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Abstract

For transparent front contacts of nanostructured silicon solar cells
aluminum doped zinc oxide (ZnO:Al), deposited by atomic layer
deposition (ALD), is investigated. For this purpose it is crucial that
the ZnO:Al layer covers the nanostructures conformally. ZnO:Al
deposition at a temperature of 225°C, compatible with the
underlying solar cell structures, yields a resistivity of 1.2-Q0m

and 85% mean optical transmittance in tH&-MIR range (< 1300
nm). The complex dielectric function of the ALD-ZnO:Al is
determined by fitting optical spectra withmulti-oscillator model.

An investigation of the layer structure shows a preferential growth in
the c-direction of the hexagonal ZnO crystal and 100-200 nm long
wedge-shaped crystallites. -V measurements on planar ZnO:Al/a-
Si:H(n/p)/c-Si(ri/p*) test structures reveal the nature of the ZnO:Al
contact to both n- and p-type a-Si:H. Simple planar solar cells
exhibited an excellent rectification behaviour and open circuit
voltages \bc= 620...640 mV.

The feasibility of nanostructure silicon heterojunction solar gslls
demonstrated by showing the conformal coating of deep Si nanowire
structures.
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1. Introduction

For realizing silicon solar cells competitive to conventional energy sources, reducing the costs
per Watt solar power ($/W is crucial. The use of crystalline silicon thin films on glass and
thus lowered material costs could be a way to achieve this aim [1].

Due to the relatively low absorption of crystalline silicon in the VIS/NIR spectral region, such
solar cells rely on a perfect light trapping regime which can be realized by strgdiugin

films. A nanostructure with high aspect ratio,catied “Black Silicon”, fabricated by vapour-
liquid-solid (VLS) [2, 3], wet [4, 5] or dry etching techniqued [6 a potential low-cost
surface modification leading to excellent light-trapping. Using a nanowire structure, a
promising cell concept égFig. 1) utilizes a hydrogenated, amorphous silicon heteroemitter,
which on the one hand is able to lower the carrier recombination at the front surface [7]. On
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the other handt can easily be deposited uniformly by RECVD process. However
amorphous silicon exhibits a rather low conductivity and therefore has to be coatexd with
transparent front electrode, lowering the series resistance of the solar cell and ensuring ohmic
contact to the emitter.

Since this electrode has to be deposited homogenously and uniformly on a nanostructure with
high aspect ratio, a useful preparation technique is Atomic Layer Deposition (ALD) of Al-
doped zinc oxide (ZnO:Al or AZO) [8]9

Utilizing thermal ALD, layers of intrinsic ZnO can be built up by alternate pulses of
diethylzinc (DEZ) and water at a sufficient reactor temperature. For an additional doping with
Al, single DEZ pulses are substituted by pulses of trimethylaluminium (TMA), leading to the
deposition of an Az monolayer [8]. Hence, there are basically only two critical parameters:

Al doping, i.e. the ratio between DEZ and TMA puld&sz/ Nrma, and substrate temperature

T.

This article demonstrates that ZnO:Al thin films prepared by ALD cover nanostructured
silicon heterojunction solar cells conformally. The film properties at different deposition
conditions were analyzed. For a determination of the contact properties to a-Si:H the films
were prepared on silicon wafers covered by a-Si:H, that is a flat heterojunction solar cell
configuration. Findl, highly conformal ZnO:Al films were deposited on nanowire solar cell
structures.

2. Experimental

Transparent, conductive ZnO:Al films were deposited from the precursor gases diethylzinc
(DEZ), trimethylaluminium (TMA) and water onto borosilicate glass substrates (Schott
Boro33, 1"x1") usag a Beneq TFS 200. Prior to the deposition the base pressure wasXkept at
mbar of N. The glass substrates were cleaned with ethanol before placing them into the
deposition chamber. The chamber was continuously purged with 100 to 200 sdonriNg
deposition it was heated to temperatures ranging from €5 300 °C in order to assure
thermal decomposition of the precursors. The used precursor pulse length of 100 ms was
sufficient for a homogenous deposition. After each pulse the reaction chamber was purged
with pure N for 350 ms to remove unreacted precursors.

For resistivity measurements a four-poimkline tip configuration was applied. Film
thicknesses were determined by fitting a single-layer multi-oscillator model (9 oscillators) for
the dielectric fundbn ¢ to measured transmittance and reflectance spectra (see 3.0)/-NIR

spectra were taken using a PerkinElmer Lambda 950 spectrometer. Carrier dessity
mobility p was determined by Hall measurements gisian-der-Pauw geometry. Layer
composition was measured via energy dispersive X-ray spectroscopy (EDS).

For contact measurements and solar cell fabrication Si wafers were RCA cleaned and dipped
in diluted HF (2%) for 2 min to remove the native silicon oxide. Immediately after etching the
wafers were transferred into a parallel-plate PECVD chamber for the deposition of thin a-Si:H
layers. The deposition was carried out at a reactor pressure of 0.5 mbar with a silane flow of 2
sccm, a helium flow of 15 sccm, and a doping gas flow of 1 sccm (294nRHe for n-type

doping or 2% BHs in He for p-type doping). Before the ALD of the front electrode, the
samples were again dipped in diluted HF. Back contacts on c-Si(n) were fabricated by
sputtering of Cr.

3. Results and Discussion

3.1.Electrical characterization



Fig. 2 illustrates the specific resistivijy=e-n-u (e...elementary charge, [...carrier

mobility) of ZnO:Al layers for various deposition conditions. Film thicknesses ranged mostly
from 100 to 150 nm, while only few samples were thicker (around 300 nm). A notable
dependence of resistivity on film thickness was not observed.

Obviously, the optimal ratio of pulses of DEZ and TMMbez / Ntma with regard to
conductivity amounts to about 20:1, in agreement with the results of other authorg [1@, 11

the substrate temperature range below 200°C, the specific resistivity declines rapidly with
increasing temperature, while for> 200°Cit shows only a slight decrease with substrate
temperature.

An explanation for this behavior is given in Fig. 3. While ftz/ Nrwa = 20:1 the carrier
density grows with temperature and finally saturates around 275°C, the carrier mobility
reaclesa maximum at about 225°C and then slowly falls off, which nearly compensates the
carrier density improvement.

Starting from highNpez / Nrva, for a given temperature the carrier density increases with
adding more TMA/water cycles untNpez/ Nruwa reaches a ratio of 10:1. On the other hand,
for T > 200°C, the mobility declines and finally drops heavily fsez/ Nrma = 10:1.

For a 20:1 cycle ratio a distinct maximum value of the mobility occurs at 225°C. In order to
clarify the origin of tlis mobility maximum, additional EDS measurements were performed to
distinguish between Al concentration and effective Al doping (Fig. 4a).

The Al concentration in the layers shows the expected behavior, i.e. an increase with
decreasing cycle ratio. Furthermore, a slight dip in the curves at around 175-200°C is
apparent. This may be explained as result of the different temperature dependencies of the

ZnO and A}Os growth ratesd that are sketched in Fig. 4b: The depicted deposition rate for
ZnO was measured separately; the one feOAIls taken from [12 The latter exhibits a

slight decrease of the growth rate with temperature which is typical for the thermal ALD of
Al20s from TMA and water. This behaviour results from the reduced surface concentration of
OH groups with rising temperature and has been shown both for alumina and silica surfaces
[13]. Since the density of OH groups on a ZnO surface is believed to decrease with
temperature, too [14,15], we assume that the growth rate dependence for si@ge Al
monolayers on a ZnO surface does not differ qualitatively framhdh anAl>Oz or silica
surface. Hence, it is possible to assess the principle curve shap€ pby calculating the

rate ratio {i...atomic density of element i)

N 5 - N ~dAI

C, = ~
" NAI + NZn + NO 2NZn dZn

sinceN, <<N,, =~ N,. This estimation, represented by the solid line in Fig. 4, shows a

minimum around 175-200 °C and hence agrees well with the experiment.

The EDS data were also used to calculate the doping efficiency, neglecting the selfedoping
intrinsic ZnO (Fig. 5). For that purpose, the carrier densities of the 20:1 samples were divided
by the Al density of the according layer, assuming a ZnO bulk atomic density of §87-10
cmi®. The resulting doping efficiency yields a maximum at 225°C, just like the mobility
behavior of the corresponding samples. This means that at a certain temperature an increase in
Al concentration is not fully accompanied by an increase in carrier density. In fact, there is a
growing amount of excess Al that does not arrange substitutionally in the ZnO lattice but
remains as\l.Os precipitate. Those precipitates would then act as scattering centres for the
electrons and therefore lower the carrier mobility [16] as observed in our experiments. This
mechanism of mobility increase has also been observed by others for CVD and ALD
deposition techniques [17, 30] as well as for sputtering [18, 19].



Concerning the utilization of ZnO:Al layers as front electrodes in a-Si:H/c-Si heterojunction
solar cells, it is important to state that low resistivities arouriél @6m can already be
achieved afT < 250°C, i.e. at temperatures low enough to avoid considerable hydrogen
effusion out of the amorphous silicon [20]. Otherwise the fabrication of the transparent front
contact itself could degrade the passivation properties of the a-Si:H [21, 22, 23] and hence
limit the performance of the solar cell.

On the other hand, an application of a T@0a silicon heterojunction solar cell typically
requires a resistance well below 1Qfq at a layer thickness of 80 to 90 nm (in order to

serve as an antireflection coating). This can obviously not be achieved with the best presented
resistivity of about 18 Qcm. Hence, with regard to nanostructure silicon heterojunction solar
cells, we propose to combine an Atomic Layer Deposition of a thin ZnO:Al layer with a state-
of-the-art TCO film obtained by another, more common deposition technique like magnetron
sputtering. Then, the ALD-ZnO:Al would provide the necessary conformal contact to the
amorphous emitter, while the second TCO film - with a considerably lower resistivity of the
order of 1¢* Qcm [16,24,25] — would assure a sufficient lateral conductivity with a sheet
resistance below 100 Q/sq. Moreover, this should be more cost-efficient on an industrial
scale, since deposition rates in a pure ALD process are rather low compared to, for example, a
sputtering process.

3.2.Optical characterization

UV-VIS spectra were taken to evaluate the thickness and transparency of the deposited layers
Scattering measurements slealithat the fraction of diffuse reflection and transmission is
negligible, so only direct R-T spectra of ZnO:Al on glass are presented here (Fig. 6).
Furthermore, a typical fit obtained by application of the single-layer multi-oscillator model is
included in the upper graph asexample. The mean square error of this fit is 4.8: 10

In the VIS-NIR region a mean transparency around 85% was achieved. In the UV the
transparency is limited by barid-band excitation, according to the bandgap of ZnO of 3.4
eV (=360 nm) [26]. For longr wavelengths the absorbance is determined by free carrier
absorption according to Drude theory. Since the wavelength of plasma resdpaisce
proportional ton'*2, a shift oflp to shorter wavelengths with increasing carrier density is
observed (see also Fig. 3). The latter sksftpronounced in the spectra for different
NpoezZ/Ntma. Here, the IR absorption is also strongly influenced by the mobility. A higher
mobility induces a steeper transition into Drude absorption, i.e. the transmission in the NIR
should decrease faster. This feature can be seen, too.

Taking the spectra of the sample deposited at 225°CNggh/ Nrva = 20:1, the complex
dielectric functione was determined using the software LCalc][®&hich fits a multi-
oscillator model to the reflectance and transmittance spectra:

8=1+Z A

2 2 H
Wy 0" —1fw

Here, Al denotes the strengthyp, the resonance frequency afidhe damping coefficient of
oscillatori. Fig. 7 shows the corresponding refractive intle&nd absorption coefficiemnt
While N declines monotonically from 2.02 at 350 nm to 0.86 at 2500 mishows the
expected strong increase at 360 nm due to babdnd excitation and a slow one in the IR
spectral region caused by Drude absorption.

3.3. Structural characterization



The following discussion of the structural properties is restricted to ZnO:Al films deposited at
225°C withNpez/ Nrma = 20:1 since these deposition conditions seem to be most suitable for
a-Si:H/c-Si heterojunction devices (see above).

This investigation includes XRD, SEM and AFM measurements. The XRD measurement
(Fig. 8) was performed in the ®-20 geometry and shows the hexagonal ZnO structure of the
layers. It reveals adominating (100) peak at 2@ = 31.9°, meaning that the film grows
preferably with the a-axis perpendicular to the substrate. This behavior has also been observed
by other authors for ZnO:Al prepared by ALD within this deposition regime [29,30,31].

The SEM image (Fig.)%f the same sample exhibitsredge-shaped” [28] crystallites 100 to

200 nm long and onlgfew nm thick.

For determination of surface roughness a layer prepared with the same parameters was
fabricated on a flat Si wafer with a RMS roughness of 0.3 nm. An AFM measurement (not
shown here) of the topography yields a flm RMS roughness of about 3 nm.

3.4.Contact measurements

In order to examine whether the atomic layer deposited ZnO:Al (225°C, 20:1) forms ohmic or
Schottky-type contacts on p- and n-type a-Si:H, simple test structures were fabricated as
shownin Fig. 10 (inset). Silicon substrates of the same conductivity type like the examined
amorphous silicon layer were used to obtain a low series resistance for the measurement.
Herg a high doping density (> 1dcm®) of the substrates leatis ohmic behavior at the a-
Si:H/c-Si contact.

The measured \ characteristics are shown Fig. 10. While the test device on p-doped a-
Si:H exhibits a linear ohmic trend, the same structure on n-doped a-Si:H shows a non-linear
curve. The symmetry with respect to the current axis is due to the symmetry of the test
structure.

The latter curve can be interpreted using simple Schottky theory. Thusn ontype
semiconductor with electron affinity, two scenarios are expected, depending on the work
function @y of the contact metal:

1. ®wm- (x + Ec— Er) > 0: depletion of carriers at the junction, non-linear contact.
2. ®m- (¢ + Ec— Er) <0: accumulation of carriers at the junction, ohmic contact.

The measurement corresponds to a series connection of such contacts with opposite
directions, both being either of the depleted or the accumulated type, respectively. Fig. 11
shows numerical calculations of the possible situations that were performed using the
software AFORS-HET [32]. Three different characteristics are depicted. The broken line
(concave for positive voltagesan be expected if barriers are formed and the contacts get
depleted. Otherwise, if electrons accumulate at the ZnO:Al/a-Si:H(n), two different
characteristics can occur, depending on the dopant density in the amorphous silicon. For
sufficiently high n-doping (heréEr = Ec — 250meV) a linear, ohmic behaviois expected

(solid line). In contrast, weak n-doping (heEs: = Ec — 450 meV) results in a non-linear

curve being convex for positive voltages, which is due to the strong influence of carrier
injection at low voltages (dotted line). $e8vour contact measurement on n-type a-Si:H yields

the last-mentioned characteristic (which a depleted contact would never do), we conclude that
our ZnO:Al/a-Si:H(n) contacts are accumulated. Yet the doping of the a-Si:H(n) is so low that
after accumulation at the contact the amorphous silicon bulk is partially depleted. By applying
a voltage, electrons are injected into the depleted bulk, leading to a more and more decreased
resistivity and hence to the measured characteristic.

3.5.Solar cells



To get an efficient nanostructured silicon heterojunction solar cell, simple planar ZnO:Al/a-
Si:H(p)/c-Si(n)/Cr devices without metallic front grid were prepared first. The thickness of the
amorphous silicon emitter amounted to ~24 nm. The ZnO:Al was deposited at 225°C with
Nbez/ Nrma= 20:1 and hasrather high thickness of 500 nm to reach a reasonably low series
resistance. Cell definition was done by applying a resist and etching back the 500 nm thick
ZnO:Al layer in diluted HF. Fig. 12 shows the illuminated (AM1.5 spectrum, 1000 Whh?) I-
characteristic of such a solar cell with an active area of about 12.3 mmz2.

The cell exhibits an excellent rectification and reaches an open circuit volfiegeof about

620 mV. The relatively low short-circuit current densjige) of 21 mA/cm? is a consequence

of light absorption in the thick ZnO:Al film and the amorphous emitter. The absence of an AR
coating and a back surface field (BSF) decrepseas well.

Finally, we prepared first silicon heterojunction solar cells on two different nanostructures:
wet-chemically etched (Fig. 13 a,b,c) and VLS grown (FigdLl3®i nanowires. While (a)
shows the pure etched Si nanostructure, (b) and (c) illustrate the good conformal and
homogenous growth of the atomic layer deposited ZnO:Al film. The arrow in (c) indicates the
cross-sectional view on a single Si nanowire from which it becomes clear that the nanowires
are fully coated down to the substrate bottom, despite the high aspect ratio.

Hence, it could be shown that it is possible to provide conformal transparent front electrodes
to nanostructured silicon solar cells by applying an atomic layer deposition of ZnO:Al.

4. Conclusion

This work analysed ZnO:Al thin films prepared by ALD from precursors diethylzinc (DEZ),
trimethylaluminium (TMA) and water with regard to the fabrication of transparent front
electrodes on nanostructure silicon heterojunction solar cells.

The dependence dfic most important electrical (p, u, n) and optical film parameters on the
deposition conditions was examined and discussed in detail. Optimal film properties can be
acquired at aNpez/ Ntma of 20:1 and at deposition temperatures below 250°C, which is
compatible with the a-Si:H emitter. The resistivity and the mean transparency amount to
about 1.2-18 Qcm and 85%, respectively. Furthermore, the complex dielectric function was
determined applying a multi-oscillator model to the tramsmie and reflectance spectra. The
structural layer properties were analyzed by XRD, AFM and SEM.

It was shown that the ZnO:Al films form ohmic contacts to both n- and p-type a-Si:H and are
suitable for silicon heterojunction solar cells. Finally, the conformal layer growth on Si
nanowire structures with exceptionally high aspect ratio was demonstrated.

A comprehensive report on the first completely fabricated nanostructure silicon
heterojunction solar cells is also published in this journd). [BBese cells reached a record
efficiency of 7.3%.
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Fig. 1. Thin film nanowire silicon heterojunction solar cell.
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Fig. 4. Al concentration for different ALD conditions, as deduced from EDS (a) and schematic explatian
of the concentration dips around 175-200°C (b).
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Fig. 6. Transmittance and reflectance spectra of ZnO:Al layers on glass for different deposition
temperatures at a constant DEZto-TMA ratio of 20:1 (a) and for different Npez/ Ntma at T = 250°C (b).
The shown example fit in (@) is nearly identical to the corresponding measured spectra.
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Fig. 7. Refractive index N and absorption coefficiente for the (225°C, 20:1) sample.
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Fig. 9. SEM image of the (225°C, 20:1) sample.
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Fig. 10. I-V characteristics of the ZnO:Al/a-Si:H(p)/c-Si(p*) (solid curve) and the the ZnO:Al/a-Si:H(n)/c-
Si(n*) (dashed curve) test structure. The inset schematically shows the test structure.
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Fig. 13. Cross-section SEM images of etched Si nanowires without (a) and with (b), (c) a-SiZHO:Al, and
SEM image of VLS grown (d) Si nanowires with a-Si:H/ZnO:Al.




