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Abstract

We present an overview of the scientific challenges and achievements during the development of thin film silicon based single and
multijunction solar cells with hot-wire chemical vapor deposition (HWCVD) of the active silicon layers. The highlights discussed include
the development of Ag/ZnO coatings with a proper roughness and morphology for optimal light trapping in single and multijunction
thin film silicon solar cells, studies of the structural defects created by a rough substrate surface and their influence on the performance
of nc-Si:H n—-i—p single junction solar cells, and studies of the phase change during the growth of nc-Si:H by HWCVD and the use of a
‘reverse’ H, profiling technique to achieve nc-Si:H single junction n—i—p cells with high performance. Thus far, the best AM1.5 efficiency
reached for n—i—p cells on stainless-steel with HWCVD i-layers is 8.6% for single junction nc-Si:H solar cells and 10.9% for triple junction
solar cells. The opportunities for further improvement of cell efficiency are also discussed. We conclude that the uniqueness of HWCVD
and of the i-layers deposited with this technique require some adjustments in the strategy for optimization of single or multijunction solar
cells, such as using a reverse H, profiling technique for the deposition of nc-Si:H i-layers. However, the output performance of solar cells
with HWCVD deposited i-layers is close to those with i-layers deposited by other techniques. The difference between the best nc-Si:H n—
i—p cells obtained so far in our lab and the reported best n—i—p cells with PECVD i-layers can be mainly attributed to the differences in the
rough substrates and to the use of rather thin i-layers.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hot-wire chemical deposition (HWCVD) has been
proved to be able to prepare high quality intrinsic hydroge-
nated amorphous silicon (a-Si:H) [1-3], proto-crystalline
silicon (proto-Si:H) [4], nanocrystalline silicon (nc-Si:H)
(also called microcrystalline silicon pc-Si:H) [5,6], polycrys-
talline silicon (poly-Si:H) [7] (also called high-crystallinity
pe-Si:H) and amorphous silicon germanium (a-SiGe:H)
[8] materials that are suitable for use as the active layers
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in silicon based thin film solar cells. Compared to conven-
tional plasma enhanced chemical vapor deposition
(PECVD), HWCVD has the property that the process is
independent of electromagnetic properties of the substrate.
The technique has the potential of high deposition rate;
there is less dust formation and scaling up for mass produc-
tion is straightforward. Therefore, it is considered to be a
good alternative to conventional PECVD. At Utrecht Uni-
versity, we have been concentrating on developing thin film
silicon based multijunction solar cells employing active lay-
ers made with HWCVD [5,9,10]. In this contribution, we
summarize the major scientific challenges and achieve-
ments that we have experienced during the development
of such devices.
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2. Experimental details

All the solar cells discussed in this contribution have an
n—i—p structure. The structure of the triple junction solar cell
is substrate (stainless-steel or Corning glass)/rough Ag/
ZnO/nc-Si:H n—i—p bottom cell/proto-SiGe:H n—i—p middle
cell/proto-Si:H n—i—p top cell/ITO/Au grid. The silicon lay-
ers were deposited in a multi-chamber ultra-high vacuum
system called PASTA [11]. Doped layers (boron and phos-
phorus doped nc-Si:H) and intrinsic proto-SiGe:H [12] were
prepared using 13.56 MHz PECVD[13], whereas HWCVD
was applied to fabricate intrinsic proto-Si:H [4] and nc-
Si:H [5,9,10,14]. Two straight Ta filaments were used for
the hot-wire deposition, through which a current of 10.5 A
was passed, yielding a wire temperature of approximately
1850 °C in vacuum, as measured by a pyrometer. Stain-
less-steel foil coated with texture-grown highly reflecting
Ag or Ag:AlO, layers was used as substrate. A single target
Ag or Ag:Al (1%) was used in an argon/oxygen ambient
during sputtering. The ZnO and ITO layers were deposited
by magnetron sputtering at room temperature, using
ZnO:Al (1%) and In,O3/Sn>03 (10%) as the target material,
respectively, and unless mentioned otherwise, with a typical
thickness of ~100 nm for the ZnO:Al and ~80 nm for the
ITO. Detailed deposition conditions for the Ag/ZnO back
reflectors can be found in our earlier publications [15]. All
the AM1.5 J-V data shown in this article were obtained with
an illumination mask to have a precise definition of the cell
area. The same mask was also used for the deposition of ITO
top contact. Due to the finite thickness of the mask and the
accompanying shadowing effect, the thus measured J,. val-
ues are slightly underestimated.

3. Results and discussion
3.1. Textured AglZnO layer growth and nc-Si: H bottom cells

The roughness (morphology) at the back electrode/sili-
con interface is the key to efficient light trapping in n—i—p
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type thin film silicon solar cells. We obtained various sub-
strate surface roughnesses by varying the deposition condi-
tion of Ag, rather than using the texture-etched ZnO
approach. We studied the light trapping effects of textured
Ag back contacts in single junction nanocrystalline silicon
(nc-Si:H) n-i—p solar cells. This is also relevant for the
study of light trapping in multijunction solar cells, since
nc-Si:H is used as the bottom cell active layer as well. We
used the theoretical description of the structure zone
model, which explains the structural evolution of films dur-
ing growth [15], in order to understand and to control the
texture development of sputtered Ag back reflectors and
develop a wide range of different morphological dimen-
sions. Moreover, we introduced AlO, during Ag sputter-
ing, which acts as an inhibitor that decreases the lateral
grain growth and thus delays restructuring of the surface.
The Ag:AlO, films show a combination of higher rms value
at the lateral feature size that is obtained with pure Ag[15].
The sputtering conditions for the ~100 nm thick ZnO
cover layer on top of Ag were kept constant and it was
shown that ZnO layer with this relatively small thickness
did not introduce significant alteration of the Ag surface
morphology [16].

The sizes of surface features that scatter most effectively
in a nc-Si:H solar cell are around the effective wavelength
of the light that is incident on the Ag surface, namely
Ascat = Zefi = Aaie/Nzno:al- Because the light with wave-
lengths longer than around 650 nm reaches the back con-
tact, and only light with wavelengths shorter than around
1100 nm will be absorbed by Si, we thus considered only
the relevant range of effective scattering feature sizes (Agcat)-
With a power spectral density (PSD) analysis, the AFM
scanned surface profile can be resolved into sine profiles
of various wavelengths, depending on the lateral feature
sizes present on the surface. In order to achieve improved
light scattering at wide angles it is considered that a surface
should have dominating values of the PSD profile in the
region of about A.... We therefore quantified the contribu-
tion of the features within this range and calculated the
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Fig. 1. The correlation between the long wavelength current density and (a) the rms roughness and (b) the weighted rms roughness. Data obtained on cells
deposited on Asahi U-type substrate coated with thin Ag layers (as a reference substrate) are also shown.
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fraction of the power from this region [PSD (/A¢.()] with
respect to the total power [PSD (/)]. This fraction is used
as a weighting factor for the rms roughness, oy, resulting
in a value of the weighted rms roughness,

Oweight = Otot X PSD(/Abscal)/PSD(/ltol)~ (1)

The current generated by longer (red) wavelengths shows a
good correlation with the weighted rms values, as is shown
in Fig. 1.

One of the limiting factors for further increasing the
photogenerated current, therefore the cell efficiency, with
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Fig. 2. Total reflection measurements of various types of back reflectors,
showing indirectly the absorption peaks due to the surface plasmon (SP)
and surface plasmon polaritons (SPP), as found by total reflection
measurements with an integrating sphere. The intensity of the SPs is
dependent on the dimensions of the morphology of the back contacts.
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increasing substrate roughness comes from free carrier
absorption by the electrically conductive layers at the front
and the back side of the cell, especially by the textured
Ag/ZnO surface [15]. We show in Fig. 2 the total reflection
measurements of a number of back reflectors with different
surface roughness. This figure shows indirectly the absorp-
tion peaks of the surface plasmons (SP) and surface plas-
mon polaritons (SPP) of the Ag layers. The SPP can
have a broad resonance due to nanoprotrusions and be
red shifted. The intensity of the SP absorption is dependent
on the morphology of the back contacts. When the surface
lateral feature size is in the range where maximum scatter-
ing happens, the surface plasmon absorption can be
strongly enhanced, which compensates the increased scat-
tering at SS/Ag/ZnO interfaces [15,17].

The weighting of surface rms roughness only works, in
principle, for the study of optical current enhancement.
For the overall solar cell performance the material proper-
ties, especially those of the silicon layers, and the properties
of interfaces play an important role. Fig. 3(a)—(d) shows
the correlation between the surface rms (unweighted)
roughness of a Ag/ZnO coated Corning 1737 glass sub-
strate and AM1.5 light J-V characteristics (short circuit
current density Jy., open circuit voltage V. fill factor
FF, and efficiency #) of a series of single junction nc-Si:H
n—i—p cells. Except for the difference in substrate rough-
ness, all deposition parameters were identical, with a con-
stant H, dilution ratio Ry of 0.953 (Ry is defined as the
gas flow ratio H,/[SiH4 + H,]), and with an i-layer thick-
ness of around 1.2 um. From Fig. 3(d), it is clear that with
the use of a rough substrate, the cell efficiency greatly
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Fig. 3. AML1.5 J-V characteristics of nc-Si:H n—i—p solar cells with hot-wire i-layers and PECVD doped layers. The cells are made on Ag/ZnO coated

Corning 1737 glass substrate.
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increases, from less than 4% on a nearly flat substrate to
around 7% on a substrate with an rms roughness of
~70 nm. This is obviously due to the increase of Jg
(Fig. 3(a)), which in turn is due to the enhanced light scat-
tering in the i-layer brought about by the rough substrate.
The efficiency reaches its highest value at rms values
between 60 nm and 90 nm. With a further increase of the
substrate roughness, the cell efficiency gradually goes down
(Fig. 3(d)), similar to the trend observed for the J
(Fig. 3(a)). The FF for this set of samples shows a scattered
distribution, but its maximum appears for cells made on a
medium-rough substrate (Fig. 3(b) with rms between
60 nm and 90 nm).

Another important reason for the limitation in cell effi-
ciency with a further increase of the substrate roughness is
that the silicon structure becomes more defective when
deposited on a very rough substrate. This is particularly
important for the nc-Si:H i-layer of the bottom cell, where
substrate surface roughness has the strongest influence.
Fig. 4 shows the typical structural defects observed from
the cross-sectional TEM image of a nc-Si:H n—i—p solar cell
deposited on a very rough Ag/ZnO surface, from which
one can clearly see the growth of defects in silicon layers

80 nmITO top contact
20 nmuc-Si:H p-layer
>~1.2umuc-Si:H
i layer

27 nmuc-Si:H n layer

> Ag/ZnO layers

Glass substrate

Fig. 4. Cross-sectional TEM image of a nc-Si:H n—-i—p solar cell deposited
on Corning glass coated Ag/ZnO with a rough surface. The i-layer
thickness is around 1.2 pm. The arrows point to the cavities that are not
completely filled by silicon.

dark reverse saturation density
(mA/cm?)
3
P
H

Substrates rms roughness (nm)
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Table 1

The AM1.5 characteristics of the best single junction nc-Si:H n—i—p solar
cells on flexible stainless-steel substrate (with Ag/ZnO rough back
reflector) with active layers made by HWCVD (this work) and PECVD
(United Solar Ovonic LLC [19])

Laboratory [Ref] Voo (V) Jy (mA/ecm?)  FF 1 (%)
Utrecht [present work] 0.545 23.6 0.669 8.6
Unisolar [20] (VHF-PECVD) 0.568 23.6 0.671 9.0

near the edges of micro-valleys of the substrate surface.
Structural defects of this kind may create shunting paths
that largely deteriorate the cell performance [18]. In addi-
tion, electronic defects may be created in the bulk of the
i-layers, reducing the solar cell fill factor and V.. Evidence
for such defect creation comes from the dark J-J studies of
this rms roughness series as is shown in Fig. 5, where the
dark reverse saturation current density J, and diode quality
n of the cells shown in Fig. 3 are depicted. One can clearly
see that with increasing substrate roughness, J, and » val-
ues both increase, which is usually due to an increase of
bulk recombination in the cell.

As an exception, the cell of which the XTEM image is
shown in Fig. 4 contains a ZnO cover layer with a thickness
of around 500 nm, which modified the substrate surface
morphology to a certain extent. The influence of the thin,
100-nm ZnO layers on the solar cell J-V characteristics
for the substrate rms roughness series discussed above
can be considered negligible, since the sputtering condi-
tions for these layers were kept constant within this series.

3.2. Reverse H, profiling in nc-Si: H bottom cells

One of the key factors to obtain a high efficiency nc-Si:H
cell is controlling the i-layer crystallinity. It has been shown
that the maximum cell efficiency is normally achieved when
the intrinsic nc-Si:H is made near the phase transition
regime between amorphous and microcrystalline structure
[19], possibly due to the better passivation of grain bound-
ary defects in such materials. Unlike the cells with nc-Si:H
absorber layers made with PECVD (RF or VHF), for n—i—p
cells with a nc-Si:H i-layer made with hot-wire CVD we
showed that the crystallinity can decrease with increasing
the layer thickness, especially when the filament current is
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Fig. 5. Dependence of the dark saturation current density J, and the diode quality factor n on the substrate rms roughness for the series shown in Fig. 3.
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Fig. 6. J-V (a) and external collection efficiency (b) of the best triple cell with hot-wire deposited silicon active layers. The values shown in the ECE graph

(b) are in mA/cm?.

held constant during i-layer deposition [9,14]. Although the
dominating reason for this reverse development of nc-Si:H
growth is not yet clear, we introduced a technique in which
the hydrogen dilution ratio is increased instead of
decreased. The preliminary results for cells made on stain-
less-steel foil have shown an AMI.5 efficiency of 8.6%,
which is close to the reported cell efficiency (~9.0%) with
the same cell structure and on the same type of substrate
(SS/Ag/Zn0O) but with the absorber layer made with
(VHF) PECVD [20] (Table 1). Since the cell structure
and the substrate roughness for our samples are not opti-
mal yet, we expect an increase of the efficiency after further
optimization.

3.3. Multijunction n—i—p cells

The knowledge acquired in developing high quality nc-
Si:H single junction cells has also been used to develop thin
triple junction solar cells (<2.5um) with a structure
described in the previous section. The J-J and spectral
response of the best cell obtained within the project is
shown in Fig. 6. The light soaking experiment for these
samples has shown very stable behavior [21], with a relative
efficiency degradation of only 3%. The improved stability
can be attributed to the triple junction structure, i.e. thin-
ner i-layers in each subcell, and the use of high quality light
absorbing materials, including that of hot-wire deposited
proto-Si:H and nc-Si:H, and the PECVD deposited
proto-SiGe:H. Compared to that published for cells with
a similar structure but made with PECVD techniques
[20], there is still room for improvement of the efficiency.
One of the improvements is expected to come from optimi-
zation of the middle cell (which is still made with PECVD).
At present the middle cell is a limiting factor for the triple
cell performance [12].

4. Conclusion

We reviewed the main scientific challenges and achieve-
ments that we experienced while developing triple junction
solar cells on flexible stainless-steel substrates with amor-
phous Si and nanocrystalline Si active layers made with

hot-wire CVD. The result of our single junction nc-Si:H
cells is very similar to the cells with the same structure on
the same type of substrate but with the absorber layer
made with (VHF) PECVD. We also developed very thin
triple cells with 10.9% efficiency and stability within 3% rel-
ative. Both results are at present the best reported for cells
with similar structure but with hot-wire CVD deposited sil-
icon active layers. We conclude that hot-wire deposited
materials are very suitable for solar cells, and a significant
step has been taken in developing this technique for utiliza-
tion in industrial production.
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