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The complex interface chemistry of thin-film
silicon/zinc oxide solar cell structures

D. Gerlach,*ab M. Wimmer,a R. G. Wilks,a R. Félix,a F. Kronast,c F. Ruskea and
M. Bär*ad

The interface between solid-phase crystallized phosphorous-doped polycrystalline silicon (poly-Si(n+))

and aluminum-doped zinc oxide (ZnO:Al) was investigated using spatially resolved photoelectron

emission microscopy. We find the accumulation of aluminum in the proximity of the interface. Based on

a detailed photoemission line analysis, we also suggest the formation of an interface species. Silicon

suboxide and/or dehydrated hemimorphite have been identified as likely candidates. For each scenario a

detailed chemical reaction pathway is suggested. The chemical instability of the poly-Si(n+)/ZnO:Al

interface is explained by the fact that SiO2 is more stable than ZnO and/or that H2 is released from the

initially deposited a-Si:H during the crystallization process. As a result, Zn (a deep acceptor in silicon) is

‘‘liberated’’ close to the silicon/zinc oxide interface presenting the inherent risk of forming deep defects

in the silicon absorber. These could act as recombination centers and thus limit the performance of

silicon/zinc oxide based solar cells. Based on this insight some recommendations with respect to solar

cell design, material selection, and process parameters are given for further knowledge-based thin-film

silicon device optimization.

Introduction

Decreased material consumption and the possibility of low-cost
and energy efficient production with an abundant and non-toxic
material are the main attractions of silicon based thin-film solar
cells. While cell efficiency lags behind that of wafer-based silicon
solar cells, multiple routes to produce high-quality thin-film
silicon are in development to close the performance gap.

One fabrication route is the direct deposition of hydrogenated
amorphous silicon (a-Si:H) thin films and the use of solid-phase
crystallization (SPC, at approx. 600–650 1C) to convert a-Si:H
to polycrystalline silicon (poly-Si) that is resistant to light-
degradation.1 While poly-Si based solar cell mini modules have
achieved reasonable efficiencies,2 the next challenge is the
implementation of a transparent conductive oxide (TCO) front
contact, such as aluminum-doped zinc oxide (ZnO:Al), for the
ease of electrical contacting and implementation of light
trapping schemes.3

During solar cell fabrication the a-Si:H and/or poly-Si/ZnO:Al
layer stack undergoes multiple post-deposition annealing steps
for SPC and defect passivation (by, e.g., rapid thermal annealing
– RTA – at approx. 950 1C) that are suspected to impact the
chemical and electronic silicon/zinc oxide interface structure
limiting the performance of resulting thin-film silicon solar
cells. The silicon/zinc oxide interface was investigated previously
with soft X-ray emission spectroscopy (XES),4 hard X-ray photo-
electron spectroscopy (HAXPES),5,6 and X-ray absorption spectro-
scopy.7 These studies report that the chemical structure of
the silicon/zinc oxide interface changes significantly after the
thermal treatments.4–7 Furthermore, indications have been
found that Zn and Al atoms – from the aluminum doped zinc
oxide – accumulate at the silicon/ZnO:Al interface and/or
diffuse into the Si cover layer upon SPC.4–6 Recently, liquid-
phase crystallization of a-Si:H layers by laser or e-beam has led to
poly-Si absorber layers with superior electrical quality.8,9 Despite
the short treatment times for liquid-phase crystallization, it is
expected that the harsher conditions and the silicon liquidification
and crystallization will affect adjacent interfaces and hence
enhances the need to study interface reactions between silicon
and oxide materials, which are already used as passivation (e.g.,
SiO2) or contacting (e.g., TCOs) layers that could be employed in
next-generation thin-film silicon based devices.

Employing a photoemission electron microscope (PEEM),
we use spatially resolved photoemission in combination with a
deliberate sample design to gain a deeper insight into the
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chemical structure of the silicon/(aluminum-doped) zinc oxide
interface after SPC. In this paper, we specifically focus on the
still open questions of interface species identification and the
Zn and Al (re)distribution in the proximity of this interface as
the basis for a detailed model for the complex interface chemistry.
As a result the limiting factors of the silicon/zinc oxide interface in a
solar cell device are identified and alternative pathways with respect
to solar cell design, material selection, and process parameters –
circumventing these obstacles – recommended.

Experimental

Using plasma-enhanced chemical vapor deposition (PECVD),
approximately 5 nm phosphorous-doped hydrogenated amorphous
silicon (a-Si:H(P)) was deposited on 650 nm thick magnetron-
sputtered aluminum-doped zinc oxide films on Corning Eagles

glass substrates.10 Subsequently, the deposited a-Si:H(P)/ZnO:Al
structure was subject to SPC, i.e., annealing for 24 hours at
650 1C under N2 atmosphere. For standard thicknesses, this results
in a poly-Si(n+)/ZnO:Al layer stack. Right before introducing the
samples into the ultra-high vacuum PEEM analysis system (base
pressure 5 � 10�10 mbar) for measurements, the thin poly-Si layer
was partly mechanically removed, followed by a HF-treatment (10 s
in 0.5% HF) to remove the (natively formed) surface oxide.

The X-ray photoelectron emission microscopy (X-PEEM)
measurements were performed at the SPEEM endstation – a
modified Elmitec PEEM II system11 – permanently installed at
the UE49-PGMa APPLE-II undulator microfocus beamline of
the BESSY II synchrotron radiation facility. Horizontally polar-
ized X-rays with the polarization vector directed towards the
PEEM entrance were used at grazing incidence sample orienta-
tion. The PEEM images have been recorded with an accelerator
voltage between sample and objective lens of 10 keV and a field
of view (FOV) of 10 mm. The images have been normalized to
(i.e., divided by) a brightfield image recorded directly before the
actual measurements to account for detector characteristics.

Element specificity is achieved by tuning the excitation energy
and analyzer energy to focus on a particular characteristic photo-
emission line. The excitation energy was selected such that the
kinetic energy of each photoemission line being studied was
roughly the same (ca. 200 eV), and so effects such as detector
transmission variations and differing electron inelastic mean free
paths can be neglected for data evaluation. Changing the excitation
energy, rather than the kinetic energy, additionally allows one to
select particular photoemission lines without refocusing the micro-
scope. The presented data is based on X-PEEM difference images
calculated by subtracting an image recorded at the off-resonance
photoemission (i.e., the background signal recorded at ca. 5 eV
lower binding energy than the photoemission line of interest) from
the image recorded at the on-resonance photoemission energy.

Results

A spatially integrating XPS survey spectrum, measured at 250 eV
excitation energy, reveals contributions from Si, Zn, Al, O, and C.

Fig. 1 shows this data, concentrating on the spectral region
containing the Si 2p, Zn 3p and Al 2p photoemission lines. The
two Si 2p photoemission peaks at ESi1 = (102.8 � 0.3) eV and ESi2

= (99.6� 0.3) eV can be ascribed to Si–O2 bonds and Si–Si bonds,
respectively.12 Note that the Si 2p doublet separation of approxi-
mately 0.6 eV could not be resolved with the instrument settings
used, however the Zn 3p doublet (2.7 eV separation) is resolved.12

The energetic position of the Zn 3p3/2 line at EZn = (89.3� 0.3) eV
is in agreement with Zn in ZnO.12 The Al 2p binding energy
(doublet separation of approximately 0.4 eV) of (75.0 � 0.3) eV is
indicative for aluminum in ZnO:Al.12,13

Fig. 2(a) shows a secondary electron emission image with a
field of view (FOV) of 10 mm. The FOV was chosen such that
both an area in which the poly-Si(n+) was mechanically removed
from the ZnO:Al (area (A) in Fig. 2c) and an area in which the
thin poly-Si(n+) covers the ZnO:Al (area (B) in Fig. 2c) could be
probed. Due to the lower work function of ZnO:Al (3.5 eV),
compared to that of Si (4.5–4.9 eV),15,16 the exposed ZnO:Al on
the upper part of the image appears much brighter. Fig. 2(b)
shows the same FOV in an energy-filtered X-PEEM image: while
exciting the sample at hn = 305 eV, electrons were collected at
200.6 eV kinetic energy (Ekin) making the image sensitive to the
Si 2p photoemission signal. More specifically, this image
represents the spatial distribution of the Si 2p photoemission
signature of oxidized silicon (i.e., the energy of probed electrons
corresponds to ESi1). Fig. 2(c) is retrieved in the same fashion
but with an excitation energy of hn = 216 eV, which results in a
Zn 3d (binding energy approx. 10 eV) sensitive X-PEEM image.12

Maintaining the same kinetic energy results in the same
inelastic mean free path of approximately 0.8 nm [IMFP calcu-
lated for a silicon cover layer using the QUASES-IMFP-TPP2M14

code based on TPP2M formula in ref. 17] and thus information
depth for the Si 2p and Zn 3d photoelectrons.

The Si 2p (Fig. 2b) and Zn 3d (Fig. 2c) photoemission
intensity maps appear to be inverses, which confirms that the
upper part of the FOV is the exposed, and the lower part of the
FOV the poly-Si(n+) covered, ZnO:Al, divided by an abrupt edge.
Except for the upper part of the FOV, a mostly uniform Si cover

Fig. 1 Spatially integrating photoemission spectrum of the 5 nm poly-
Si(n+)/ZnO:Al sample taken at 250 eV excitation energy. The insert magnifies
the Zn 3p and Al 2p peaks on the same energy scale. Specific energy
positions ESi1, ESi2 and EZn are indicated and are referred to in the text and
the following figures. Literature values for Si 2p, Zn 3p, and Al 2p (indicating
Si–O2 and Si–Si bonds as well as ZnO and ZnO:Al, respectively) are
presented as gray bars for comparison.12,13
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layer can be observed in the Si 2p X-PEEM image. Darker specks
are most likely due to contamination on the surface or other
topographical features, as they do not show up as bright spots
in the Zn 3d X-PEEM image. Fig. 2(d) shows computed photo-
emission intensity line scans of the Si 2p (ESi1: Si–O2) X-PEEM
image (Fig. 2b) and of a Si 2p (ESi2: Si–Si) X-PEEM image (not
shown) along the arrow indicated in Fig. 2(b) using an integra-
tion width of 2 mm. To directly compare the derived scans, the
intensity is normalized to the corresponding intensity values at
the 4 mm position. The dip at the 7 mm position corresponds to
a dark speck in Fig. 2(b), most likely due to surface contamina-
tion as discussed above. The Si–O2/Si–Si ratio below 2 mm (i.e.,
in the exposed region) is much higher than in the covered area,
suggesting that an oxidized silicon phase is present on the
surface of the exposed ZnO:Al layer. Note that a diffusion of
silicon into the zinc oxide (and the subsequent formation of
Si–O2 bonds), as predicted in ref. 18, would also explain this
finding.

For a more detailed analysis, area-integrated detail spectra
of the exposed region (A) and the covered region (B) [as
indicated in Fig. 2(c)] have been computed and are shown in

Fig. 3. While spectrum (B) is similar to the dispersive plane
spectrum of Fig. 1, spectrum (A) shows enhanced Zn 3p and Al
2p photoemission peaks as expected for a spectrum of the
exposed ZnO:Al area. More surprisingly, the Si 2p photo-
emission line consists primarily of a single peak with a
chemically-shifted binding energy in-between ESi1(Si–O2) and
ESi2(Si–Si) of spectrum (B). [Note that this may result in an
underestimation of the oxidized silicon signal intensity in the
line scan shown in Fig. 2(d).] The Zn 3p and Al 2p detail spectra
of area (A) and (B) are compared in the inset of Fig. 3 after a
6th order polynomial background correction and normaliza-
tion to the peak intensities of the Zn 3p line. The relative Al 2p
intensity in area (B) is much higher. When considering the
corresponding photoemission cross sections,19 the different Al
2p/Zn 3p intensity ratios translate into Al/Zn ratios of (1.6 �
0.8)% for area (A) and (4.1 � 2.0)% for area (B). Note that the
stated experimental uncertainty reflects the low signal-to-noise
ratio and difficulties to reliably account for the spectral back-
ground. The Al/Zn ratio in area (A) agrees very well with the
expected Al/Zn composition considering the 1 wt% Al content
in the ZnO:Al sputter target that results in ZnO:Al layers with an
Al/Zn ratio of 1.6%. The fact that we find an enhanced Al
content in the covered area (B) might be indicative for a
diffusion and/or accumulation of Al into the silicon cover layer
and/or at the silicon/zinc oxide interface, confirming our earlier
results of an SPC-induced Al redistribution.6

In order to identify the potentially formed interface species,
the Si 2p and Zn 3p peaks have been further analyzed (see
Fig. 4). After subtraction of a linear background, the Zn 3p
spectra of area (A) and (B) were simultaneously fitted with two
coupled Voigt profiles of the same Gaussian and Lorentzian

Fig. 2 Secondary electron (SE) image measured at 216 eV (a) and X-PEEM
images at 305 eV for Si 2p (b) and at 216 eV excitation energy for Zn 3d
(c) of the 5 nm poly-Si(n+)/ZnO:Al sample. The excitation energy was
chosen such that it results in the same inelastic mean free paths (IMFP =
0.8 nm14), and hence information depth, for the data depicted in (b) and
(c). The photoemission intensity is color coded according to the scales
shown at the bottom. A Si 2p line scan (d) illustrates the intensity evolution
along the axis shown in (b) for energies ESi1 and ESi2 (see Fig. 1). Here the
intensity was normalized to the 4 mm position.

Fig. 3 Local XPS spectra of the exposed area (A) and the covered area
(B) defined in the Zn 3d X-PEEM image of Fig. 2(c). The inset shows
background corrected spectra (normalized to the maximum of the Zn 3p
photoemission line) of these areas to compare the relative Al 2p intensity.
The scatter plot represents the spectrum of area (B) and the respective
normalization factor is stated. The binding energies ESi1, ESi2, and EZn as
defined in Fig. 1 and vertical dashed lines (as a guide to the eye) are
indicated to compare peak positions.
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width, an intensity ratio according to the 2j + 1 multiplicity
(i.e., 2 : 1), and a fixed doublet separation of 2.7 eV.12 The
position of the Zn 3p3/2 is (88.9 � 0.3) eV and (88.8 � 0.3) eV
in the exposed (A) and covered (B) area, respectively, both of
which are in agreement with Zn in a ZnO environment (as
discussed above).12 After subtraction of a linear background,
the Si 2p detail spectra of area (A) and (B) were simultaneously
fitted with three coupled Voigt profile pairs having the same
Lorentzian and Gaussian widths. The intensity ratio of the
profile doublet was again set according to the 2j + 1 multiplicity
(i.e., 2 : 1) and the spin–orbit doublet separation was set to
0.6 eV.12 As above, the Si 2p3/2 contribution at (99.4 � 0.3) eV
can be attributed to Si–Si bonds while the contribution at
(103.0 � 0.3) eV represents Si–O2 bonds.12 Furthermore, an
additional peak between the Si 2p Si–Si and Si–O2 contributions
can be identified in both the spectra of the exposed (A) and
covered (B) area. Note that the Si 2p spectrum of area (A) is
dominated by this intermediate line at ESi3 = (101.8 � 0.3) eV
and that only a minor Si–Si contribution is observed in
this case.

To test whether the Si 2p3/2 line at ESi3 represents an interface
species, we consult the cross-section-corrected photoemission
intensity line scans along the arrow indicated in Fig. 2(b).20 The
intensities are shown for lines at ESi1(Si–O2), ESi2(Si–Si), ESi3, and
EZn(Zn–O) recorded for two excitation energies hn = 296 eV
(IMFP = 0.8 nm14) and hn = 496 eV (IMFP = 1.2 nm14) in
Fig. 5(a) and (b), respectively. When comparing the line scans
of the more surface-sensitive data in Fig. 5(a) with the more bulk-
sensitive data in Fig. 5(b), we find a significant increase of the
ESi2/ESi1 [i.e., (Si–Si)/(Si–O2)] ratio and an almost unchanged
ESi2(Si–Si)/ESi3 in the covered area (i.e., 2–8 mm). This indicates

that the Si–O2 covers the Si–Si and the ‘‘ESi3 species,’’ and that
the latter species is primarily present on top and/or in the
surface region of the ZnO:Al layer. The Si 2p3/2 binding energy
of the ‘‘ESi3 species’’ is at higher energies [DE = (+2.4 � 0.4) eV]
than the Si 2p3/2 Si–Si contribution. Previously, this was attri-
buted to a ‘‘Si3+’’ oxidization state (DE = +2.48 eV21) interpreted
as being indicative for a silicon suboxide: Si2O3. However,
in ref. 22 the Si 2p3/2 photoemission of hemimorphite
(Zn4Si2O7(OH)2�H2O) was found at 101.76 eV, which would –
within the experimental uncertainty – also agree very well with
ESi3. Note that the Si 2p3/2 of Zn2SiO4 – a species suggested to be
formed at the interface of the inverse layer stack, in particular
when ZnO films are sputtered on Si-wafers23 and when these
stacks are thermally treated at temperatures 4approximately
800 1C24,25 – is reported to be at (102.4–102.6 eV23,26) and thus
does not agree with ESi3, even taking the conservatively estimated
experimental uncertainty into account.

Hence, there are two equivalent scenarios explaining the
presence of the ‘‘ESi3 species.’’ Scenario (I) is based on the
attribution of ESi3 to a silicon suboxide formed at the poly-
Si(n+)/ZnO:Al interface, e.g., at the expense of Zn–O bonds as
proposed in ref. 27 and experimentally shown in ref. 5.

yZnO + xSi - Zn + SixOy (1)

This is in-line with the suggestion by Amekura et al.28 that
Si-implanted into a ZnO matrix will form a silicon (sub)oxide
upon annealing. The chemical driving force for this process is
caused by the fact that silicon oxide is more stable than zinc
oxide.27 Note that an incomplete removal of the silicon cover
layer from the underlying zinc oxide and the subsequent
partial oxidation of the silicon residue could also be an
explanation for the observed presence of a silicon suboxide
in the uncovered area. In the (more complex) scenario (II), ESi3

is ascribed to – due to the thermal SPC treatment – slightly
modified, i.e., dehydrated hemimorphite, Zn4Si2O7(OH)2.
Hydrated zinc silicate hydroxide, i.e., hemimorphite (Zn4Si2O7-
(OH)2�H2O) loses its molecule water at temperatures between
393 1C and 657 1C.29 Note that the impact of the dehydration of
hemimorphite on the respective Si 2p3/2 binding energy can be
expected to be negligible. The formation of this dehydrated
hemimorphite at the interface between silicon and zinc oxide

Fig. 4 Fits of the local Si 2p (left panels) and Zn 3p (right panels) XPS
spectra of the exposed area (A) (top panels) and the covered area (B)
(bottom panels). Open symbols indicate the data, solid lines the fit (red),
individual fit components (black), and the residua (green). The binding
energies ESi1, ESi2, and EZn as defined in Fig. 1 are indicated to compare
peak positions. Note that for the Si 2p fit, the individual Si 2p3/2 and Si 2p1/2

contributions have been considered, but only the doublet is depicted.
Intensity scaling factors and residua are also indicated.

Fig. 5 X-PEEM intensity line scans recorded (a) at 296 eV (i.e., with an
IMFP of 0.8 nm14) and (b) at 496 eV (i.e., with an IMFP of 1.2 nm14) along the
arrow shown in Fig. 2(b). The photo ionization cross section (from ref. 20)
corrected line scans are shown for binding energies ESi1(Si–O2), ESi2(Si–Si),
ESi3, and EZn(Zn–O).
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can be explained by a multistep process that starts with the
dehydrogenation of the a-Si:H in the initial SPC stages according
to eqn (2).30 This process generally starts at temperatures of
350–400 1C.30,31

2a-Si:H - 2poly-Si + H2 (2)

Subsequently, the hydrogen released close to the silicon/zinc
oxide interface could result in a reduction of zinc oxide,
forming metallic zinc (see eqn (3)) as is proposed to take place
for bulk ZnO for temperatures 4600 1C in ref. 32.

ZnO + H2 2 Zn + H2O (3)

The formed (gaseous) water could then result in the oxidation
of the interfacial silicon as described in eqn (4a). Alternatively,
the silicon could also be oxidized by residual oxygen in the SPC
tube furnace following the process described by eqn (4b). Both
the ‘‘wet-oxidation’’ (4a) and the ‘‘dry-oxidation’’ (4b) of silicon
start at temperatures similar to the 650 1C used for the SPC
treatment.33,34

Si + 2H2O - SiO2 + 2H2 (4a)

Si + O2 - SiO2 (4b)

Under these circumstances ZnO, SiO2, and H2O are present at
the silicon/zinc oxide interface, and thus it can be speculated
that (dehydrated) hemimorphite is hydrothermally synthesized
as proposed in ref. 35.

4ZnO + 2SiO2 + H2O - Zn4Si2O7(OH)2 (5)

For the availability of water and silicon oxide as educts for
reaction (5) it is not necessarily required to follow routes (3) and
(4); they could also be provided via the reaction of the liberated
hydrogen with residual oxygen in the SPC tube furnace and
through the process described in scenario (I), respectively.
Based on the available data no scenario can be favored and
thus a silicon suboxide (- scenario I) and/or a (dehydrated)
hemimorphite (- scenario II) could be formed as an inter-
face species. Correspondingly, the ‘‘decomposition’’ of the
(aluminum-doped) zinc oxide may take place according to
scenario (I) (eqn (1)) and/or (II) (eqn (3) and (5)). The resulting
‘‘liberation’’ of zinc (and aluminum) is in agreement with the
observed SPC-induced elemental redistribution of Zn and Al in
the proximity of the poly-Si(n+)/ZnO:Al interface.5,6 Based on
the discussion in conjunction with the inset of Fig. 3 (above)
and ref. 6, it was found that this redistribution is more
pronounced for Al than for Zn, i.e., more Al (than Zn) accumu-
lates at the poly-Si(n+)/ZnO:Al interface and/or Al is located
closer to the poly-Si(n+)/ZnO:Al sample surface. Considering that
the accumulation of aluminum in silicon oxide is preferred
over that in silicon,36 the latter explanation would be in agree-
ment with both scenario (I) and the formation of a silicon oxide
‘‘reaction front’’ located between the poly-Si top layer and the
hemimorphite interface species (scenario II).

Correspondingly, the reported formation of Zn2SiO4 upon
annealing at higher temperatures (Z950 1C) as used for RTP,7

can be explained by the solid-state reaction of zinc oxide and

silicon (sub)oxide (forming Zn2SiO4) as reported in ref. 37 for
temperatures between 800 1C and 1000 1C and/or the dehydro-
xylation of Zn4Si2O7(OH)2, which starts at temperatures
4700 1C.38 Similarly, the RTP-induced formation of AlxOy at
the poly-Si(n+)/ZnO:Al interface as suggested by Becker et al.,7 is
in accordance with the formation of aluminum oxide at the
expense of the reduction of SiO2, which is reported to take place
in the Al–SiO2 material system for temperatures 4700 1C.39

Based on secondary ion mass spectroscopy depth profiles, it
was also reported that after RTP a pronounced zinc diffusion
into the poly-Si takes place, while aluminum mainly stays (as
AlxOy) in the proximity of the poly-Si(n+)/ZnO:Al interface.7 At
first, this seems to contradict our finding that Al shows the
higher degree of SPC-induced interfacial redistribution. The
fact that no significant diffusion of zinc in silicon below SPC
temperature o approximately 700 1C o RTP temperature is
documented40 and that the aluminum is – according to the
above suggested oxide formation mechanism – practically
confined to the poly-Si(n+)/ZnO:Al interface, however, explains
both experimental observations.

Although one cannot exactly pin down the interface chem-
istry taking place for thin-film silicon/(aluminum-doped) zinc
oxide solar cell structures upon post-deposition thermal treat-
ments, it is possible to identify the limiting driving forces. The
chemical interaction at, and thus instability of, the poly-Si(n+)/
ZnO:Al interface is caused by the fact that SiO2 is more stable
than ZnO (- scenario (I)) and/or that H2 is released from
the initially deposited a-Si:H by SPC induced dehydrogenation
(- scenario (II)). In consequence, to improve the stability of
thin-film silicon based interfaces it is recommended to
(i) employ an alternative transparent conductive oxide (TCO)
which is stable in contact to silicon also at high temperatures,
(ii) directly deposit poly-Si or reduce the H2 content in the a-Si
layer, and/or (iii) introduce a chemically inert barrier layer
between the thin-film silicon and the ZnO:Al TCO.

With respect to recommendation (i), and solely based on the
thermodynamic stability in contact with silicon, e.g., ZrO2

would be a suitable candidate to replace ZnO27 – if one could
manage to enhance its conductivity. Directly depositing poly-Si
[- (ii)] is definitely a viable route to minimize hydrogen
content in the silicon thin film but usually does not lead to
the same material quality as yielded by SPC of a-Si:H. If
scenario (II) would be the dominating one, then one could
add a low-temperature annealing step at around 400 1C (for
dehydrogenation) before going to 600–650 1C for SPC. This
would be a way to avoid ZnO decomposition (according to
eqn (3)), as it will only take place in the presence of H2, but not
at temperatures below 600 1C.32 Using, e.g., a SixNy barrier layer
[- (iii)] the diffusion of zinc into the silicon thin film can be
prevented.7 This not only improves the stability of the interface
but also inhibits the Zn-impurity induced formation of deep
energy levels that can act as recombination centers.41 Avoiding
ZnO decomposition and thus preventing zinc from being
formed close to the interface might, hence, also be the key to
improve the performance of thin-film solar cells based on
silicon/zinc oxide structures.
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Conclusion

In summary, we used spatially resolved X-PEEM to study the
chemical structure of the silicon/(aluminum-doped) zinc oxide
interface. We find indications for Al diffusing into the silicon
and/or its accumulation in the proximity of the interface.
Furthermore, the presence of a new silicon species at the
poly-Si(n+)/ZnO:Al interface was revealed. Silicon suboxide
(Si2O3) or dehydrated hemimorphite (Zn4Si2O7(OH)2) are
plausible candidates. For each scenario chemical reaction path-
ways are suggested and discussed. Most detrimental for the
solar cell performance is most likely the finding that Zn (which
can form deep recombination centers in silicon) is ‘‘liberated’’
close to the interface in both cases. The fact that SiO2 is more
stable than ZnO and/or that H2 is released from the initially
deposited a-Si:H have been identified as the main factors for
the chemical instability of the poly-Si(n+)/ZnO:Al interface.
Based on this insight some recommendations with respect to
solar cell design, material selection, and process parameters
are given for further knowledge-based device optimization.
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