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Lateral inhomogeneity of the Mg/(Zn+Mg) composition
at the (Zn,Mg)O/Culn(S,Se), thin-film solar cell interface
revealed by photoemission electron microscopy
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Spatial variations in the chemical composition of the (Zn,Mg)O/Culn(S,Se), thin-film solar cell
interface were studied by photoemission electron microscopy (PEEM). Energy filtered PEEM
images indicate significant differences in the magnesium and zinc distribution. Local
photoemission measurements reveal a relative difference in the derived Mg/(Zn+Mg) composition
of the (Zn,Mg)O material of up to (11.4 = 0.7)%, which can be expected to induce band gap
fluctuations of (60 = 30) meV. Furthermore, local areas with significant accumulations of sodium
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could be observed. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804413]

INTRODUCTION

Thin-film solar cells based on the chalcopyrite absorber
material system Cu(In;_xGax)(SySe;.y)> (CIGSSe) represent
one of the most promising technologies to compete with
established Si-wafer based devices. High efficiencies, both
for CIGSSe-based modules (9703 cmz, 15.7%)1 and for
laboratory-scale solar cells (0.5 cmz, 20.3%),1’2 have already
been demonstrated. For economical and ecological reasons,
one of the main goals of today’s research is the replacement
of the standard CdS buffer layer (usually prepared by chemi-
cal bath deposition) in the n*-ZnO/i-ZnO/buffer/CIGSSe/
Mo/glass device structure. A very attractive alternative would
be to sputter the n*-ZnO/i-ZnO window bi-layer directly on
the CIGSSe absorber. However, this approach leads to rather
low cell efficiencies (see, e.g., Ref. 3). Minemoto ef al. sug-
gested replacing the i-ZnO with a (Zn,Mg)O layer.* Their
study of the Mg/(Zn+Mg) composition dependence of the
(Zn,Mg)O valence band (VB) position and the optical band
gap led to the suggestion that the Mg-content can be used
to tailor the conduction band alignment at the (Zn,Mg)O/
CIGSSe interface. This was recently confirmed by Erfurth
et al., who directly measured the band alignment at the
(Zn,Mg)O/absorber interface for several Mg/(Zn+Mg) ratios
using a combination of direct and inverse photoemission.’
Both studies show that best efficiencies are achieved when
using a “suitable” Mg/(Zn+Mg) composition (17% in Ref. 4
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and 29% in Ref. 5) that leads to a small spike-like conduction
band offset.** For the absorber material used in our study, so-
lar cell devices with a n"-Zn0O/Zn, ;Mg 30 bi-layer directly
sputtered on the chalcopyrite absorber resulted in efficiencies
of up to 12.5%° (similar to those of corresponding CdS
buffered reference cells: 13.2%).

In a previous study,” we investigated the formation of
the (Zn,Mg)O/Culn(S,Se), (CISSe) interface by spatially
integrating x-ray photoelectron spectroscopy (XPS), finding
the incorporation of Zn in the uppermost region of the CISSe
surface forming Zn-S or Zn-Se bonds. Furthermore, we dis-
covered that as a result, the (Zn,Mg)O layer close to the
(Zn,Mg)O/CISSe interface is Zn depleted (i.e., Mg-rich).
Furthermore, recently we also studied the spatially resolved
chemical and electronic surface structure of high-efficiency
polycrystalline Cu(In,Ga)Se, absorbers by mapping the
elemental distribution at the surface using photoemission
electron microscopy (PEEM) revealing intergrain fluctua-
tions.® In this letter we are using PEEM to spatially resolve
the (Zn,Mg)O/CISSe interface structure. As result, we report
on an interface structure which is rather complex not only
vertically (as reported in Ref. 7) but also laterally.

EXPERIMENTAL

CIGSSe absorber layers were prepared onto Mo-coated
glass in the Avancis pilot line (formerly Shell Solar, Munich)

© 2013 AIP Publishing LLC
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by deposition of metal precursors and subsequent rapid ther-
mal processing.” This results in CIGSSe films that are Ga-free
(i.e., CISSe-like) at the surface.'® (ZnMg)O buffer layers of
1 nm nominal thickness were deposited by rf-magnetron sput-
tering using the same sputter parameters as used for the sam-
ples investigated in our XPS study.” The MgO-content of the
mixed (Zn,Mg)O target was 30%. The PEEM experiments
were performed at the UE49-PGMa microfocus beamline
(BESSY II synchrotron facility) using the SPEEM endstation
equipped with an Elmitec PEEM II instrument'' and ultravio-
let (UV, Hg discharge lamp: 5.1 eV — Hg-PEEM) or soft x-
ray excitation (hv=100-1800eV — X-PEEM). The PEEM
images have been recorded with an accelerator voltage
between sample and microscope lens of 10keV and a field of
view (FOV) of 10 um. The images have been normalized to
(i.e., divided by) a brightfield image recorded directly before
the actual measurements to account for detector characteris-
tics. In order to be able to correct for thermal drifts, a number
of images (several 10 up to a few 100) have been recorded at
relatively short measurement times (1-10s). The final image
was then computed by adding up the individual drift-corrected
images.

Depending on the sample and the energy of the excita-
tion, different mechanisms can generate a contrast in PEEM.
When using excitation energies close above the work func-
tion of the sample, the electron emission intensity is domi-
nated by the local work function of the sample. If excited
with soft x-rays with an energy slightly above an absorption
edge of an element present at the sample surface, the PEEM
images become chemical sensitive. For samples with a pro-
nounced surface roughness like the thin-film solar cell sam-
ples investigated in this study, PEEM is challenging since
the contrast mechanisms described above can be dominated
by topographical contrast, which will be discussed in con-
junction with the data presented below. More detailed infor-
mation on the PEEM technique'*"” and its application to
applied materials science'®'® and thin-film solar cell
structures®>*~>? can be found in respective literature.

RESULTS AND DISCUSSION

Fig. 1 shows PEEM images of the investigated
(Zn,Mg)O/CISSe sample excited with (a) a Hg discharge
lamp (hr=5.1eV) and (b) soft x-rays (hv=177¢eV)
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FIG. 1. PEEM image of a 1 nm (Zn,Mg)O/CISSe recorded with (a) Hg dis-
charge lamp (hv=5.1eV) and (b) soft x-ray (hv=177eV) excitation. The
field of view is 10 um. Dark areas correspond to lower, light areas to higher
electron emission intensities.
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collecting all emitted electrons. FOV for both images is
10 um. The dark (bright) areas of the images correspond to
low (high) electron emission intensity. The features at the
edge and outside of the FOV are artefacts caused by the
applied normalization and drift-correction procedures. Since
the work functions of ZnO and MgO are very similar and
both smaller than hqu,24 the observed large intensity varia-
tion in the Hg-PEEM image in Fig. 1(a) is not a work func-
tion related contrast but can rather mostly be ascribed to the
sample topography (for scanning electron microscopy
images of the bare CISSe absorber, see, e.g., Ref. 3). The X-
PEEM image measured with 177eV shown in Fig. 1(b) is
essentially dominated by secondary electrons and hence this
PEEM image also represents the sample topography. A com-
parison between Figs. 1(a) and 1(b) confirms that the
Hg-PEEM image is dominated by topography features, as
every feature can be related to a topography feature in the
X-PEEM image. Note that the X-PEEM image (illuminated
from the top right in Fig. 1(b)) exhibits shadowed regions
due to the more gracing incidence geometry as compared to
the Hg discharge illumination.

Fig. 2 shows laterally averaged XPS spectra of the
(Zn,Mg)O/CISSe sample recorded with different excitation
energies (using the PEEM as regular electron analyser) lead-
ing to different 1/e attenuation lengths of the electrons (i.e.,
probing depths). While the inelastic mean free path A of the
shallow core level electrons for the 654eV excited data is
~1.4nm, it is only ~0.6nm when exciting with 142eV.*
Hence, while with hy=654eV also the absorber can be
probed through the (Zn,Mg)O layer, the absorber-related
photoemission peaks (Se 3d and In 4d) are significantly atte-
nuated in the more surface sensitive 142eV spectrum. The
higher decrease of the In 4d line intensity as compared to
that of the Se 3d can be explained by the changes in photoio-
nization cross section ¢ for the In 4d and Se 3d photoelec-
trons when decreasing hv from 654 to 142eV; while gg. 34
increases by a factor of approx. 15, oy, 44 Only increases by a
factor of approx. 1.7.%°

The observable Na 2p photoemission line is indicative
for the well-known presence of sodium in the proximity of

Normalized Intensity

50 40 30 20 10 0
Binding Energy [eV]

(2}
o

FIG. 2. Spatially integrating XPS spectra of the shallow core levels (as indi-
cated) of a CISSe sample covered with a nominal 1nm thick (Zn,Mg)O
layer. The red spectrum was excited with 142eV and the black spectrum
with 654 eV photons, respectively.
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the CISSe surface.”” Usually, Na stems from the employed
soda-lime glass substrate and diffuses through the Mo back
contact and the chalcopyrite thin film during absorber forma-
tion at elevated (500 °C-600°C) temperature, accumulating
at the inner (i.e., grain boundaries) and outer chalcopyrite
surface.?’ In the past, several beneficial effects have been
attributed to the incorporation of Na.?” However, if the avail-
able Na amount is too high, it also can have a detrimental
impact on the device performance.?” Thus, it is important to
control the amount of Na incorporated into the chalcopyrite
absorber, which — for the samples studied here — is done by
employing a diffusion barrier between glass substrate and
molybdenum and applying a Na precursor on the Mo back
contact prior CIGSSe preparation.”® The effect and its im-
portance of a homogeneous Na incorporation into the
CIGSSe absorber w.r.t. the solar cell performance will be
discussed in more detail in conjunction with our findings pre-
sented in Figs. 3(c) and 4(b) below.

For quantification of the Mg/(Zn+Mg) ratio, the Mg 2p
and Zn 3d lines were fitted using Voigt profiles and linear
backgrounds. Correcting the determined intensities with the re-
spective o-values,”® the Mg/(Zn+Mg) ratio of the (Zn,Mg)O
cover layer was computed. (Note that since the Mg 2p and Zn
3d photoemission lines are energetically close together their
information depth and detector characteristics are very similar
and hence no further corrections are applied.) While for the
654 eV measurement, we find the Mg/(Zn+Mg) ratio to be
0.40 (% 0.10); for the more surface sensitive 142eV data, the
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FIG. 4. Local XPS spectra (normalized to the Mg 2 p photoemission line) of
(a) regions A and B and (b) regions C and D as indicated in Fig. 3.
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FIG. 3. X-PEEM images presenting the spatial intensity distribution of the (a) Mg 2p, (b) Zn 3d, and (c) Na 2 p photoemission. The field of view is 10 um.
The regions A-D of local XPS measurements (shown in Fig. 4) are indicated.

Mg/(Zn+Mg) is 0.50 (£0.10). Both ratios are higher com-
pared to the Mg/(Zn+Mg)=0.30 composition of the
(Zn,Mg)O sputter target, but agree very well with results of
our previous XPS study.” The fact that the more surface sensi-
tive measurement shows the higher Mg content confirms our
previous conclusion that Zn is incorporated into the upper
region of the CISSe absorber forming Zn-Se or Zn-S bonds
and resulting in a (Zn,Mg)O layer which is Zn-depleted (Mg-
rich) in the proximity of the interface.” Although single phase
(ZnMg)O is reported for Mg contents as high as 50%—if
grown on ZnO buffer layers®—usually the nonequilibrium
solubility limit of MgO in ZnO is found to be reached for Mg/
(Zn+Mg) ratios of >approx. 40%.%**' In consequence, the
separation/segregation of MgO in the proximity of the
(Zn,Mg)O/CISSe interface can also be not excluded.

To address the question whether spatially separated
MgO phases are present, we used laterally resolved energy-
filtered X-PEEM for the spectroscopic imaging of the
(Zn,Mg)O/CISSe interface structure. Figs. 3(a)-3(c) show
the Mg, Zn, and Na X-PEEM images, respectively. Element
specificity is achieved by tuning the excitation energy and
analyzer energy on a particular characteristic photoemission
line (here: Mg 2p [hv=174¢eV], Zn 3d [hv=135eV], and
Na 2p [hv =142 eV]). The images in Fig. 3 are difference
images calculated by subtracting background images
recorded at ca. 2-5eV lower kinetic energy than the respec-
tive photoemission line from the images recorded right on
the photoemission lines. Comparing the X-PEEM image in
Fig. 1(b) with Figs. 3(a)-3(c)), a similar pattern of dark areas
can be observed confirming that these regions are shadowed
by topography features of the (Zn,Mg)O/CISSe sample
surface. However, a comparison between the Mg and Zn
X-PEEM images reveals significant additional intensity
variations, which cannot be attributed to the topography
(i.e., areas which appear bright for the Zn X-PEEM and
darker for the Mg X-PEEM and vice versa). In order to quan-
tify the magnitude of these variation, we have also collected
spatially resolved XPS spectra using hrv=142eV, which
are shown for area A (indicated in the Mg X-PEEM image,
Fig. 3(a)) and area B (— Zn X-PEEM image, Fig. 3(b)).
These areas show either high Mg or Zn content, respectively,
and the corresponding spectra are depicted in Fig. 4(a) nor-
malized to the Mg 2p photoemission line. It can be observed
that the respective Zn 3d line intensity is significantly higher
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in spectrum B. In order to quantify the respective Mg/
(Zn+Mg) ratios, the photoemission lines were simultane-
ously fitted using Voigt profiles (with coupled Lorentzian
and Gauss widths) and linear backgrounds. We determine
Mg/(Zn+Mg) ratios of 0.49 (*+0.10) for area A and 0.44
(%£0.10) for area B. While the first value corresponds well
with the average composition determined from the 142eV
data shown in Fig. 2, the Mg/(Zn+Mg) ratio in area B is
(11.4 £0.7)% lower (than that in area A). Note the different
error bars; while the absolute composition numbers contain
the uncertainty of ¢, the indicated relative change in composi-
tion is less error prone, as only the uncertainty in the determi-
nation of the Zn 3d and Mg 2p line intensities contribute. The
fact that the Mg/(Zn+Mg) ratio in area A is in good agree-
ment with the average Mg/(Zn+Mg) composition points to a
rather complicated chemical surface/interface structure in
which an area with an absolute high Mg count rate as depicted
in Fig. 3(a) does not necessarily mean a high Mg/(Zn+Mg)
ratio. Despite the high Mg/(Zn+Mg) composition, this could
be interpreted as indication for the presence of single phase
(ZnMg)O (as opposed to spatially separated MgO and ZnO
dominated areas). However, note that a layer composed of
rather homogeneously distributed ZnO and MgO nano-
crystals can also not be excluded based on the here presented
X-PEEM data. Taking the determined Mg/(Zn+Mg) ratios
[area A: 0.49 and area B: 0.44 (£0.1)] and reported Mg/
(Zn+Mg) ratio dependent band gap values of (Zn,Mg)O>>
into account, this would translate into (Zn,Mg)O band gap
fluctuations of (60 *=30) meV. Interestingly, we recently
found indication for a very similar spatially band gap variation
(40 meV) for high-efficiency Cu(In,Ga)Se, solar cell absorber
surfaces caused by a variation of the Ga/(In+Ga) composi-
tion.® While the effects of spatially varying absorber band
gaps on the performance of respective solar cell devices have
previously been discussed in detail,** similar studies address-
ing the respective impact of electronic structure fluctuations
of the emitter are scarce. However, similar to the effect of
absorber band gap fluctuations, it is expected that the emitter
band gap variations observed here might lead to an increase in
the saturation current density and a corresponding decrease of
the open circuit voltage. As the Mg/(Zn+Mg) composition of
the emitter is used to deliberately tune the electronic align-
ment at the emitter/absorber interface,*” a negative impact of
the revealed surface/interface structure fluctuations on cell
efficiencies can be expected.

In addition to different spatial distributions of Mg and
Zn, we can also identify a significant accumulation of Na
in several areas confined to approx. 2 um (see area D in
Fig. 3(c)). The respective XPS spectrum of area D is com-
pared in Fig. 4(b) to that of area C. While a significant Na 2p
signal can be identified in the XPS spectrum of area D, no
major Na 2p intensity can be observed in the spectrum of
area C. As already pointed out above, the presence of sodium
can be beneficial for the performance of chalcopyrite-based
thin-film solar cells.?’ However, this local high Na content is
expected to degrade the CISSe material quality. In a standard
device configuration with a CdS buffer layer deposited in a
chemical bath, this accumulation of Na would not be an
issue, since Na would be removed from the absorber surface

J. Appl. Phys. 113, 193709 (2013)

during the induction period of the chemical bath deposition,
in which the sample surface is essentially exposed to (i.e.,
etched in) aqueous ammonia.** In the buffer-free case stud-
ied here—in which the emitter is directly sputtered onto the
chalcopyrite absorber—the revealed Na accumulation must,
however, be considered in the future development of
(Zn,Mg)O/CISSe based devices.

SUMMARY AND CONCLUSION

In summary, we have investigated the chemical struc-
ture of the (Zn,Mg)O/CISSe thin-film solar cell structure by
spectroscopic imaging using a photoemission electron micro-
scope. We find fluctuations in the Mg/(Zn+Mg) composition
and the local accumulation of sodium in the proximity of the
emitter/absorber interface. Furthermore, the comparison of
spatially integrating with local XPS results suggests the pres-
ence of single-phase (Zn,Mg)O material, although the
derived Mg/(Zn+Mg) ratio exceeds reported nonequilibrium
solubility limits.***! Based on the combination of these
spatially resolved results and the vertically resolved findings
reported in, e.g., Ref. 7, it is now possible to draw a more
detailed picture of the complex (Zn,Mg)O/CISSe interface
structure, which is a prerequisite for further knowledge-
based solar cell optimization.
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