-
eled according to Harrison’s type C diffusion regime where
the grain boundary diffusion coefficient is much larger than
the bulk lattice diffusion coefficient (Db >> Dl). In this
case, transport only takes place along grain boundaries and
on the free surface while diffusion through grain interior is
negligible. Such diffusion behavior is usually observed at
temperatures below 35% of the melting point.28 Therefore,
this analysis is appropriate for this system due to the high
melting point of Mo at 2623�C and the relatively low tem-
perature range of 300–500�C used in this study.

To obtain a mathematical solution, an analysis is adopted
from the two-dimensional model of Hwang and Balluffi
describing type C diffusion through a thin film.29 This analy-
sis is performed for a single grain and can be extended to
multigrained structures due to the symmetry of the micro-
structure. Figure 1c shows a schematic of a single grain
boundary and adjacent grains along with several parameters
used in this model. Based on the previously discussed SEM
cross-sectional images, Mo grains were approximated as
evenly spaced, parallel square columns with the grain width
(ds) and the film thickness (h) having values of 50 and 680
nm, respectively. Based on transmission electron microscopy
measurements of Mo films performed by other groups, a
value of 3 nm was used for the grain boundary width (d).30

Lastly, the accumulation of Na is confined on the surface
within a layer of fixed thickness ds. This fixed accumulation
layer thickness is well justified since after the Na reaches its
saturation concentration the Mo film is always detected by
XPS, showing that accumulation does not continue indefi-
nitely. It is assumed that the accumulation of Na is limited
to a single monolayer, which gives ds a value of 0.2 nm.
Although this is a somewhat arbitrary assumption, if diffu-
sion does not occur in a perfect monolayer it should not sig-
nificantly alter the estimation of the diffusion coefficient.31

The analysis begins by assuming all Na transport takes
place according to Fick’s second law. The generalized form
for this is

@c y; z; tð Þ
@t

5D y; zð Þr2cðy; z; tÞ (1)

where c is the concentration of Na and D is the diffusion
coefficient. z is defined as the direction parallel to the grain
boundaries, and y is the direction perpendicular.

Because diffusion only takes place along grain boundaries
and on the surface, the expression can be separated into two
equations. The first equation accounts for diffusion along
grain boundaries and the second accounts for diffusion
across the surface

@cb z; tð Þ
@t

5Db

@2cb z; tð Þ
@z2

for 0 � z � h (2)

@cs y; tð Þ
@t

5Ds

@2cs y; tð Þ
@y2

for 0 � y � ds

2
(3)

where cb is the Na concentration along the grain boundaries,
Db is the grain boundary diffusion coefficient, cs is the con-
centration of Na along the surface, and Ds is the surface dif-
fusion coefficient.

To fully constrain both of these partial differential equa-
tions, four boundary conditions and two initial conditions are
needed. The two initial conditions arise because the grain

Figure 5. The saturation concentration of Na as a func-
tion of initial surface oxygen on the Mo film
after heating in vacuum at 400�C (blue
squares) or 500�C (red diamonds).

Surface oxygen was varied from as-deposited films by

either sputter etching or heating in air at 200�C. [Color

figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 4. Na concentration on Mo surface as measured
by XPS as a function of heating time at 400�C
for samples with a high amount of surface
oxygen (red diamonds) and low amount of
surface oxygen (blue squares).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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boundary and surface are both free of Na at the start of
heating

cb z; 0ð Þ5cs y; 0ð Þ5 0 with z 6¼ 0 (4)

Because the amount of Na available from the glass greatly
exceeds the total grain boundary and accumulation volume,
a constant uniform Na concentration is assumed at the SLG/
Mo interface. This can be expressed as the following bound-
ary condition

cb 0; tð Þ5 c0 (5)

where c0 is the Na concentration within the SLG and at the
SLG/Mo interface. This value is independent of position in y
and does not vary with time. c0 was determined from XPS
measurements on bare SLG giving a value of 4 at % both
before and after heating to 500�C for 10 min. This Na con-
centration is lower than expected for SLG and it is likely
that near the surface the glass is Na poor.

The next two boundary conditions describe the transition
of Na out of the grain boundaries and onto the Mo surface.
The first condition accounts for the conservation of matter.
The amount of Na leaving the grain boundary must equal
the amount entering the surface

dDb

@cb

@z

����
z5h

52dsDs

@cs

@y

����
y50

(6)

where ds is the thickness of the accumulation layer. The next
boundary condition describes the segregation of Na between
the grain boundaries and accumulation at the surface. It is
assumed that a thermodynamic equilibrium can be main-
tained at this junction so that the concentration of Na is not
necessarily continuous at the grain boundary exit, and that
the amount of segregation is independent of concentration
giving the following expression

cbs05cs at y50 with z5h (7)

where s0 is the surface segregation factor. This accounts for
any discontinuity in the Na concentration due to surface seg-
regation at the grain boundary exit. As s0 approaches 1, seg-
regation disappears and concentration becomes a continuous
function during the transition to surface diffusion.

Finally, due to symmetry, the following condition on the
sample surface must be met

@cs

@y
50 at y5ds=2 (8)

The full analytical solution is obtained with the Laplace
transform and can be found in Hwang and Balluffi’s
article.29

The problem and solution simplify as the surface diffusion
coefficient becomes infinitely larger than the grain boundary
diffusion coefficient (Ds � Db). When this condition is met,
one can assume that the surface concentration does not vary
with position and changes only with time. In effect, diffusion
is so rapid that the concentration is the same at all values of
y along the surface. The analytical solution for this scenario
was adapted from an analogous heat transfer problem origi-
nally solved by Carslaw and Jaeger32 and is shown below33

cs

c0 s0
5122

X1
n51

exp 2h2
n

Dbt

h2

� �
h2

n1H2
� �

sin hn

h2
n1H21H

� �
hn

(9)

where hn is the nth root of

h tan h5H (10)

and H is a dimensionless quantity representing the ratio of
grain boundary capacity to accumulation layer capacity

H5
dh

dsdss0
(11)

This fast surface diffusion approximation should be valid
for the system used in this study based on experimental data
of the amount of time it takes to reach saturation compared
to the amount of time it takes Na to first appear. If surface
diffusion were limiting, one would expect that it would take
much longer for the surface to become saturated with Na.
Additionally, when fitting the experimental data to the full
Hwang–Balluffi solution, which includes surface diffusion,
the optimized value of Ds is arbitrarily large (fit not shown),
further validating the use of the Carslaw–Jaeger solution.

Table 1 summarizes all parameters used in the Carslaw–
Jaeger solution along with estimations for their values. After
accounting for the Mo microstructure, the only remaining
unknown parameters are Db, and s0. Because Ds is essentially
infinite, it is no longer a parameter.

Equation 9 was fit to experimental data using a downhill
simplex algorithm to minimize the residual sum of squares
while varying Db, and s0. Figure 6 shows fits of the XPS dif-
fusion data from as-deposited SLG/Mo heated at 300, 350,
and 400�C. Table 2 shows the optimized values for Db and
s0 from these three heat treatments and also compares the as-
deposited sample at 400�C to a sputter etched sample with a
low amount of surface oxygen, also heated to 400�C.

The optimized values of Db at 400�C for the as-deposited
sample with high oxygen and sputter etched sample with
low oxygen vary by only 50%. The difference between these
two values of Db is not significant given the precision of
these measurements. Although the oxygen at grain bounda-
ries plays a role in Na diffusion, sputter etching does not
alter the amount of oxygen within the bulk of the film, and
Db remains unchanged. It has been demonstrated that Na dif-
fusion is enhanced in Mo films with a greater bulk oxygen
concentration,16,34 and it is expected that the value of Db

would increase with the concentration of oxygen at the grain
boundaries.

Conversely, the surface segregation factor, s0, is expected
to be dependent on surface properties, and its value for the
sample with a large amount of surface oxygen is nearly nine
times greater than the sample with a low amount of surface
oxygen. Surface adsorbates have been shown to alter surface
segregation of the diffusing species35 and this effect could
contribute to the observation that samples with more surface
oxygen accumulate more Na. Furthermore, the surface segre-
gation factor is known to depend on temperature36 which

Table 1. List of Parameters Used in the Diffusion Model

Along with Approximated Values

Parameter Description Value

C0 Source concentration 4 at %
d GB width 3 nm
h Mo thickness 680 nm
ds Grain width 50 nm
ds Accumulation layer thickness 0.2 nm
Db GB diffusion coefficient Fit to data
S0 Surface segregation factor Fit to data
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can explain the increase in Na saturation concentration for
heat treatments at 500�C and its decrease for the experiment
performed at 300�C.

As expected the grain boundary diffusion coefficient
increases with temperature. Typically the temperature
dependence of a diffusion coefficient follows an Arrhenius
type relation

D Tð Þ5 D0 exp
Ea

RT

� �
(12)

where D0 is the pre-exponential factor and Ea is the apparent
activation energy for grain boundary diffusion. Figure 7 plots
the natural logarithm of Db against the inverse of tempera-
ture. The measurement at 400�C was performed twice, and
both data points are shown in the figure. This plot is linear
confirming that Na diffusion through Mo has an Arrhenius
type dependency on temperature. The slope resulted in an
estimate of the apparent activation energy of 117 kJ/mol. As
a rule of thumb for grain boundary diffusion in metals,
Gupta suggests that the activation energy in cal/mol should
be 17–25 times melting temperature of the diffusion matrix
in Kelvin.37 For grain boundary diffusion in Mo, this gives
an estimated activation energy of roughly 206–303 kJ/mol.
Because activation energy measured for this system is so
much lower than expected, it is likely that the transport of
Na in Mo may not follow a standard mechanism for grain
boundary diffusion. Arnoldy reports an activation energy of
the MoAO bond breaking during the reduction of MoO3 to

be 120 kJ/mol,38 which is in good agreement with activation
energy from Figure 7, suggesting that the MoAO bond is
involved with the diffusion of Na.

Figure 8 shows an Ellingham diagram depicting the Gibbs
free energy of formation for Na2O, MoO3, and MoO2 calcu-
lated using published data.39 Na2O is more stable than both
Mo oxides suggesting that Na is thermodynamically capable
of disrupting MoAO bonds at the grain boundary.

Conclusions

By selectively adding or removing oxygen from the sur-
face of Mo coated SLG, we show a linear relationship
between the surface oxygen concentration and the amount of
Na that ultimately accumulates. We modeled the diffusion
and accumulation of Na using the Hwang–Balluffi method
with a fast-surface diffusion approximation adapted from
Carslaw and Jaeger. Fitting the solution of this model to
experimental data revealed that the surface segregation
parameter is the only parameter that significantly varies with
oxygen content. Surface oxygen can affect the amount of
surface segregation and thus the overall saturation

Figure 6. The Hwang–Balluffi model (solid line) fit to
experimental data (circles) for as-deposited
SLG/Mo samples after diffusion at 400, 350,
and 300�C.

Dashed lines denote the model with 625% of the opti-

mized grain boundary diffusion coefficient. [Color fig-

ure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table 2. Optimized Values of Db and s0 for Various Temper-

atures and Surface Oxygen Concentrations

Treatment
Initial O
(at %) T (�C) Db (CM2/s) s0

Sputter etched 11 400 7.8 3 10212 0.12
None 53 400 12 3 10212 1.02
None 44 350 6.5 3 10213 1.18
None 54 300 2.9 3 10213 0.31

Figure 7. Arrhenius plot for the grain boundary diffu-
sion coefficient.

Figure 8. Ellingham diagram depicting Gibbs free
energy of formation for Na2O, MoO2, and
MoO3.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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concentration of Na. We also calculate an apparent activa-
tion energy for the diffusion of Na through Mo grain boun-
daries. Our reported value of 117 kJ/mol is in good
agreement with the activation energy for breaking the
MoAO bond in MoO3, suggesting NaAO bonds partially dis-
rupt MoAO bonds as Na diffuses through the grain bound-
ary. This result along with the increased saturation
concentration of Na on samples with large amounts of sur-
face oxygen show that oxygen provides a chemical driving
force for the diffusion of Na through Mo.
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