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Abstract—Carrier collection in silicon heterojunction (SHJ) so-
lar cells is usually achieved by doped amorphous silicon layers of
a few nanometers, deposited at opposite sides of the crystalline sil-
icon wafer. These layers are often defect-rich, resulting in modest
doping efficiencies, parasitic optical absorption when applied at the
front of solar cells, and high contact resistivities with the adjacent
transparent electrodes. Their substitution by equally thin doped
nanocrystalline silicon layers has often been argued to resolve
these drawbacks. However, low-temperature deposition of highly
crystalline doped layers of such thickness on amorphous surfaces
demands sophisticated deposition engineering. In this paper, we
review and discuss different strategies to facilitate the nucleation
of nanocrystalline silicon layers and assess their compatibility with
SHJ solar cell fabrication. We also implement the obtained layers
into devices, yielding solar cells with fill factor values of over 79%
and efficiencies of over 21.1%, clearly underlining the promise this
material holds for SHJ solar cell applications.

Index Terms—Microcrystalline silicon, nanocrystalline silicon,
silicon heterojunctions (SHJs), solar cells.

I. INTRODUCTION

HYDROGENATED nanocrystalline silicon (μc-Si:H) de-
posited by plasma-enhanced chemical vapor deposition
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(PECVD) features nanometer-sized silicon crystals embedded
in an amorphous silicon (a-Si:H) matrix. This material has al-
ready been studied for several decades and found its way into
several important applications including photovoltaic devices
[1]–[8], thin-film transistors [9], and microelectromechanical
systems [10]. Significant effort was put on the experimental
[11]–[16] and theoretical [17] investigation of its growth pro-
cess [4], [18], as well as its electrical [19]–[21] and optical
properties [2], [15].

In the case of solar cells, μc-Si:H was for a long time mainly
used as absorbing material of the bottom cell in so-called mi-
cromorph silicon thin-film tandem devices [2], [22], motivated
by its favorable absorption coefficient in the red part of the solar
spectrum as compared with a-Si:H [2], [7], [15]. More recently,
μc-Si:H and nanocrystalline silicon oxide (μc-SiOx :H) have
also been investigated for application in amorphous/crystalline
silicon heterojunction (SHJ) solar cells [3], [5], [7], [8], [23],
[24]. Device integration of these layers has the potential to
improve further the already very high conversion efficiencies
achieved to date of up to 25.1% for two-side-contacted and
25.6% for interdigitated back-contacted SHJ cells, obtained
with presumably all-amorphous layers [25], [26]. Indeed, its
reduced absorption at shorter wavelengths, linked to its indirect
bandgap, makes μc-Si:H an ideal candidate for window layers
that could enable an increase of the short-circuit current den-
sity (Jsc) [15]. Furthermore, its higher doping efficiency and
its improved transport properties [20], [27], [28] compared with
a-Si:H [19], [20], [29]—its potentially lower contact resistivity
in particular—could help to increase the fill factor (FF). In fact,
μc-Si:H has been reported to suppress Schottky barriers that
are prone to form at the interface with the adjacent transparent
conductive oxides (TCO) [7], [8], [29], [30].

For silicon thin-film tandem devices, where the thickness of
the μc-Si:H bottom cell is in the order of micrometers, the
deposition conditions are usually optimized towards high bulk
material quality and high deposition rates [31], [32]. For SHJ
devices—featuring layers in the order of ten nanometer or less—
[33] additional requirements apply. These are: 1) fast nucleation
and suppression of an a-Si:H incubation layer [15] irrespective
of the substrate morphology and chemistry [34], [35], as such
incubation layers diminish the expected gains in Jsc and FF;
2) sufficiently high Raman crystallinity (χc) to benefit from
improved optical and transport properties; and 3) “soft” depo-
sition, without degrading the underlying intrinsic a-Si:H pas-
sivation layer or damaging the wafer interface. This intrinsic
buffer layer, including its interface with the crystalline silicon
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substrate, is one of the most sensible and crucial parts of the
device. Its passivation properties enable very high operating
voltages and, hence, the high efficiencies previously mentioned
[36]. Therefore, considering the requirements listed here, the
implementation of μc-Si:H layers is generally considered to be
challenging as their deposition conditions can degrade the pas-
sivation and as it is difficult to ensure high χc values for layers in
the range of 10 nm. This thickness requirement applies mainly
to layers integrated at the front of the device. However, it is less
stringent for application of μc-Si:H layers at the rear, at least
for monofacial devices. Indeed, both the deposition-associated
high hydrogen dilution and plasma power can potentially lead to
layer modification or etching [37]. Furthermore, boron addition
to the process gases inhibits nanocrystalline growth [38], [39],
hence hindering fast nucleation for p-doped layers.

Various groups have reported approaches to minimize in-
cubation layers, and excellent results have been obtained by
optimizing the deposition parameters (temperature, pressure,
power, silane dilution, frequency) [11], [18], [32], [40]. Pre-
treatments of the surface or deposition of buffer layers have
also been explored, to induce fast nucleation [8], [41], [42].
Furthermore, specific deposition procedures, like the sequential
deposition/etching (layer-by-layer) method, have been applied
successfully [43], [44].

In this paper, we focus specifically on the integration of boron-
doped [μc-Si:H(p)] and phosphorous-doped [μc-Si:H(n)] layers
into SHJ solar cells, while satisfying the requirements men-
tioned above. This paper outlines strategies to obtain ultrathin
nanocrystalline silicon films applicable for SHJ solar cell fabri-
cation but mentions also the unsuccessful approaches that result
in poor device performance. Due to the amorphizing impact
of boron on layer growth [39], we specifically focus on p-type
μc-Si:H layers. We also report cell results obtained with both
p- and n-doped μc-Si:H layers deposited using different plasma
regimes and with different device architectures.

II. EXPERIMENTS

All the experimental results shown here were obtained with
either a medium-area research PECVD tool (KAI-M, developed
at TEL Solar) powered at a frequency of 40.68 or 13.56 MHz,
or a small-area PECVD cluster tool (INDEOtec Octopus I)
with chambers powered at frequencies between 13.56 and
81.36 MHz, or combining both systems sequentially (e.g., a-
Si:H layers in KAI-M and μc-Si:H layers in Octopus I). The
gases used for the depositions were silane (SiH4), disilane
(Si2H6), silicon tetrafluoride (SiF4), hydrogen (H2), deuterium
(D2), carbon dioxide (CO2), trimethylborane [B(CH3)3 , TMB,
diluted in H2 at 0.05%], phosphine (PH3 , diluted in H2 at 2%),
and, in some cases, argon (Ar). For material development pur-
poses, the μc-Si:H layers were either deposited directly on glass
or on a-Si:H-coated glass. Further details on the deposition
equipment and the processes used for fabrication of cells can be
found elsewhere [45]–[47].

The layers were characterized by spectroscopic ellipsome-
try (SE, HORIBA Jobin Yvon, UVISEL) fitting the data us-
ing a model similar to the one described in [48]. Furthermore,

Raman spectroscopy [1) Renishaw RAMASCOPE, green laser
at 514 nm, and 2) Renishaw InVia REXLEX, UV laser at
325 nm] was used for layer characterization. With a penetra-
tion depth in the range of 10 nm, the UV laser allowed for direct
measurements of the layers on textured wafers, while the green
laser (penetration depth in the range of 150 nm) was used for
layer characterization on glass substrates. The Raman spectra
were deconvoluted using three Gaussian peaks centered at 480,
510, and 520 1/cm, which are often attributed to the amorphous
phase, small-sized grains, or grain boundaries and the bulk crys-
talline phase, respectively [49]. The χc values were determined
from the ratio of the areas Ai below the Gaussian peaks:

χc =
(A510 + A520)

(A480 + A510 + A520)
. (1)

For layers thicker than 20 nm, the thickness was also mea-
sured by profilometry (Ambios XP-2). Note that the thickness
values given here correspond to the thickness determined on
flat substrates.

Selected layers were deposited on a-Si:H-coated, double-side
polished wafers with (1 1 1) crystallographic orientation. Pol-
ished wafers were used to facilitate the subsequent analysis
of the transmission electron microscopy (TEM) micrographs.
These samples were processed into cross-sectional specimen by
focused ion beam milling for high-resolution TEM investiga-
tions. A final thinning step was performed with low energy Ar
ions (0.5 eV) using a Fischione NanoMill system. Structural
investigations were performed using an FEI Titan microscope
equipped with a spherical aberration corrector at the image plane
with a beam energy of 300 kV.

In a later step, selected layers were implemented into SHJ
devices. Sputtered indium tin oxide electrodes were used at
both the front and rear of the solar cells with carrier densi-
ties in the range of 1019–1020 1/cm3 and carrier mobilities of
20–30 cm2/Vs. Blanket silver was deposited as metallization at
the rear by sputtering, whereas a screen-printed grid was used at
the front applying a low-temperature silver paste cured at around
200 °C. The finished cells were characterized in-house, with a
four-probe current-voltage (J-V) setup placed under an AAA
solar simulator operated at standard conditions (25 °C, AM1.5g
spectrum, 1000 W/m2) and suns-Voc (Sinton Instruments, [50]).
All wafer-based samples were monitored in terms of effective
minority-carrier lifetime (τeff , WCT-100, Sinton Instruments)—
giving access to the implied operating voltages in open-circuit
conditions (iVoc) and at the implied maximum-power point
(iVmpp)—and by PL imaging for qualitative lifetime mapping.
The EQE and reflectance (R) were measured and the IQE cal-
culated accordingly using an IQE-SCAN setup (pv-tools).

III. RESULTS AND DISCUSSION

A. Surface Treatments and Nucleation Layers

1) Intrinsic Amorphous Silicon Oxide Buffer Layers: An
approach to modify the surface of the a-Si:H layer prior
to μc-Si:H(p) layer deposition, with as aim to facilitate
nucleation—similarly to CO2 treatments proposed and used
by other authors [41], [51]–[53]—is the deposition of a
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hydrogenated amorphous silicon oxide (a-SiOx :H) buffer layer.
Here we used SiH4 and CO2 , highly diluted in H2 ([SiH4 /H2]=
0.003) [42]. We tested this for a μc-Si:H(p) process at
40.68 MHz yielding a layer with a χc of approximately 50%
for a thickness of 60 nm, when deposited directly on glass
(reference sample). Nevertheless, the deposition of this material
on a-Si:H(i)-coated glass, using the same plasma parameters,
did not yield nanocrystalline material. The insertion of a thin
(<1 nm thick) a-SiOx :H buffer layer, however, led to compara-
ble χc values as obtained for the reference sample. Interestingly,
this thin layer of a-SiOx :H is sufficient to drastically improve
the nucleation [35]. Despite this promising result, implemen-
tation into devices yielded strongly s-shaped J-V curves (data
not shown here). Even though insufficient layer thickness,
crystallinity, or doping have to be considered as potential cause,
we suspect the presence of a barrier for the holes introduced by
the a-SiOx :H layer as the culprit. Similar oxide-related barriers
were found to impede hole transport in the past [46], [54], [55].

2) Nanocrystalline Nucleation Layers Deposited by Silicon
Tetrafluoride Plasma Chemistry: Nanocrystalline silicon
deposited by SiF4 and H2 highly diluted in Ar has been found
to exhibit very high χc values, due to the very specific growth
mechanisms induced by this plasma chemistry [56], [57]. In
our laboratory, such layers were developed for thin-film Si solar
cells, using plasma regimes at higher pressure, 13.56 MHz
excitation frequency and 200 °C (KAI-M). The layers with
the highest χc values were obtained at a low deposition rate
(<1 Å/s) [58] and were also applied in thin-film solar cells.
Details are reported elsewhere [59]. These low deposition rates
allow for precise deposition control of nucleation layers from
SiF4 [μc-Si:H(iSiF4 )] that potentially help to ensure immediate
nucleation of the subsequently deposited doped μc-Si:H layers.
This is of particular interest for highly sensitive interfaces as
found in SHJ solar cells, however less so for applications requir-
ing layer thicknesses typical for thin-film silicon solar cells [6].

Fluorine is a strong etching agent, used also for standard
reactor cleaning. Therefore, we first assessed the impact of lay-
ers deposited by SiF4 on τeff . For this purpose, we used tex-
tured wafers symmetrically passivated with standard a-Si:H(i)
layers of various device-relevant thicknesses (10, 12.5, and
16 nm nominal, using SiH4 as process gas). After this first
step, we obtained iVoc values in excess of 740 mV. This was not
changed significantly by the deposition of a nominally 2-nm-
thick μc-Si:H(iSiF4 ) nucleation overlayer (thickness estimated
from the deposition rate). In fact, we saw even an increase
in effective minority-carrier lifetime either related to the de-
position or due to in situ reactor annealing (at 200 °C), es-
pecially in the low-to-medium excess minority-carrier density
range (5 × 1014 to 1 × 1015 1/cm3). The lifetime at higher
minority-carrier densities (>5 × 1015 1/cm3) remained al-
most unchanged, as it is already Auger-recombination limited.
This result proves that our process using SiF4 does not harm
the passivation.

In a next step, we fabricated three test samples with the fol-
lowing stacks of layers deposited on polished (1 1 1)-oriented
wafers: 1) a sandwich structure a-Si:H(i)/μc-Si:H(iSiF4 )/
a-Si:H(i) with nominal thicknesses of 10/2/10 nm [see

Fig. 1(a)] to assess the effect and thickness of the μc-
Si:H(iSiF4 ) layer1; 2) a-Si:H(i)/μc-Si:H(p) (10/30 nm nominal)
[see Fig. 1(b)]; and 3) a-Si:H(iSiF4 )/μc-Si:H(iSiF4 )/μc-Si:H(p)
(10/2/30 nm nominal) [see Fig. 1(c)]. Using TEM on these three
samples, we assess the growth mode of the μc-Si:H(iSiF4 ) nu-
cleation layer and the μc-Si:H(p) (deposited from a SiH4+H2
plasma) with and without nucleation layer. The TEM micro-
graph in Fig. 1(a) shows a clear rupture between the two a-
Si:H(i) layers, and it is possible to discern first nanometer-
scaled crystallites forming at the interface (indicated by white
arrows). This shows the potential of these highly crystalline nu-
cleation layers. It has been argued that for SiF4-based processes,
nanocrystals may already form within the plasma leading to fast
nucleation [60]. From our experiments, however, it is hard to
highlight and quantify the difference between Fig. 1(b) and (c),
as both samples show a clear nanocrystalline phase. Further ex-
periments are needed to assess whether the μc-Si:H(iSiF4 ) layer
clearly enhances the quality of the μc-Si:H(p) layers. The cell
results obtained with these layers are discussed in Section III-F2.

B. Gas Variation

1) Replacing Silane by Disilane: According to literature, the
silane depletion fraction is one of the fundamental factors de-
termining the growth mode of silicon layers, i.e., either μc-Si:H
or a-Si:H [18], [61]. Similar conclusions were drawn for the
growth of homoepitaxial silicon layers [62]. Therefore, a sim-
ple approach to facilitate the nucleation of μc-Si:H layers is
the use of Si-precursor gases that are easier to dissociate com-
pared with SiH4 and, therefore, enable to reach high depletion
regimes more easily. Disilane is known to have a lower atomic
binding energy than SiH4 and is, therefore, a good candidate
[63]. Furthermore, Ar was used in the gas mixture, to facili-
tate the nanocrystalline growth of the layer. Excited Ar∗ atoms
have been proposed to transfer energy by deexcitation to the
amorphous matrix, breaking weak bonds and hence enhancing
nanocrystalline growth [64].

Starting with a process for a μc-SiOx :H(p) layer at 40.68 MHz
(KAI-M) [4], exhibiting χc > 40% on glass with a thickness
of 60 nm, the SiH4 flow was gradually reduced while the Si2H6
flow was increased accordingly, keeping the total flow of atomic
Si (SiH4 = SiH4init – 2 × Si2H6) and all the other deposition
parameters constant.

The reactor walls were coated before each deposition with an
intrinsic amorphous layer, to ensure the same starting conditions
for all experiments. After this preconditioning of the reactor, the
layers were deposited directly on glass substrates. We observed
an increase in crystallinity of approximately 20% absolute [see
Fig. 2(a)] for layer thicknesses of approximately 60 nm (mea-
sured by profilometry) deposited from a Si2H6 plasma. This
indicates a beneficial effect of Si2H6 on the crystalline growth.

2) Replacing Hydrogen by Deuterium: As reported in the
literature, hydrogen plays an essential role in the growth process
of μc-Si:H layers. According to the surface-diffusion model
[11], the adatom diffusion length of the SiH3 radicals—that lead

1The sandwich structure facilitates the assessment of the layer properties with
TEM.
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Fig. 1. Transmission electron micrographs of layers codeposited on double-side polished (1 1 1)-oriented wafers along with the textured wafers used for cell
fabrication (see Section III-F2). (a) Test sample with the μc-Si:H(i) layer sandwiched between two a-Si:H(i) layers. The white arrows indicate two crystallites.
Samples (b) without and (c) with the μc-Si:H(iSiF4 ) nucleation layer deposited from an SiF4 plasma before the deposition of the μc-Si:H(p). The colored arrows
and the dashed white lines indicate the approximate location of the interfaces.

Fig. 2. Raman crystallinity (χc ) as a function of input gas flow ratios:
(a) RSi2H6 = Si2 H6 /(SiH4 + Si2 H6 ) and (b) RDH = D2 /(D2 + H2 ). Thickness
measured by profilometry.

to the film growth—is enhanced by the presence of hydrogen at
the surface, leading to an increased probability for them to find
an adequate site to attach. The selective-etching model [12], on
the other hand, describes the different hydrogen etch rates for
weak bonds—found at the film-growth surface and associated
with the amorphous phase—and for the more stable bonds found
in the crystalline phase. This will favor the growth of μc-Si:H
material. Hence, replacing H2 by D2 may be a fruitful strategy
to enhance crystalline growth, as it shows a higher etching rate
due to its higher atomic mass [37].

We deposited μc-Si:H(p) layers at 40.68 MHz (Octopus I)
from a SiH4 /H2 /D2 /Ar plasma including TMB. These layers
were deposited on glass samples coated with the a-SiOx :H
buffer layer discussed in Section III-A1. All the deposition pa-
rameters were kept constant, while the ratio between D2 and
H2[RDH = D2/(D2 + H2)] was varied. The results are shown
in Fig. 2(b). We observe a χc increase of more than 10% abso-
lute comparing the layers prepared without D2 (#1; RDH = 0;

Fig. 3. Raman crystallinity (χc ) (a) as a function of substrate temperature
and the same data and (b) as a function of layer thickness. The open symbols
correspond to 5-min deposition time, the solid symbols to 10 min.

thickness: 45 nm) and without H2 (#4; RDH = 1; thickness:
55 nm). For each point in Fig. 2(b), the layer thickness is indi-
cated, to confirm that the increase in crystallinity is not merely
due to an increase in film thickness.

C. Impact of Substrate Temperature on Nanocrystalline
Growth

To assess the impact of the substrate temperature (T) on the
nanocrystalline growth, a series of experiments were carried out
in the Octopus I system. The starting point for this series was a
process at 40.68 MHz yielding χcs of ∼50% for >70-nm-thick
layers, deposited at 200 °C. The gas mixture included SiH4 , H2 ,
TMB (0.05% in H2), and Ar.

Keeping all the other deposition parameters constant, T was
varied, while both χc and the layer thickness were monitored.
Fig. 3(a) shows a clear trend towards lower χc with increas-
ing T, which may seem counterintuitive. Fig. 3(b) shows the
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TABLE I
SUMMARY OF RESULTS OBTAINED FOR P-DOPED NANOCRYSTALLINE LAYERS

substrate frequency (MHz) pressure (mbar) total thickness (nm) χc (%)

glass 13.56 2 ∼20–30 0
glass/a-Si:H(i) a 13.56 >2 ∼15 50
glass 40.68 >2 ∼13 65 ± 3
glass/a-Si:H(i) a 81.36 2 ∼10 55 ± 3

a)with intrinsic μc-Si:H nucleation layer.
Layers deposited in different plasma regimes, either directly on glass or on a-Si:H(i) coated
glass in the Octopus I (estimated error margin of ±3% absolute for χc ).

same χc data as in (a) but as a function of the layer thickness.
Here we see that cutting down the deposition time by half (open
symbols) does not have a strong effect on the χc of layers de-
posited at lower temperatures, while at high temperatures, χc
decreases. This indicates a reduced incubation layer thickness
for the low-temperature deposition. The higher χc values ob-
tained for layer deposited at lower T could be explained by a
more efficient etching of the a-Si:H phase [65]—necessary for
nucleation according to the selective etching model [12]—or
by facilitated nucleation observed at lower temperatures [17].
Another explanation may be the adatom diffusivity that varies
with T as reported in [66].

D. Influence of Plasma Excitation Frequency

Higher plasma excitation frequencies have several known
beneficial effects. First, it has been shown that the nucleation
of μc-Si:H material on a-Si:H is facilitated [20], and second,
increasing the frequency lowers the ion energy in the plasma
[67]. As reported elsewhere [37] and shown above, ion bom-
bardment induced by a plasma can be potentially harmful to the
c-Si interface and its passivation. Therefore, reducing the ion
energy is especially interesting for SHJ technology, as this may
reduce potential interface damage. Despite these benefits, it has
been argued that increasing the excitation frequency can have a
negative effect on the material quality, leading to an increase in
porosity of the deposited layer [68].

We tested processes at different plasma excitation frequen-
cies ranging from radio frequency (13.56 MHz) to very high
frequency (VHF, up to 81.36 MHz), in order to identify the
most suitable deposition regime for the application of μc-Si:H
layers in SHJ solar cells. First, the layers were deposited either
directly on glass or on a-Si:H(i)-coated glass and only later im-
plemented into devices. The results that were obtained using
the Octopus I are summarized in Table I. For the low-pressure
(2 mbar) deposition regimes investigated at 13.56 MHz, the on-
set of crystalline growth was found to be strongly suppressed
and the thickness of the incubation layer of material amounted
to ∼20–30 nm (total layer thickness), even for intrinsic ma-
terial. This onset was estimated from a series of experiments
with different layer thicknesses (not shown here). This is in-
compatible with the application in SHJ solar cells as argued in
the introduction. Typically, the layer thicknesses used in SHJ
devices amounts to ∼10 nm at most. Yet, keeping the excita-
tion frequency set to 13.56 MHz while adapting the pressure,

TABLE II
SUITABILITY OF THE TESTED METHODS ON LAYER LEVEL AND FOR

APPLICATION IN SHJ DEVICES

method layer crystallinity/nucleation rate application inSHJ devices

a-SiOx :H(i) buffer + + − −a

SiF4 nucleation layer + + +
Si2 H6 (instead of SiH4 ) + +
D2 (instead of H2 ) + +
Depo. T reduction + + +
Depo. frequency increase + + + +

a)if applied to the hole-collecting contact.

the power, the dilution, and introducing a μc-Si:H(i) nucleation
layer (deposited in the same deposition regime), p- and n-doped
μc-Si:H layers could be obtained with device-relevant thick-
nesses and χc values on the order of 50% (obtained from SE
data). The cell results obtained with these layers are reported in
Section III-F3.

By increasing the frequency to 40.68 MHz, very thin yet
highly crystalline doped layers were obtained on glass. How-
ever, in order to yield μc-Si:H material, the application of these
layers on an a-Si:H-coated substrate necessitated surface treat-
ments as described in Section III-A1. Hence, we increased the
frequency even further to 81.36 MHz, at which μc-Si:H doped
layers were obtained also on an a-Si:H-coated substrate after
depositing a thin nucleation layer of μc-Si:H(i) under identical
deposition conditions. This led to the cell results discussed in
Section III-F1. The results presented here confirm earlier find-
ings that VHF (frequencies > 40 MHz) enables the deposition
of highly crystalline material [20].

E. Summary of Strategies for Nanocrystalline Layers

Table II summarizes the benefits on the nucleation rate—
observed on layer level—and the applicability to SHJ solar cells
of the methods discussed above.

While the deposition of an a-SiOx :H buffer can help on layer
level, this method is prone to lead to inferior cell performance,
if applied to the hole-collecting side [46], which is linked to
the insertion of oxide-related transport barriers into the contact
stack. All the non-standard gases applied here (SiF4 , Si2H6 , and
D2) were shown to potentially increase χc of the layers and are
applicable to SHJ devices. Lowering the temperature does not
represent a harmful measure on device level and was shown to
increase χc . Higher deposition frequencies were shown to en-
able highly crystalline nanometer-scale layers, which, however,
may exhibit a lower material quality [68]. Despite this latter
possible drawback, as shown in the next section, devices with
decent open-circuit voltage (Voc) values were fabricated also at
very high deposition frequencies.

All the findings presented so far are in line with previous
reports [16], [18], [61], [62]. According to these results and
our best knowledge, we tested the most promising and simple
approaches in devices which will be presented and discussed in
the following.
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TABLE III
RESULTS OBTAINED FOR DIFFERENT DEPOSITION REGIMES, SYSTEMS, AND DEVICE STRUCTURES

row # deposition regime deposition contact layer contact layer Vo c Js c FF pFFa η

system front rear [mV] [mA/cm2] [%] [%] [%]

1 81.36-MHz μc-Si:H(p) Octopus I μc-Si:H(p) a-Si:H(n) 716.7 ± 6.4 37.7 ± 0.3 72.6 ± 0.6 81.4 19.6 ± 0.3
2 reference 13.56 MHz Octopus I a-Si:H(p) a-Si:H(n) 719.3 ± 0.2 36.8 ± 0.3 72.7 ± 0.5 84.1 19.2 ± 0.2
3 13.56-MHz SiF4 μc-Si:H(i) KAI-M μc-Si:H(iSiF4 p) a-Si:H(n) 718.8 ± 1.6 35.8 ± 0.2 78.3 ± 0.1 — 20.1 ± 0.1

40.68-MHz μc-Si:H(p)
4 40.68-MHz μc-Si:H(p) KAI-M μc-Si:H(p) a-Si:H(n) 719.0 ± 2.6 36.1 ± 0.3 77.2 ± 1.3 — 20.0 ± 0.3
5 reference 40.68 MHz KAI-M a-Si:H(p) a-Si:H(n) 719.8 ± 2.2 36.7 ± 0.4 77.0 ± 0.6 — 20.3 ± 0.1
6 13.56 MHz Octopus I a-Si:H(n) μc-Si:H(ip) 721.4 ± 0.2 37.0 ± 0.1 79.0 ± 0.3 83.9 21.1 ± 0.0
7 higher pressure & power Octopus I μc-Si:H(in) a-Si:H(ip) 720.4 ± 1.0 37.1 ± 0.0 78.0 ± 0.4 82.9 20.8 ± 0.1
8 reference 13.56 MHz Octopus I a-Si:H(n) a-Si:H(p) 710.3 ± 8.0 36.6 ± 0.1 76.4 ± 0.9 83.5 19.8 ± 0.4

Cell parameters given here represent the averages of three cells on the same wafer. The error margin refers to the standard deviation of the values. All devices are based on n-type
c-Si wafers and exhibit standard a-Si:H(i) passivation layers on both sides. All doped μc-Si:H layers investigated here, exhibit thicknesses <30 nm on flat substrates (<17 nm on
textured samples) whereas for the reference samples our standard a-Si:H(p) and a-Si:H(n) layers were used (∼5–7 nm on textured samples). Note that nucleation layers are indicated
by the “i” inside the brackets following the μc-Si:H. All the cells have an active area of approximately 23 × 23 mm2, which represents the size of the TCO pad and an illuminated
area of 20 × 20 mm2 (masked).
aThe pFF data refer to the best cells on each wafer.

F. Cell Results

Devices with an area of 2 × 2 cm2 were fabricated with doped
μc-Si:H layers deposited in different deposition regimes. Fur-
thermore, we tested different structures, i.e., with or without
nucleation layer and hole-collecting [μc-Si:H(p)] layer at the
front or at the rear. In the following, we first focus on the results
obtained with layers deposited at high frequency. Then, we dis-
cuss the results obtained with nucleation layers deposited from
a SiF4 plasma and, finally, turn to the results obtained for the
higher pressure and higher power regime at 13.56 MHz. The
best cell results are summarized in Table III. Note that the error
margin given in the following sections refers to the standard
deviation of the measured values.

1) Cells With μc-Si:H(p) Layers Deposited at 81.36 MHz:
In this regime, we deposited the μc-Si:H(p) layers at relatively
low temperature (∼180 °C) and introduced D2 to the gas mix
to obtain the highest crystallinity at a pressure of 2 mbar. The
results for the best cell obtained in this regime are shown in
Table III (row 1, reference row 2). The thickness of the
two different p-type layers [reference a-Si:H(p) deposited at
13.56 MHz: 8.7 nm and μc-Si:H(p) deposited at 81.36 MHz:
9.8 nm], applied to the front of the cells, differs by only ∼1 nm.
The thickness of the a-Si:H(p) was measured by SE, whereas the
thickness of the μc-Si:H(p) was estimated from the maximal de-
position rate (Rmax) that was calculated using the formula given
by Strahm et al. [18] (see below), assuming a hydrogen content
of 10%, and represents, therefore, only an upper bound

Rmax =
ΦSiH4 · V · mSi

A · ρ .

Here, ΦSiH4 is the silane flow [mol/m3s], V[m3] the reactor
volume, A [m2] is the total inner surface area of the reactor, mSi
[kg] is the mass of a silicon atom, and ρ is the assumed density
of the layer [2180 kg /m3]. For the thickness assumed here, we
obtain a reasonable deposition rate of 0.3 Å/s, which is typical
for these highly nanocrystalline regimes.

Applying both of these layers to cells yielded similar Voc val-
ues: (719.3 ± 0.2) mV [a-Si:H(p)] and (716.7 ± 6.4) mV [μc-
Si:H(p)]. Measuring the iVoc before and after the deposition of
the p-type layers revealed a more severe drop for the device
exhibiting a μc-Si:H(p) layer (∼20 mV) while the device with
an a-Si:H(p) layer exhibited only a small drop (∼5 mV). The
fact that comparable Voc values have been obtained for both
devices shows that the damages, induced by PECVD or sputter
deposition of the TCO, can be recovered—at least partially—
during the curing of the screen-printed silver paste [69]. More
importantly, the μc-Si:H(p) layer shows a significant increase
in Jsc of 0.9 mA/cm2 leading to an increase of ∼0.4% ab-
solute in conversion efficiency. The crystallinity of the p-layer
was confirmed by Raman spectroscopy and a χc of 55% was
measured [see Fig. 4(a)]. Furthermore, the cell’s optical perfor-
mance was characterized by quantum efficiency measurements.
As expected, this analysis clearly identifies the gain at short
wavelengths as the reason for higher Jsc values [+4.8% relative
in external quantum efficiency (EQE) and internal quantum effi-
ciency (IQE) for the nanocrystalline cell [see Fig. 4(c) and (d)].
For both the a-Si:H(p) reference and the cell with a nanocrys-
talline p-layer, relatively high pFF values are obtained (see Table
III). Yet, they both yield moderate FF values in 1-sun J-V mea-
surements. Since surface passivation does not seem to be the
issue here (see also the relatively high Voc values), we suspect
the TCO layers or the metal-paste print as possible culprits,
thereby concealing the expected gain in FF.

2) Cells With Nucleation Layers Deposited by Silicon
Tetrafluoride Plasma Chemistry: We now turn to the results ob-
tained for cells fabricated in parallel with the layers discussed in
Section III-A2, i.e., with and without μc-Si:H(iSiF4 ) nucleation
layers, deposited at 13.56 MHz (KAI-M) by SiF4 plasma chem-
istry. These nucleation layers were subsequently covered by a
μc-Si:H(p) layer, deposited in the same system at 40.68 MHz.
For the devices presented here, the μc-Si:H(p) layer is situated
at the front. From the TEM micrographs shown in Fig. 1, no
apparent difference could be discerned in terms of structure and
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Fig. 4. (a) Raman spectra for c-Si reference and the a-Si:H(i)/μc-Si:H(p)
layer stack measured directly on the c-Si wafer. The data are normalized to their
peak value. (b) J-V (solid) and suns-Vo c (dashed) curves for the reference cell
[standard a-Si:H(p) design] and a cell with μc-Si:H(p) hole collector. (c) EQE
(solid), 100 − reflectance (dashed), and (d) IQE as a function of the wavelength.

crystallinity. The results for the two cells processed in this study
are given in rows 3 and 4 of Table III (reference row 5).

In line with what was discussed earlier, the cells with μc-
Si:H(p) layers do not show any significant difference to the all-
a-Si:H reference in terms of Voc and values of around 720 mV
were achieved. The improvement of Jsc , on the other hand, is
screened by the fact that the μc-Si:H(p) layers were chosen too
thick in order to ensure nanocrystalline growth. Yet, judging
from the TEM micrographs [see Fig. 1(b) and (c)], there is suf-
ficient room to thin down these layers to some extent without
sacrificing their crystallinity. These results set aside—compared
with the a-Si:H(p) reference—the FF values of the cells exhibit-
ing μc-Si:H(p) layers were increased by >1% absolute. This
represents a significant improvement which may be linked to
the highly nanocrystalline material. Yet due to the low Jsc , the
conversion efficiencies of the μc-Si:H devices were all slightly
lower than the reference. To which extent, the layer thickness
can be optimized is subject of ongoing research. However, in
order to ensure high χc values at the interface to the TCO, thick
μc-Si:H(p) layers may be necessary to enable high FF values
which our results show. Assuming the same FF and achieving
the same Jsc as obtained for the all-a-Si:H cell (lower bound)
would lead to a further enhancement in conversion efficiency
of up to ∼0.3% absolute. We realized that avoiding the optical
penalty requires hole collection at the rear. Devices of this type
are presented in the following section.

3) Cells With Layers Deposited at 13.56 MHz in a Higher
Power Higher Pressure Regime: Here, we present results ob-
tained for two cells with either μc-Si:H(p) at the rear or μc-
Si:H(n) at the front, both deposited at pressures of >2 mbar in

the Octopus I. The doped layers on the opposite side remained
amorphous. The layers were deposited from a highly diluted
SiH4 /H2 /D2 /(TMB or PH3) plasma at a temperature of 180 °C.
For both devices, a thin μc-Si:H(i) layer was deposited as nu-
cleation layer prior to the doped μc-Si:H layers, using identical
deposition conditions, yet, without the dopant gases. It is im-
portant to note that the layers are so far not optimized in terms
of thickness, doping, or crystallinity. The thickness and crys-
tallinity of the layers were determined from ellipsometry mea-
surements performed on codeposited a-Si:H/μc-Si:H coated flat
glass samples. This yielded 9.9 nm and a crystallinity of 32.1%
for the μc-Si:H(n) and 13.6 nm and 48.8% for the μc-Si:H(p)
layers. These two devices are compared with an all-amorphous
device with a-Si:H layer stacks exhibiting thicknesses in the
range of 10 nm.

Again, both cells exhibit similar high Voc values of around
720 mV, whereas the Jsc is slightly increased for both cells
with μc-Si:H layers. However, the most impressive results ob-
tained here are the high FF values: (78.0 ± 0.4)% for the cell
exhibiting a μc-Si:H(n) layer at the front and (79.0 ± 0.3)%
for the device with a μc-Si:H(p) layer at the rear. The detailed
reasons for these high values are yet to be clarified; yet, pos-
sible explanations include high crystallinity, resulting in high
doping efficiencies and hence improved contact and series re-
sistance [52]. An additional possibility to be taken into account
is the rear-side hole collection [70]. Comparing these results
with the all-amorphous reference device fabricated in the same
run clearly shows both the optical but also electrical benefits of
μc-Si:H. However, to be fair, the reference we show here exhibits
slightly lower performance (best cell: 716.7 mV, 36.7 mA/cm2,
77.3%, and 20.4%); yet, the lower Voc cannot account for a dif-
ference of >2% absolute in FF with respect to the best μc-Si:H
device. All the results of this section are summarized in rows 6
and 7 of Table III (reference row 8).

IV. CONCLUSION

We have presented different strategies of how to obtain high-
quality μc-Si:H material for application in SHJ solar cells. We
found that the most promising process parameters to optimize
are temperature and pressure. Very high frequencies can enable
fast nucleation as well as, however, require especially designed
reactor electrodes to avoid standing wave effects in large-scale
deposition systems. Buffer or nucleation layers show the poten-
tial to help increasing the material quality; yet, they should not
introduce transport-limiting factors.

With a selection of these methods and by optimizing the de-
position parameters (temperature, pressure, silane dilution), we
fabricated SHJ devices and obtained promising results, showing
the potential of the application of μc-Si:H material in SHJ solar
cells. We applied μc-Si:H(n) and μc-Si:H(p) layers without sac-
rificing the passivation, proven by high Voc values in excess of
720 mV. Furthermore, compared with our standard a-Si:H lay-
ers, we observed a gain in Jsc in the order of 0.5–0.9 mA/cm2 for
layers with comparable thicknesses. Finally, using μc-Si:H(p)
layers, we observed a significant increase in FF of up to 2%
absolute—compared with typical values obtained for our stan-
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dard devices. This may be attributed to the high crystallinity of
the thick layers applied here, which advocates for hole collection
at the rear in order to avoid optical losses.
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