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Cadmium diffusion experiments were performed on polished copper indium gallium diselenide
(Cu(In,Ga)Se2 or CIGS) samples with resulting cadmium diffusion profiles measured by time-offlight secondary ion mass spectroscopy. Experiments done in the annealing temperature range
between 275  C and 425  C reveal two-stage cadmium diffusion profiles which may be indicative of
multiple diffusion mechanisms. Each stage can be described by the standard solutions of Fick’s second law. The slower cadmium diffusion in the first stage can be described by the Arrhenius equation
D1 ¼ 3  104 exp ( 1.53 eV/kBT) cm2 s1, possibly representing vacancy-meditated diffusion. The
faster second-stage diffusion coefficients determined in these experiments match the previously
reported cadmium diffusion Arrhenius equation of D2 ¼ 4.8  104 exp (1.04 eV/kBT) cm2 s1, sugC 2015 AIP Publishing LLC.
gesting an interstitial-based mechanism. V
[http://dx.doi.org/10.1063/1.4937000]
Copper indium gallium selenide (Cu(In,Ga)Se2 or CIGS),
a direct band gap semiconductor, is a promising photovoltaics
material due to its higher absorption coefficient compared
with traditional silicon-based solar cells which translates to
reduced material utilization and cost. Solar-grade devices with
p-type Cu(In,Ga)Se2 and an n-type cadmium sulfide (CdS)
buffer layer deposited via chemical bath deposition have demonstrated record conversion efficiencies past 20% in recent
years.1
Losses in device performance can be attributed to CIGS
structural defects (e.g., electronic doping, vacancies, compositional inhomogeneity, and grain boundaries).2–4 Excess diffusion of cadmium further into the CIGS thin film degrades
device performance.5 Because underlying diffusion mechanisms of cadmium in CIGS remain unclear, a better understanding of cadmium diffusion mechanisms and site occupancy
in CIGS may lead to an improved device performance.5–8
Previous work by the authors shows the two-stage
cadmium diffusion profiles in CIGS films of 700 nm in
thickness—versus standard thickness of 2 lm in solar-grade
CIGS films—using CdS as the diffuser source.8 Each stage
was fitted with the constant- and limited-source solutions of
Fick’s second law. The 700 nm thin film’s smaller asdeposited surface roughness allowed for better depth resolution during depth-profiling.
However, because of the smaller grain size in the
700 nm films, the contribution of grain boundary diffusion to
either stage in the diffusion profiles was not ruled out. A
chemical reaction between the CdS and CIGS layers could
have created the first stage. In this letter, enabled by advances in surface polishing techniques, we confirm and quantify
the first-stage cadmium diffusion occurring in polished CIGS
thin films with larger grain sizes using cadmium chloride
(CdCl2) instead of CdS as the diffuser source. Experiments
in this letter show that the two-stage profiles appear to be independent of diffuser source type, suggesting multiple intrinsic cadmium diffusion mechanisms in the CIGS lattice.
0003-6951/2015/107(23)/232104/4/$30.00

Soda lime glass (SLG)/Mo/CIGS stacks were fabricated at
SUNY Polytechnic Institute’s Solar Energy Development
Center (SEDC-PVMC) using a three-stage coevaporation process which has yielded champion efficiencies above 18%.9
2 lm CIGS films were deposited onto Mo-coated glass substrates via a coevaporation system. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) measurements of
the as-deposited CIGS films showed a Cu/(In þ Ga) ratio of
0.88, a Ga/(In þ Ga) ratio of 0.32, and a Se/(Cu þ In þ Ga)
ratio of 0.93.
The rough as-deposited surface of the 2 lm thick CIGS
films (root mean square roughness RRMS of 200 nm) and
sputtering-induced surface roughness contribute to a poor depth
resolution. To improve depth resolution during sputtering, the
samples were polished to 1 lm using a 0.05 lm alumina
slurry. The polished CIGS films showed a Cu/(In þ Ga) ratio of
0.84, a Ga/(In þ Ga) ratio of 0.35, and a Se/(Cu þ In þ Ga)
ratio of 1.01.
The polished samples were subsequently “waterpolished” to remove sticking polishing particles, wiped with
isopropyl alcohol, and then dipped in 38% hydrochloric acid
(HCl) to remove the oxidized film surface.10 2M aqueous
CdCl2 was dripped onto CIGS surfaces and dried under an
infrared lamp. The samples were then annealed in ambient
atmosphere in a quartz tube between 275  C and 425  C for
various durations. Two samples were annealed at the same
temperature and duration (375  C, 15 min). The annealed
samples were once again dipped in 38% HCl to dissolve
CdCl2 residue.
The RRMS of the polished surface was measured with a
mechanical profilometer to be 2–5 nm. Scanning electron microscopy (SEM) images of the polished CIGS surface
showed grain sizes of 2 6 1 lm.
To obtain cadmium diffusion profiles with a high depth
resolution, time-of-flight secondary ion mass spectroscopy
(TOF-SIMS) was utilized.11 Using the ION-TOF TOFSIMS5 equipment, the Csþ sputtering ions were accelerated
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to 1 keV at a current of 25 nA, while the Biþ analytical ions
were accelerated to 25 keV at 20 nA. Out of six samples,
only two samples (Fig. 2) were successfully depth-profiled
for several hours. Depth-profiling in the other four samples
(Fig. 1) was terminated after 100 nm due to beam stability
issues. The depths of the sputtered craters were measured
with a mechanical profilometer and incorporated into the diffusion profiles.
Certain diffusion profiles were analyzed using the constant source diffusion model: C(x,t) ¼ C0 erfc(x/(冑2Dt). The
other profiles were analyzed with the limited source model:
C(x,t) ¼ C0 exp(x2/(4Dt)).12 C(x,t) is the concentration at
position x after time t. C0 for the constant source model
denotes the fixed concentration imposed by the boundary
condition at x ¼ 0 at any given time t. In the limited source
case, C0 is the limited quantity of the diffuser at the surface
at t ¼ 0. D is the diffusion coefficient of the diffuser.
TOF-SIMS counts of the characteristic compound
cesium cadmium (CsCdþ) were normalized to the maximum
CsCdþ intensity within each first-stage curve in Fig. 1. The
diffusion profiles were subjected to non-linear least squares
fitting using Microsoft Excel’s built-in Solver capability.
The last data point used for best fitting was chosen such that
the last theoretical data point could fall on the last experimental data point without divergence. Fig. 1(b) was best fitted
with the limited source model while the others were better fitted with the constant source model. The apparent cadmium
diffusion increases with annealing temperature and time. The
divergence towards the end of the curves is explained in terms
of a transition between diffusion mechanisms.
Fig. 2—two full diffusion profiles without normalization
with respect to maximum CsCdþ count—shows the possibility of two different diffusion mechanisms. The two stages
can be individually fitted using the standard limited source
model. It is emphasized that the fitted second-stage curve in

FIG. 1. Near-surface (i.e., first-stage) cadmium diffusion profiles at various
annealing temperatures and durations: (a) 425  C, 15 min; (b) 375  C, 15 min
(sample #1); (c) 325  C, 40 min; and (d) 275  C, 80 min. The solid lines represent fits using the constant source model ((a), (c), and (d)) and the limited
source model (b).
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FIG. 2. Two full cadmium diffusion profiles at different annealing temperatures and durations: (a) 375  C, 15 min (sample #2, of the same type as sample #1, procured for verification, using the same sample preparation process)
and (b) 360  C, 10 min. Two distinct diffusion stages in each profile are
shown. The solid lines represent fits of both diffusion stages using the limited source model. Five-point adjacent data-point averaging was used to
smoothen the curve of data points. Due to data-point crowding at greater
logarithm-scaled depths, selected data points are shown for visibility.

Fig. 2(a) has a diffusion coefficient of 2  1012 cm2 s1,
close to 4  1012 cm2 s1 that was calculated using the
Arrhenius equation determined by Hiepko et al.7 For comparison, the first stage’s 2  1016 cm2 s1 (Fig. 2(a)) is several orders of magnitude smaller than its the second-stage
counterpart (cf. Fig. 3). The first stage exhibits intense
CsCdþ signals that are an order of magnitude higher than

FIG. 3. Cadmium diffusion coefficients in CIGS as a function of reciprocal
temperature. The open circles and triangles (iv) represent experimental firststage diffusion data points from Figs. 1 and 2, respectively. The dotted line
(iv) is the least squares fit of the experimental data. The dashed line (iii) is
the copper vacancy diffusion coefficient curve as derived by Pohl et al.13
The open triangles (ii) are the experimental second-stage diffusion coefficients from Fig. 2. The solid line (i) is the cadmium diffusion coefficient
curve as measured by Hiepko et al.7
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those seen in the second stage, suggesting different levels of
cadmium incorporation in the lattice that may depend on diffusion mechanisms.
The measured first-stage diffusion coefficients in this
work display a temperature dependence that can be modelled
by the following Arrhenius equation (Fig. 3, curve (iv)):
D1 ¼ 3:0  104 exp ð1:53 eV=ðkB TÞÞ cm2 s1 :

(1)

where kB is the Boltzmann constant and T is the annealing
temperature. The standard error of the activation energy
(DE ¼ 1.53 eV) is 0.05 eV, and the standard error in the preexponential factor (D0 ¼ 3.0  104 cm2 s1) results in an uncertainty factor of 2.5. Cadmium diffusion coefficients in the two
samples that were successfully depth-profiled into the secondstage region (Fig. 2) closely match the cadmium diffusion coefficient equation D2 ¼ 4.8  104 exp(1.04 eV/(kBT)) cm2 s1
that was obtained by Hiepko et al. (cf. solid line (i) in
Fig. 3).7 Because it is thought that cadmium atoms preferentially occupy copper vacancies in CIGS, curve (iii) in Fig. 3
represents the temperature dependence of copper selfdiffusion in CIGS by the copper vacancy mechanism as calculated by Pohl et al.13 Pohl’s Arrhenius equation can be
written as the following:
DCu ¼ 4:6  104 exp ð1:26 eV=ðkB TÞÞ cm2 s1 :

(2)

The characteristic linear x6/5 tail (i.e., when the x-axis of a
diffusion profile is plotted as x6/5) seen in grain boundary diffusion in polycrystalline materials does not appear in the diffusion profiles in Fig. 1.12 The x6/5 tail also does not appear
in the full depth profile in Fig. 2. However, a calculation was
done to check for possible contribution of grain boundary
diffusion to the first stage in Fig. 1. Using a model of a
rectangular-prism grain of a 2 lm  2 lm square with a depth
of 20 nm—representative of the first-stage diffusion in this
work, it is assumed that grain boundary diffusion is sufficiently rapid over the depth of 20 nm that the four side faces
of the prism become constant sources of cadmium. This
removes the consideration of a specific value for the cadmium grain boundary diffusion coefficient.
An intrinsic first-stage lattice diffusion coefficient D1 of
2.4  1016 cm2 s1 (i.e., the obtained measurement at 375  C)
and an annealing time of 15 min (t15) are assumed in this
model. Five one-dimensional diffusion fields derived from
the constant source model using D1 and t15—the diffuser
source on the top of the prism and those of the four sides—
are integrated at every nanometer in the depth up to 20 nm.
The profile of integrated concentration versus depth is then fitted with the least squares method using the Solver capability
built in Microsoft Excel to obtain an “effective” diffusion coefficient Deff. Deff was determined to be 2.5  1016 cm2 s1
which is close to the intrinsic value of 2.4  1016 cm2 s1.
Accordingly, the first-stage lattice diffusion coefficients could
be overestimated by 5% at the most due to grain boundary
diffusion.
The first stage might represent the substitutional-vacancy
diffusion mechanism where the substitutional cadmium atom
(in a copper lattice site) jumps to a neighboring copper vacancy.
Rapidly diffusing cadmium interstitials may be responsible for

the second stage via reaction with copper vacancies to form
cadmium substitutionals in the depth.
It is notable that there is a discrepancy between this
work’s first-stage cadmium diffusion coefficients and the
copper self-diffusion coefficients that represent the copper
vacancies themselves.13 Pohl assumed that the copper vacancy concentration was due to off-stoichiometry—set to a
constant value of 4% of copper vacancies on the copper sublattice or a total vacancy concentration of 1 at. %.
Consequently, copper self-diffusion as a function of temperature is largely controlled by Pohl’s calculated migration
barrier DHm of 1.26 eV. In a separate work, Oikkonen et al.
suggests a copper vacancy migration barrier of 1.09 eV along
with copper vacancy formation energy DHf being influenced
by the Fermi level in the band gap and the CIGS stoichiometry (e.g., copper-poor versus copper-rich).14
If the first stage represents substitutional-vacancy
diffusion (and interstitial-based diffusion in the second
stage), the temperature-independent vacancy concentration
assumption may not hold in the present work. The firststage diffusion activation energy 1.53 eV is higher than that
suggested by Pohl and Oikkonen. Thus, contributions from
the vacancy formation energy DHf and the binding energy
of the impurity-vacancy interaction DHB may be included
(i.e., 1.53 eV ¼ DHf þ DHm þ DHB). DHB represents the
altered vacancy population around an incorporated impurity
(cadmium) atom.12
The copper vacancy concentration assuming a temperature dependence in CIGS—despite the already significant
amounts of copper vacancies on the order of several atomic
percent—can be explained in the terms of low copper selfinterstitial energies.15 In a related study, Pohl et al. suggest
that copper self-interstitial formation (migration) energy
may be as low as 0.17 eV (0.22 eV).16
With these low formation and migration energies, further copper vacancies may be generated by the transfer of
copper atoms to interstitial sites during annealing. The newly
created copper interstitials in the near-surface region in
CIGS then migrate to the surface while cadmium atoms diffuse into CIGS. Because copper self-interstitial formation
energies decrease with decreasing copper vacancies, a domino effect could occur, allowing for more copper atoms to
form self-interstitials as cadmium atoms diffuse into CIGS
and occupy copper vacancies.17 The idea of cadmium incorporation promoting further copper depletion of CIGS is not
novel; Kiss et al. suggest a similar mechanism in a CuInSe2related material.4
An alternative diffusion model may include only one
cadmium diffusion mechanism where the cadmium interstitial transport is sufficiently rapid in the near-surface region,
where further cadmium substitutional incorporation
becomes limited by intrinsic vacancy copper diffusion from
the free surface as suggested for zinc diffusion in CIGS.18
In this case, cadmium interstitials in the near-surface region
await for available vacancies to react with. This is in contrast to the substitutional-vacancy model proposed earlier
in this letter as the cadmium substitutional-vacancy diffusion may be negligible compared with the intrinsic copper
vacancy diffusion.
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Another alternative model might simply involve cadmium substitutional-vacancy diffusion in the second stage.
The pre-exponential factor in Pohl’s equation for copper
self-diffusion via the vacancy mechanism (Eq. (2)) is close
to the pre-exponential factor as obtained by Hiepko et al. If
Oikkonen’s migration activation energy of 1.09 eV is used
instead of Pohl’s 1.26 eV, Eq. (2) becomes very similar to
the Hiepko’s second-stage cadmium diffusion equation. The
first-stage cadmium diffusion may then represent a secondary diffusion mechanism in CIGS.
The first-stage diffusion activation p
energy
ﬃﬃﬃﬃﬃﬃﬃﬃ of 1.53 eV
suggests a characteristic diffusion length 2Dt of 0.01 nm at
an assumed solar cell operating temperature of 60  C after 20
yr of operation. The second-stage diffusion activation energy
of 1.04 eV as reported by Hiepko et al. suggests a characteristic diffusion length of 50 nm. Thus, the second-stage diffusion profile’s underlying diffusion mechanism may be
responsible for the cadmium-related performance degradation of CIGS-based solar cells.
In summary, we have measured the first-stage cadmium
diffusion activation energy from the two-stage cadmium diffusion profiles in polished CIGS thin films. The data may
suggest a vacancy-based diffusion mechanism (first stage)
and interstitial diffusion (second stage). Our measured diffusion coefficients in the second stage also match with those
measured by Hiepko et al.
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