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Elemental mixing at the CdS /CuInSe2 interface of a thin-film solar cell was studied by means of
atom probe tomography. A Cu-depleted and Cd-doped region ��2 nm in width� was detected at the
CuInSe2 surface, proving the existence of a buried p-n homojunction within the CuInSe2 absorber
layer. Furthermore, CdS was found to infiltrate open pores existing in CuInSe2 during the chemical
bath deposition. This could explain why chemical bath deposition of CdS leads to higher solar cell
efficiencies compared to physical vapor deposition of CdS. © 2011 American Institute of Physics.
�doi:10.1063/1.3560308�

Thin-film solar cells based on CuInSe2 �CIS� �and its
derivative Cu�In,Ga�Se2 �CIGS�� have been under develop-
ment for more than 30 years because of their high efficiency,
long-term stability, and low-cost production.1–3 Optimized
deposition and processing steps for the constituent layers
have led to date to maximum energy conversion efficiencies
of 20.3% for CIGS solar cells.4 Thus, CIGS-based solar cells
belong to the most promising candidates for large-scale pho-
tovoltaic energy conversion.

Despite the outstanding performance of these solar cells,
the separation mechanisms for photogenerated charge carri-
ers at the CdS/CI�G�S p-n junction remain far from being
understood. This is mainly due to a lack of information on
local chemical changes across the CdS/CI�G�S interface, in
particular, at the atomic scale.

Previous studies on the interface between CdS buffer
layers and CI�G�S absorber layers relied on spectroscopic
methods such as energy dispersive x-ray spectroscopy
�EDX�,5,6 x-ray emission spectroscopy,7 x-ray photoelectron
spectroscopy,7,8 Auger electron spectroscopy,8 and secondary
ion mass spectrometry �SIMS�.8 Using these techniques the
buffer/absorber layer interface was found to be intermixed,
suggesting that the idea of an abrupt p-n heterojunction, as
commonly assumed in device simulations,9 is incorrect when
modeling the characteristics of CI�G�S solar cells. Further-
more, the existence of a buried homojunction within the ab-
sorber layer was proposed, based on the detection of a Cd-
doped surface zone in CI�G�S,5,6,8 and confirmed by
scanning Kelvin probe microscopy studies.10

Although the above-mentioned techniques have been
successfully applied to the characterization of the CdS/
CI�G�S interface, they do not provide sufficiently high spa-
tial resolution and accurate compositional data for a com-
plete understanding of the p-n junction. Spatially resolved
chemical analyses below the nanoscale are needed to under-
stand the junction formation in CIS-based solar cells and its
effect on the energy conversion efficiency.

This letter presents for the first time three-dimensional
data on the elemental distribution across CdS/CIS interfaces
obtained by atom probe tomography �APT�. APT, a combi-

nation of time of flight mass spectrometry and ion projection
microscopy,11 allows three-dimensional elemental mapping
with near-atomic resolution and high detection sensitivity,
thus enabling highly accurate chemical analyses of buried
interfaces.

The solar cell studied in this work was fabricated by
co-evaporation of a polycrystalline CuInSe2 film onto a Mo-
coated soda lime glass substrate in a single-stage inline pro-
cess at about 600 °C.12 The CdS layer was deposited by
chemical bath deposition �CBD�. In this process CdSO4, am-
monia and thiourea were mixed and a �60 nm thick CdS
film was grown in 10 min at 65 °C. An intrinsic ZnO layer
and a ZnO:Al front contact layer was finally deposited by rf
and dc sputtering, respectively.

Cross-sectional analyses of the solar cell were done us-
ing transmission electron microscopy �TEM� �JEOL 2200 FS
at 200 kV�. APT experiments were performed with a local
electrode atom probe �LEAP™ 3000X HR, Cameca Instru-
ments�, applying laser pulses of 532 nm wavelength, 12 ps
pulse length, and an energy of 0.1 nJ per pulse at a repetition
rate of 100 kHz. The specimen base temperature was about
60 K. Both TEM and APT samples were prepared using a
dual beam focused-ion-beam �FEI Helios Nanolab 600�,
where APT samples were prepared according to the proce-
dure described in Refs. 13 and 14. To minimize beam dam-
age, a low energy �5 keV� Ga beam was used at the final
ion-milling stage.

Figure 1 shows the cross-sectional bright field TEM im-
age of the ZnO, CdS, and CIS layers. In contrast to the
relatively large grains of the CIS layer ��0.7 to 1.25 �m�,
the CdS layer consists of very small grains ��10 to 15 nm�.
Although the CIS layer exhibits substantial surface rough-
ness ��120 nm in average�, the CdS layer grown on top of
CIS has a uniform thickness ��60 nm�. Top-view scanning
electron microscope images of this CIS layer, taken after
removing the CdS and ZnO layers by chemical etching, re-
vealed a large number of open pores inside the absorber ma-
terial �not shown�.

Figure 2�a� shows a three-dimensional elemental map
which contains the CdS/CIS interface, tilted with respect to
the direction of analysis. The detection of a tilted interface is
not surprising when taking into account the interfacial rough-a�Electronic mail: o.cojocaru-miredin@mpie.de.
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ness observed by TEM �see Fig. 1�. For a quantitative analy-
sis, a concentration profile across the CdS/CIS interface �see
Fig. 2�b�� was plotted as a proximity histogram �for details
see Ref. 15�. An isoconcentration surface of 26 at. % Cd was
defined as the interface. It can be seen in Fig. 2�b� that the
CdS/CIS interface is rather diffuse ��2 nm width�. Close to
the CIS surface there is a distinct zone of about 2 nm in
width �marked in gray in Fig. 2�b�� in which the Cu concen-
tration decreases while the In and Se concentrations remain
constant. In this region, an increased Cd concentration can be
detected as opposed to S, which remains essentially un-
changed. The dashed areas in Fig. 2�b� give the number den-
sity of the “missing” Cu ions and surplus Cd ions close to the
CIS surface. These yield nearly the same values �1.65
�1022 cm−3 and 1.7�1022 cm−3, respectively� showing
that Cu vacancies at the CIS surface are occupied by Cd
atoms. The observed replacement of Cu by Cd is in good
agreement with previous results obtained by EDX �Refs. 5
and 6� and SIMS.8 Figure 2�b� also shows that Cu, In, and Se
atoms have diffused into the CdS layer during the processing
of the solar cell. It is worth noting that the Cu depletion in
the CIS layer could not only be due to the diffusion from the
CIS into CdS but also partly due to Cu dissolution in the
chemical bath. The average composition of the CIS layer
determined from the composition profile �23.3 at. % Cu, 29
at. % In, 46.7 at. % Se� is in good agreement with x-ray
fluorescence spectroscopy measurements for the integral
composition �21.4 at. % Cu, 27.8 at. % In, and 50.8 at. %
Se�. The lower concentration value of Se and higher values
of Cu and In measured by APT may be ascribed to preferen-
tial field evaporation of Se atoms between the laser pulses.
The average CdS composition determined from the concen-

tration profile exhibits a significant deviation from the nomi-
nal 50:50 stoichiometry �see Fig. 2�b��. This is due to some
overlapping mass-to-charge peaks �113Cd+ and 113In+,
140,142,147CdS+ and 140,142,147CuSe+�, which cannot be de-
convoluted in the composition profile and lead to an overes-
timation of the In, Cu, and Se concentration in CdS. To de-
termine a more accurate value for the actual composition of
the CdS layer, the mass spectrum of the CdS layer was
evaluated separately. Overlapping mass peaks were deconvo-
luted into the possible elements or compounds by taking into
account the isotope abundances. The values corrected by this
procedure are shown for both CdS and CIS in Table I. The
sum of the cation �Cd, Cu, and In� and anion �S, Se� concen-
trations nearly yields the expected 50:50 stoichiometry, indi-
cating that Cd is partly substituted by Cu and In, while S is
partly substituted by Se. The existence of an ordered defect
compound as proposed by Schmid et al.16 can be excluded
by the APT concentration profile in �Fig. 2�b�� at least for
this sample.

Figure 3�a� shows the result of an APT analysis in which
CdS could be detected inside the CIS absorber layer more
than 100 nm below the surface. A closer view from different
directions shows that the detected CdS zone is platelike and

FIG. 2. �Color online� �a� APT elemental maps of Cu, In, Se, Cd, and S. The
volume size shown is 18.5�16�45.5 nm3. �b� Proximity histogram with
respect to the Cd 26 at. % isoconcentration surface and 0.3 nm bin size.

FIG. 1. Bright-field TEM image of the CIS/CdS/ZnO interfaces. The CdS
layer as identified by a selected area diffraction pattern �see inset� has uni-
form thickness ��60 nm�.

TABLE I. Chemical composition values of CdS and CuInSe2 layers obtained from APT mass-to-charge spectra after deconvolution of overlapping mass peaks.

Analysis Layer
Cu

�at. %�
In

�at. %�
Se

�at. %�
Cd

�at. %�
S

�at. %�

APT-1 CdS 2.90�0.05 0.93�0.02 1.00�0.02 46.00�0.08 48.70�0.08
Figure 2

CIS 22.00�0.06 29.00�0.07 48.00�0.08 0 0
APT-2 CdS 4.70�0.05 4.00�0.05 1.80�0.03 41.50�0.08 47.30�0.08
Figure 3 CIS 22.50�0.06 28.30�0.07 48.80�0.08 0 0
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not completely enclosed by CIS in the analyzed volume. The
existence of the CdS phase beneath the CIS layer can be
explained by the infiltration of open pores in CIS during the
CBD. The bulk composition values of CdS and CIS, ob-
tained after the deconvolution of overlapping mass peaks, are
shown in Table I. Cu, In, and Se concentrations in CdS are
higher than for the first measurement. This may be because
the CdS zone shown in Fig. 3�a� has a plate-like shape and is
enclosed by CIS. Cu, In, and Se atoms can diffuse into CdS
from different directions, resulting in higher solute concen-
trations.

The main results of our APT analyses on the CdS/CIS
interface can be summed up as follows: �i� Cu, In, and Se
atoms exist in the CdS layer. This can be explained by dif-
fusion phenomena, �ii� Cu vacancies at the CIS surface are
occupied by Cd, and �iii� open pores in CIS are infiltrated
with CdS during the CBD.

APT reveals, in good qualitative agreement with previ-
ous EDX studies but near atomic scale resolution,5,6 a Cd-
doped surface region of the absorber layer. The bivalent Cd
ions are expected to act as substitutional donors on monova-
lent Cu sites due to the similar ionic radii of Cd2+ �0.097 nm�
and Cu+ �0.096 nm�.5

The maximum dopant density estimated from our com-
position profiles is on the order of 1022 cm−3, clearly exceed-
ing typical hole density values in solar grade CIS layers
�p=2�1015 cm−3�.17 Thus, we conclude that the Cd-doped
CIS surface layer is inverted from p-to n-type, and a buried,
shallow p-n homojunction is formed instead of a heterojunc-
tion between CdS and CIS. The homojunction formation is
expected to improve the efficiency of the solar cell due to a

reduction in interfacial recombination of charge carriers.18

Our studies also have shown that open pores inside CIS can
be filled with CdS by the CBD process. Open pores inhibit
charge carrier transport, and therefore, their infiltration with
CdS is beneficial. This could explain why the efficiency of
the solar cells with a CBD-CdS buffer layer is much higher
compared to cells with a CdS buffer layer deposited by
physical vapor deposition.6

Finally, it should be noted that the observations and con-
clusions made in this work for this particular sample cannot
be generally transferred to all CI�G�S solar cells. Different
absorber compositions and deposition methods may well re-
sult in different chemical gradients across the p-n junction.
Nevertheless, this work shows that APT in combination with
efficiency data is a highly promising technique for elucidat-
ing the relationship between compositional variations across
the p-n junction and cell efficiency.

The authors would like to thank Wolfram Witte and Ale-
ksander Kostka for their help in this work.
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FIG. 3. �Color online� APT elemental maps of Cu , In, Se, Cd, and S, in
three different views. The volume size shown here is 48�48�210 nm3.
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