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Abstract
The nucleation of microcrystalline silicon thin-films has been investigated for various 
substrate natures and topographies. An earlier nucleation onset on aluminium-doped zinc 
oxide compared to glass substrates has been revealed, associated with a microstructure 
enhancement and reduced surface energy. Both aspects resulted in a larger crystallite 
density, following classical nucleation theory. Additionally, the nucleation onset was 
(plasma deposition) condition-dependent. Therefore, surface chemistry and its interplay 
with the plasma have been proposed as key factors affecting nucleation and growth. As 
such, preliminary proof of the substrate nature’s role in microcrystalline silicon growth has 
been provided. Subsequently, the impact of nano-imprint lithography prepared surfaces on 
the initial microcrystalline silicon growth has been explored. Strong topographies, with a 
5-fold surface area enhancement, led to a reduction in crystalline volume fraction of ~20%. 
However, no correlation between topography and microstructure has been found. Instead, 
the suppressed crystallization has been partially ascribed to a reduced growth flux, limited 
surface diffusion and increased incubation layer thickness, originating from the surface 
area enhancement when transiting from flat to nanostructured surfaces. Furthermore, 
fundamental plasma parameters have been reviewed in relation with surface topography. 
Strong topographies are not expected to affect the ion-to-growth flux ratio. However, the 
reduced ion flux (due to increasing surface area) further limited the already weak ion energy 
transfer to surface processes. Additionally, the atomic hydrogen flux, i.e. the driving force 
for microcrystalline growth, has been found to decrease by a factor of 10 when transiting 
from flat to nanostructured topography. This resulted in an almost 6-fold reduction of the 
hydrogen-to-growth flux ratio, a much stronger effect than the ion-to-growth flux ratio. Since 
previous studies regarding crystalline growth stated the necessity for enhanced ion- and 
atomic hydrogen-to-growth flux ratios, reduction of the latter is suggested to be the main 
cause of suppressed crystallization kinetics.

Keywords: thin-film solar cells, microcrystalline silicon, nucleation, substrate nature, substrate 
topography, nano-imprint lithography, plasma–surface interactions
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1. Introduction

Hydrogenated amorphous and microcrystalline silicon (a-Si:H 
and μc-Si:H, respectively) are generally combined as top and 
bottom cell in tandem-junction thin-film (TF) solar cells [1–5]. 
Due to their bandgap values of ~1.8 eV (a-Si:H) and ~1.1 eV 
(μc-Si:H) respectively, efficient light conversion by absorp-
tion of a broad wavelength range (400–1100 nm) is achieved 
in a tandem cell, compared to single junction solar cells. 
Furthermore, adopting μc-Si:H as absorber, the light-induced 
degradation (LID) phenomenon, i.e. Staebler–Wronski effect, 
typical for a-Si:H [6], is found to decrease. However, due to 
the low absorption coefficient and indirect bandgap of μc-
Si:H, relatively thick absorber layers (~1–2 μm) are required, 
compared to its a-Si:H counterpart (~300–400 nm).

To keep up its competitiveness with crystalline silicon-
based solar cells, a cost reduction and/or enhanced solar 
cell efficiency is desired. On one hand, the use of inexpen-
sive substrate materials such as glass, polymers or metals, in 
combination with large area/high rate processing, is preferred  
[7, 8]. However, the substrate nature in terms of chemistry and 
topography may strongly influence the μc-Si:H growth pro-
cess, in particular its nucleation phase. Therefore it requires 
a thorough understanding. In association with the substrate 
nature, the nucleation of μc-Si:H as well as the initial growth 
of a-Si:H thin-films has been mainly attributed to the substrate 
chemistry, thereby considering e.g. crystallinity, conductivity, 
surface free energy [9–19], and the impact of plasma–surface 
interactions [12, 20]. On the other hand, optimized light trap-
ping schemes result in enhanced light absorption by manipu-
lating the optical path length of the incoming light [21–23]. 
The latter allows a reduced absorber thickness, therefore 
yielding less recombination losses. Also topography can play 
a role, as in the case of crack and void development during the 
absorber layer growth [14, 18, 20, 24]. Despite similarities in 
terms of substrate nature among various types of TF Si solar 
cells, a wide range of possibilities for topography development 
and control opens up, regarding light-trapping. Generally, 
transparent conductive oxides (TCOs), either as-deposited or 
upon post-deposition treatments, e.g. wet-chemical etching 
or plasma exposure, enable the development of topographies 
well suited for light trapping purposes. However, optimization 
of light-trapping structures is always carefully performed in 
terms of feature size and shape in view of the targeted a- or 
μc-Si:H absorber layer growth [20, 24–26].

Despite control of light trapping through topography 
manipulation, a proper TCO design involves also optical 
(transmission) and electrical (conductivity) performance. The 
ability to optimize simultaneously all three parameters is how-
ever challenging, as the optimization of one often limits the 
performance of another [26, 27]. Innovative solutions in terms 
of materials and processing have been explored among which 
ultra-violet (UV) nano-imprint lithography (NIL) has recently 
demonstrated strong potential [28–35]. The NIL technology 
enables nano-scale patterning of large-area substrates, e.g. 
glass, by imprinting a mask with the desired topography into 
a polymer lacquer. The lacquer is generally spin-coated onto 
the substrate. The flexibility of NIL in terms of feature shape, 

height or width, opens up new routes for well-controlled 
light-trapping properties being a key factor in solar cells. 
Furthermore, the easy up-scaling of NIL becomes important 
towards industrialization being driven by both low production 
cost and high throughput [35, 36]. Since NIL, applied prior 
to TCO deposition, can virtually induce any desired topog-
raphy, additional post-deposition processing is eliminated. By 
implementing the NIL lacquer, the structural, light-trapping 
component can be decoupled from its optical and electrical 
counterpart. Thereby, less restrictions towards TCO optimiza-
tion are imposed. Additionally, anti-reflection properties can 
improve by a combination of a refractive index gradient asso-
ciated with the ‘mixing’ of materials at the glass/NIL/TCO 
interface and an optimized thickness of this ‘mixed’ mate-
rial. The benefits of NIL are therefore mainly attributed to a 
high level of light-trapping control [21] by simply tuning the 
shape and size of topographies. Consequently, this allows for 
a reduced absorber thickness.

The application of strong surface topographies with steep 
feature edges, although providing enhanced light-trapping 
potential, is known to induce severe disadvantages, even 
without the use of NIL [24]. Sharp features, mainly the val-
leys at the bottom in between neighboring features, can lead 
to cracks and voids which develop in the initial growth phase 
and propagate throughout the absorber layer [20, 24, 37]. 
In particular for random topographies, these porous regions 
which are prone to oxidation [38], act as local current loss 
paths limiting solar cell efficiency. To overcome these issues, 
mild, preferably periodic surface topographies are generally 
chosen, although these may be less effective in terms of light 
trapping abilities.

An alternative for achieving high quality material is the appli-
cation of modified absorber layer growth processes resulting 
in optimal solar cell performances. Typically, low deposition 
rate processing favors high quality film growth, i.e. improved 
H passivation quality, reduced defect density and increased 
film density, even on rougher substrates [10, 25, 39, 40].  
However, from the perspective of cost reduction, a trade-
off between high-rate processing and optimal light-trapping 
needs to be reached. Therefore, the combination of both, espe-
cially with respect to novel NIL induced topographies com-
prising a wide variety of random and periodic structures, has 
to be explored in more detail from the perspective of μc-Si:H 
growth. The latter is highly dependent on, for example, the 
hydrogen-to-silane (H2/SiH4) dilution ratio [3]. Consequently, 
no general validation based on individual conclusions can be 
drawn [41, 42], supporting the urgency towards understanding 
growth processes in relation with novel concepts such as NIL 
induced topographies [10, 39].

In this paper the initial growth, or nucleation phase, of a- 
and μc-Si:H is studied in correlation with the substrate nature 
and NIL induced topography. The NIL topographies in this 
work have been developed by OM&T B.V. (now Morphotonics 
B.V.) for single junction μc-Si:H solar cells. Previous publi-
cations based on these cells have not discussed the absorber 
layer growth but mainly focused on light-trapping abilities 
[36, 43–46]. In this manuscript, we investigate the influ-
ence of the substrate on the absorber layer growth by means 
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of a detailed characterization of the initial growth (absorber 
thickness  <100 nm) with Raman spectroscopy, atomic force 
microscopy (AFM) and transmission electron microscopy 
(TEM). Finally, besides a microstructure analysis, the role 
of plasma–surface interactions in terms of ion flux (Γion), ion 
energy (Ei) and atomic hydrogen (H) flux (ΓH), is discussed in 
relation with the NIL induced substrate topographies based on 
our previously published work [47].

2. Experimental

2.1. PECVD set-up

Film deposition took place in a parallel plate capacitively 
coupled plasma (CCP) reactor. A schematic representa-
tion has been published previously [47]. The design was 
based on the intrinsic a-Si:H and μc-Si:H thin film deposi-
tion chamber located at the Institute of Photovoltaics (IPV) 
at Forschungszentrum (FZ) Jülich (Germany), being part of a 
larger cluster tool developed for solar cell research [3, 48–50]. 
The plasma has been generated in between a powered bottom 
electrode, with showerhead configuration, and a grounded 
upper electrode acting as substrate holder. During processing 
the upper electrode has been heated up to 200 °C. The bottom 
electrode has been coupled to a radio frequency (RF, 13.56 MHz)  
power source and a manually controlled L-network type 
matching unit. The input power has been maintained at 0.41 W 
cm−2 whereas the inter-electrode distance has been kept con-
stant at 1 cm. The process gases were H2 (with a flow rate, 
Φ, of 360 standard cubic centimeter per minute, sccm), and 
SiH4 (ranging from 1–5 sccm) both injected through the show-
erhead electrode. The depositions have been performed at a 
pressure of 14 mbar, and therefore the operating conditions 
can be defined as the so-called ‘high power-high pressure’ 
regime.

2.2. Sample preparation

The substrates used throughout this study have been either 
glass (Corning 7059 and Eagle) or stacks composed of NIL 
processed glass, AZO and/or boron doped a-Si:H as p-layer. 
The NIL substrates have been provided by OM&T B.V. (now 
Morphotonics B.V.) and concerned three types of topography, 
referred to as cups, random and pyramids (figure 1).

A brief overview of the topographical properties is given 
in table  1 where the surface area enhancement factor has 
been derived by geometrical approximation of the surface 
topography in three dimensions (assuming conical or cylin-
drical shapes) with respect to a flat reference. AZO layers of 
~550 nm have been deposited on top of these NIL substrates 
by means of magnetron sputtering performed at ECN. Besides 
a slight thickness reduction on the random topography, no NIL 
dependent AZO growth in terms of grain size or crystal ori-
entation has been observed (as confirmed by SEM and XRD 
measurements, not shown here). Subsequently, the B-doped 
a-Si:H p-layer has been deposited by means of rf PECVD. As 
a last step, intrinsic absorbers with thickness  <100 nm, being 
either amorphous or microcrystalline, have been deposited on 

these samples in a single run, therefore, directly representing 
the topographical or substrate’s nature impact.

2.3. Material characterization

The crystalline volume fraction (Xc) of the films has been 
determined by micro Raman spectroscopy (In-via Renishaw, 
514.5 nm Ar+ ion laser) according to the procedure described 
by Smit et al [51], preceded by a background correction, 
in order to identify the a- to μc-Si:H phase transition. It 
must be noted that studies have been focused on the initial 
growth  <100 nm, in order to monitor the nucleation differ-
ences between various substrate natures or topographies. 
Generally, optimum solar cell performance is associated with 
Xc ~ 60%–70%, typically achieved close to the μc- to a-Si:H 
phase transition edge. However, this concerns fully developed 
films (~ 1–2 μm) which are not investigated here [3].

In addition to Xc, film quality has been evaluated by means 
of Raman spectroscopy in terms of microstructure analysis 
based on the presence of Si-Hx stretching modes (SMs) in the 
absorption spectra (1800–2300 cm−1) as introduced by Smets 
et al [52, 53]. Depending on Xc, these SMs can be divided 
into the low stretching mode (LSM) (1980–2010 cm−1) and 
high stretching mode (HSM) (2070–2100 cm−1), both associ-
ated with the bulk a-Si:H tissue. For μc-Si:H films the HSM 
broadens by two additional modes ~2120 and 2150 cm−1. 
Highly crystalline films typically show three narrow HSMs 
(NHSM) (2083, 2103, 2137 cm−1) representing mono-, di- 
and trihydrides on crystalline surfaces associated with bulk 
grain boundaries. The final contributions are the medium SM 
(MSM) (~2050 cm−1), assigned to multi-vacancies, and the 
extreme LSM (ELSM) of which the assignment is still under 
discussion. Optimum cell performance was associated with 
spectra lacking the NHSMs as their presence reflects less 
dense films with high Xc that are susceptible to post-deposi-
tion oxidation. The absence of NHSMs is therefore indicative 
of good crystal surface passivation. Next to individual SM 
analysis, the microstructure parameter, R*, can be derived. R* 
is defined as follows,

=
+

R*
HSM

LSM HSM
. (1)

A lower R* therefore reflects a denser, vacancy-dominated 
a-Si:H. However, for μc-Si:H its interpretation becomes more 
complex as crystallites, and therefore additional SMs, are 
introduced into the film.

Next to Raman spectroscopy, evolutions in surface topog-
raphy and grain size/density have been measured through 
atomic force microscopy (AFM, NT-MDT Solver P47 SPM) in 
semi-contact mode using tips with a radius of 10 nm. In order 
to provide reliable comparisons, scan areas of 5 μm  ×  5 μm  
have been studied.

Transmission electron microscopy (TEM, JEM ARM 
200F operated at 200 kV) has been applied to study the ini-
tial growth phase in terms of incubation layer thickness and 
crystal development. Cross-sectional TEM samples have been 
prepared using focused ion beam (FIB) lift-out. Before prepa-
ration a stack of SiOx and Pt layers was deposited on the area 
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of interest by ion beam induced deposition (IBID) to protect 
the sample during FIB preparation.

2.4. Atomic hydrogen flux

TF Si growth is governed by reactive species, i.e. ions, elec-
trons and radicals, generated in the plasma, which interact 
with the film-growing surface. Besides Si containing ions 
and radicals contributing directly to the TF Si growth, the 
a- to μc-Si:H phase transition is mainly governed by the 
atomic hydrogen (H) interaction with the film-growing sur-
face. In particular, the atomic hydrogen flux (ΓH, cm−2 s−1) 
to Si growth precursor flux (Γgrowth, cm−2 s−1) ratio is gener-
ally acknowledged as a critical parameter in the crystalliza-
tion process. It basically represents a balance between film 
growth (by Si growth precursors) and etching effects (by H) 
which are directly correlated with the material properties. 
Therefore, ΓH has been determined, albeit indirectly, from 
the SiH* (414.3 nm) plasma emission intensity monitored 
through an Avantes optical emission spectrometer (OES, 
370–450 nm range, 0.5 nm resolution, 2000 ms integration 
time). The detailed procedure has been described previously 
by Dingemans et al [54, 55]. Essentially, the methodology is 
based on monitoring the variation in SiH* emission during a 
sequence of film deposition and etching steps. The deposition 
steps exist of ~150 nm thick films at a specific ΦSiH4, and every 
deposition step is alternated by a 1 minute H2 plasma etching 
step of the as-deposited film. By covering the full a- to μc-Si:H 
phase transition, controlled by ΦSiH4, the etching behavior of 
TF Si by H has been monitored through evaluation of the SiH* 
emission intensity for every process condition. These process 

conditions have been chosen as described before, whereas 
during the H2 plasma etching step, no SiH4 gas has been intro-
duced into the chamber, while keeping all other parameters 
constant. As such, the role of H etching during plasma pro-
cessing has been mimicked.

In order to detect the quantity of SiH* emission as a func-
tion of the substrate topography, the spectrometer was focused 
through lenses as close as possible to the substrate surface in 
order to eliminate bulk plasma contributions. The measure-
ment sensitivity in SiH* emission originating from the bulk 
plasma and from the substrate surface has been verified by 
the increased intensity for the non-focused (bulk), compared 
to the focused (surface) configuration. Furthermore, both a 
flat and a randomly textured substrate have been studied as 
they represent the extreme cases in terms of topography and 
surface area. The sensitivity of the SiH* emission towards dif-
ferent surface topographies has also been verified by moni-
toring the emission throughout the phase transition region 
demonstrating a clear ΦSiH4 dependence among the different 
substrates.

To calculate ΓH, the emission spectrum has been back-
ground corrected, followed by a conversion of the emis-
sion intensity to an equivalent SiH4 etch flow rate (ΦSiH4,etch, 
in sccm) [54, 55]. The ΓH towards the film surface has been 
defined as,

( ) γΓ = Φ< A/ / ,H surface etch (2)

with Φ< the etch product generation rate (sccm), defined as the 
SiH4 etch flow rate for highly-crystalline films (derived from 
the plateau region), γetch the etch yield of H atoms impinging 
on the film (assumed constant ~0.01), and Asurface the consid-
ered surface area as exposed to the ΓH.

3. Results and discussion

3.1. Substrate-dependent a-Si:H and μc-Si:H growth

3.1.1. Substrate nature-dependent nucleation. TF Si growth 
characteristics strongly depend on the substrate nature and 
topography. Therefore, a preliminary study has been performed 
by comparing the initial growth (<100 nm) of a- and μc-Si:H 
on flat glass (dielectric) and glass/AZO (semiconductor) 

Figure 1. Overview of applied structures for microcrystalline silicon growth studies using the following NIL substrate topographies:  
(a) inverted cups with period of 800 nm and feature height of 250–260 nm, (b) random texture with feature height of 350–1400 nm, and (c) 
upward pyramids with period of 800 nm and feature height of 130–170 nm. Note that the layers/features are not drawn to scale.

Table 1.  Characteristic properties of the various NIL substrates. 
Feature orientation, periodicity, height and surface area 
enhancement factor are defined with respect to a flat reference.

Cups Random Pyramids

Feature directions Downwards Upwards Upwards
Feature period 800 nm — 800 nm
Feature height 250–260 nm 350–1400 nm 130–170 nm
RMS roughness ~102 nm ~118 nm ~53 nm
Surface area en-
hancement factor

1.5  ±  0.3 4.7  ±  1 1.8  ±  0.4

J. Phys. D: Appl. Phys. 49 (2016) 055205
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substrates. By implementing sputter-deposited AZO, no inten-
tional topography has been induced (negligible RMS rough-
ness of ~2–3 nm, derived by AFM). The substrate nature and 
associated plasma–surface interactions are therefore expected 
to influence the initial TF Si growth. In order to verify their 
role, the evolution of Xc on both glass and AZO substrates 
has been compared (figure 2(a)). The early nucleation onset 
on AZO indeed confirms the existence of a substrate nature-
dependence. Additionally, the evolution appears to be (depo-
sition) condition-dependent, which allows to distinguish 
three regimes: regime 1, corresponding to SiH4 flow rates 
(ΦSiH4)  >  3.5 sccm, resulting in a-Si:H growth (Xc  =  0%); 
regime 2 (2 sccm  <  ΦSiH4  <  3.5 sccm), and regime 3, with 
ΦSiH4  <2 sccm, exhibiting a strong microcrystalline character 
(Xc  >  60%). It is only in regime 2 that a suppressed crystal-
lization on glass is observed as compared to AZO substrates, 
characterized by a broader phase transition region. Regimes 
1 and 3 do not show a difference in Xc for the two substrates.

The observation of a higher nucleation probability in 
regime 2 on AZO, as compared to glass, is supported by a 
larger RMS roughness, a reduced so-called conglomerate size 
and an increased conglomerate density as observed from AFM 

(figure 3). The term conglomerate has been introduced here 
to describe the thin-film microstructure. It represents either 
amorphous clusters or crystalline grains in respectively a-Si:H 
and μc-Si:H thin-films. In search for the mechanism behind 
the substrate dependence, research in the field of poly-crystal-
line (poly) Si [13, 17, 18] , regarding post-deposition anneal 
crystallization kinetics of a-Si:H, is recalled here, since similar 
substrate-dependent observations have been reported. A lower 
activation energy barrier for nucleation as well as an improved 
pristine a-Si:H microstructure leading to an early crystalliza-
tion onset were observed for layers on AZO compared to glass 
or amorphous SiNx substrates [21, 22]. Furthermore, enhanced 
growth radical diffusion was found to reduce the nano-sized 
void density of layers on AZO, altogether promoting the crys-
tallization process.

In this work, in order to investigate the impact of the sub-
strate on the microstructure evolution, both a- and μc-Si:H 
thin-films have been characterized in terms of the micro-
structure parameter R* (figure 2(b)) to discern between void- 
and vacancy-rich films [56]. For the AZO substrates, an 
improved microstructure, i.e. lower R* as compared to glass, 
has only been confirmed for the a-Si:H growth regime 1, 
since a vacancy-dominated and therefore denser film has been 
obtained. When shifting towards regimes 2 and 3, the incor-
poration of crystallites complicates the evaluation of R*. Yet, 
it can be observed that the presence of crystallites is accom-
panied by a gradual increase in R*, indicating a vacancy- to- 
void-rich transition. This was supported by a detailed SM 
analysis (figure 4). Specifically, the ELSM and MSM (repre-
senting multi-vacancies) are strongly related to the appearance 
of crystallites with the highest MSM and ELSM intensities 
occurring at Xc ~55%–65% and ~65%–80%, respectively. 
Furthermore, they are closely related to the Xc evolution which 
also agrees with our earlier study [47], under low power-low 
pressure conditions, therefore confirming the general validity 
of the SM analysis. The negligible differences in both Xc and 
R* for regime 3 (Xc  >  60%) can be attributed to a suppressed 
(down to a few nm) incubation layer thickness, the latter being 
typical for μc-Si:H growth. On the basis of above considera-
tions, one can conclude that, as in the case of poly-Si, the 
enhanced microstructure (low R*) on AZO promotes an ear-
lier onset of crystallization. Additionally, the crystallization 
has been found to be plasma process-condition dependent, 
thereby pointing out the importance of the interplay between 
the plasma and the substrate chemistry [34, 43, 44].

To further support the importance of the substrate chem-
istry in the crystallization process, contact angle measure-
ments of glass and AZO substrates, prior to Si TF growth, 
have been performed in air. Here, the contact angle is used as 
indicator of crystallite nucleation effects. A strongly enhanced 
contact angle, i.e. reduced surface free energy, was found 
for AZO, being indicative of a more hydrophobic surface 
nature. According to the classical nucleation theory [58] , this 
hydrophobic character can lead to a higher nuclei density in 
the initial growth stage. This is in agreement with our AFM 
measurements as shown in figure 3. Whether the hydrophobic 
nature alone promotes nucleation, or whether other surface 
chemistry factors assist in the early nucleation onset on AZO, 

Figure 2. Dependence of microcrystalline silicon growth 
characteristics on substrate nature, i.e. presence or absence of 
AZO, as a function of silane flow rate. The dependence throughout 
the a- to μc-Si:H phase transition is presented in terms of (a) 
crystalline volume fraction, and (b) microstructure parameter (R*). 
The different process regimes that have been defined are indicated. 
Dashed lines are a guide to the eye.

J. Phys. D: Appl. Phys. 49 (2016) 055205



J Palmans et al

6

requires further investigations. For example, a transition from 
a hydrophobic into a hydrophilic state [59, 60], or a chemical 
reduction of the AZO layer by H in-diffusion [61] are possible 
upon the presence of a plasma, which acts as a source of UV 
photons, radicals, ions and electrons [62].

Despite the preliminary character of these observations, it 
can be concluded that the substrate chemistry plays a critical 
role in the nucleation of μc-Si:H.

3.1.2. Nano-imprint induced topography dependent nucle-
ation. The initial μc-Si:H growth dependence on the substrate 
nature has been confirmed and discussed, however, up to now 
in the absence of surface topography. In this section the role 
of topography in the initial μc-Si:H growth stage is discussed 
in detail for the NIL induced topographies. In order to develop 
an understanding of the μc-Si:H nucleation on nano-imprint 
topographies, the impact of topography on both Xc and R* has 
been explored.

In figure  5(a) the effect of topography on Xc has been 
illustrated for two periodic (cups and pyramids) and one 
randomly textured substrate (table 1) with respect to a flat 
reference. Upon an increase in RMS roughness (flat  <  pyra-
mids  <  cups  <  random), a broadening of the a- to μc-Si:H 
phase transition, as well as an absolute decrease in Xc up to 
20% has been found for the various NIL substrates. Similar 
reductions in Xc have recently been reported by Kim et al [42] 
and Python et al [24, 38], who furthermore reported on varia-
tions in nucleation density, geometrical effects and the impact 
of combined plasma treatments. However, in both cases only 
random topographies have been considered. Furthermore, the 
Xc development (figure 5(a)) throughout the a- to- μc-Si:H 
transition appears to be topography-independent, i.e. a sim-
ilar dependence of Xc on the SiH4 flow rate can be observed 
for all substrates. The enhancement of Xc, in particular at 
the onset of nucleation (when going from ΦSiH4  =  4 sccm 
to ΦSiH4  =  2 sccm), has been partially ascribed to a reduced 
growth flux [14, 24]. The latter is a direct consequence of the 
surface area enhancement associated with an increasing RMS 
roughness: a flat AZO reference corresponds to a surface area 
enhancement factor of 1. This factor increases to 1.5  ±  0.3 
(cups), 1.8  ±  0.4 (pyramids) and 4.7  ±  0.9 (random), as 
derived by a geometrical approximation of the NIL-defined 
surface features. Furthermore, additional contact angle meas-
urements (not shown here) revealed that a random topography 
results in a ~20° higher contact angle than a flat substrate (prior 
to any plasma exposure step which might alter the surface 
chemistry/energy) [60]. Despite this difference on the macro-
scopic scale, it does, however, not directly imply a difference 
in surface energy on the microscopic scale [64]. The diffusion 
of growth radicals is therefore expected to be directly driven 
by the surface topography and not by a topography induced 

Figure 3. Atomic force microscopy images (5 μm  ×  5 μm) of microcrystalline silicon films deposited in the phase transition region at a 
silane flow rate of 2.6 sccm on (a) glass, and (b) glass/AZO substrates.

Figure 4. Extreme low (a) and medium (b) stretching mode (ELSM 
and MSM, respectively) contribution as a function of silane flow 
rate for the a- to μc-Si:H phase transition. Data is given for the case 
of glass and AZO substrate chemistry. Dashed lines are a guide to 
the eye.

J. Phys. D: Appl. Phys. 49 (2016) 055205



J Palmans et al

7

surface energy variation. Additionally, growth radical dif-
fusion has been reported to favor the occupation of valleys, 
by preferential saturation of dangling bonds, over sticking 
to the top or edges of surface features [64]. This allows us 
to conclude that strong topographies generally would lead to 
a-Si:H-rich valleys as surface migration out of these valleys 
is unlikely. The overall reduced surface diffusion associated 
with enhanced surface topographies therefore results in lat-
eral non-uniformities in the growth process. This has been 
confirmed by cross-sectional TEM analysis (figure 6), when 
comparing flat and randomly textured substrates in the phase 
transition region (at 2.6 sccm).

Already in the initial growth phase an increased incubation 
layer thickness from ~12 nm on flat (figure 6(a)) to ~20 nm on 
random (without p-layer) substrates (figure 6(b)) is observed. 
The reduced Xc with increasing topography has therefore been 
directly associated to a delayed nucleation. Basically, the 
nucleation delay is a direct consequence of the due to topog-
raphy reduced surface diffusion. At its turn, it implies a poor 
a-Si:H microstructure development. As such, the incubation 

layer, and particularly its microstructure, needs to evolve first 
until crystallization becomes favorable.

In addition to the topographical impact on nucleation 
kinetics, a changing surface chemistry can further alter the 
incubation layer thickness and subsequent crystallization, 
even in the presence of strong topographies. To illustrate this 
surface chemistry effect, the presence of an a-Si:H p-layer 
on a substrate with random topography has been evaluated 
by TEM in figure  6(c). A reduced incubation layer thick-
ness of ~8 nm compared to the random topography without 
p-layer (~20 nm) has been demonstrated. This latter obser-
vation could be attributed to surface oxidation (SiOx forma-
tion) of the p-layer (visual from the bright line in the inset in 
figure 6(c)) from which it is known to enhance the nucleation 
process compared to AZO [14]. Therefore, even in the pres-
ence of strong topographies, it is the surface chemistry which 
can further influence the crystallization process. Despite this 
difference, no evidence of a linear nuclei density variation 
(constant at about 13–15 nuclei per μm) could be found. The 
main difference consists of a more uniform crystallite distri-
bution on flat surface areas, whereas inside valleys no or only 
few crystallites developed as discussed before.

Additional analysis of the topographical impact on the 
crystallization has been performed by evaluating the layer 
microstructure. Since a well-controlled Xc is desirable, as best 
solar cell performances relate with Xc ~60–70%, an optimum 
R* has to be achieved as well. In figure 5(b) the R* evolu-
tion has been reported throughout the phase transition region 
illustrating a strong condition-dependence. Basically, the R* 
trend can be separated into three regimes. For regime 1 (high 
ΦSiH4  >  3.5 sccm), resulting in amorphous growth, a wide 
microstructure variation is present as function of the topog-
raphy with the smoother substrate possessing the lowest R* 
(decrease from 0.45 to 0.22), representative of a reduced void 
content and, therefore, enhanced film density. An R*  <  0.2 
is defined as ‘good’, which also points out the optimization 
required upon the introduction of surface topographies. The 
increasing R*, as observed for the NIL substrates, is associ-
ated with the limited surface diffusion and preferential adsorp-
tion of growth radicals into valleys, as indicated earlier. The 
result is a porous, low quality material which also explains the 
thicker incubation layer required prior to crystallite nuclea-
tion. The use of NIL topography therefore points towards 
the requirement of absorber layer optimization. Besides the 
impact of topography on a-Si:H layer morphology, strong 
variations in morphology have also been demonstrated for 
highly crystalline films in regime 3, i.e. low ΦSiH4 (<2 sccm). 
In this case, an opposite R* trend has been found compared 
to the amorphous regime. The introduction of voids became 
more relevant for highly Xc films with the smoothest topog-
raphy. This can be attributed to the developing crystalline 
grains which have been growing in size and increasing in den-
sity upon surface smoothening. The increasing crystallinity, 
associated with reduced topographies and therefore reduced 
incubation layer thicknesses, gives rise to a void-rich mate-
rial as the a-Si:H density surrounding the grains is reduced, 
subsequently suppressing its passivation quality. For the 
strong topographies, the initial a-Si:H growth in regime 3 is 

Figure 5. Dependence of microcrystalline silicon growth 
characteristics on substrate topography going from as-deposited 
AZO roughness (flat) to NIL induced roughness (periodic or 
random), as a function of silane flow rate; development of (a) 
crystalline volume fraction, and (b) microstructure parameter 
(R*) for the a- to μc-Si:H phase transition. The different process 
regimes that have been defined are indicated. Dashed lines are a 
guide to the eye.
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not differing too much from that in regime 1. Therefore, its 
microstructure is less affected by the crystallite development 
resulting in a lower R* on enhanced topographies. Finally, 
regime 2, being of main interest due to the occurring phase 
transition, is analysed. Although Xc varied considerably 
throughout the a- to- μc-Si:H phase transition, up to 20% for 
μc-Si:H growth conditions upon increased topography, and 
even going from μc- to- a-Si:H growth upon varying process 
conditions, the R* evolution experienced a limited topography 
dependence. Therefore, the presence of NIL topography has 
not been considered as detrimental for the microstructure 
development itself. However, it did affect the incubation layer 
thickness and consequently resulted in a broad Xc window 
throughout the phase transition region. These conclusions 
therefore point out that nano-imprinted topographies can be 
chosen based on their light trapping potential, whereas Xc and 
R* can be independently controlled by the process.

However, TF Si growth properties are not only governed 
by physical parameters, e.g. surface diffusion, as discussed 
up to now. Instead the material properties are also directly 
influenced by the plasma–surface interactions, i.e. ions and 
H reaching the substrate. Therefore, in the next section our 
results can be further analysed and discussed in terms of 
plasma–surface interaction properties such as Ei, Γion and ΓH.

3.2. Plasma–surface interactions with non-flat substrates

3.2.1. The role of ion flux and energy. Under high power-high 
pressure conditions as applied in-here, plasma parameters like 
Γion and Ei deserve careful analysis. Since this regime is asso-
ciated with a high plasma collision density, no detrimental ion 
bombardment effect is expected. However, as reported in our 
earlier works [47, 57], already a minimal change in Γion/Γgrowth 
ratio (i.e. from ~0.3 to ~0.6) is sufficient to affect the crystal-
lization process. Additionally, the Ei transfer to the surface has 
been found to be limited to  <12 eV per deposited Si atom, 
such that only a thermal spike can enhance locally the surface 
diffusion [57].

Taking into account the surface area enhancement factor3, 
both Γion and Γgrowth are expected to be reduced. Specifically, 
the exposed surface area increases up to a factor of ~1.5–5 
(from periodic to random topography), therefore reducing Γion 
and Γgrowth with the same factor. Due to the similar reduction in 
Γion and Γgrowth, the suppression of μc-Si:H growth, as observed 
in terms of Xc for increasing surface topography, can be then 
related to surface diffusion effects. Since surface diffusion 
is reduced when the topography is enhanced, as already dis-
cussed in section 3.1.2, the lowest crystalline volume fractions 
are associated with the strongest topographies. Furthermore, 
in the high power-high pressure regime considered in-here, 
the limited Ei transfer will be reduced even further upon the 
presence of topography due to a reduction of Γion. Since a 
larger Ei transfer is required throughout the phase transition, 
the reduced density of low energy ions suppresses the crystal-
lization process, or in other words favors a-Si:H growth. The 
introduction of a surface topography therefore evokes a less 
prominent role of ions which is directly reflected by Xc.

3.2.2. The atomic hydrogen flux: smooth vs. rough sur-
faces. A last aspect that is critical in μc-Si:H growth and 
which has not been addressed yet is the role of H which gener-
ally drives the growth and crystallization process as its contri-
bution can exceed that of ions up to two orders of magnitude 
[47]. Therefore, the interaction of H during TF Si growth has 
been examined in relation with the microstructure character-
ization. The approach developed by Dingemans et al [55], 
which provides insight into ΓH based on the monitored SiH* 
emission intensity, has been applied. Furthermore, ΦSiH4,etch 
has been defined throughout the phase transition region. The 
results of ΦSiH4,etch have been shown in figure 7 for both flat 

Figure 6. Cross-sectional bright-field transmission electron microscopy images on samples prepared by means of focused ion beam lift-
out. The dependence of the microcrystalline silicon growth characteristics (at a silane flow rate of 2.6 sccm) on the substrate topography in 
the phase transition region has been compared for the flat, as-deposited AZO substrate and the NIL induced randomly textured substrate. 
Images are provided for (a) flat glass/AZO substrate, (b) NIL induced randomly textured glass/AZO substrate, and (c) NIL induced 
randomly textured glass/AZO substrate with additional p-type a-Si:H layer. Magnified images are included to clarify the presence of the 
crystallites.

3 The surface area enhancement factor describes the increase in surface area, 
within the presence of topography, compared to a flat reference. Herein, 
either a periodic or random topography has been considered. The shape of 
surface features has been approximated by simple geometry, e.g. by consid-
ering them as cones or pyramids. This resulted in surface area enhancement 
factors of 1.5  ±  0.3 (cups), 1.8  ±  0.4 (pyramids) and 4.7  ±  0.9 (random).

J. Phys. D: Appl. Phys. 49 (2016) 055205



J Palmans et al

9

and randomly textured substrates as they represent the most 
extreme topographies. First, the larger input power compared 
to literature resulted in a higher ΦSiH4,etch due to a larger disso-
ciation rate of H2 and increasing electron density [55]. Second, 
by comparing flat and random substrates, the nucleation onset 
has not been found to be very different. Instead, it has been 
in agreement with the evolution of Xc. More importantly, no 
significant difference in H-induced etching has been observed 
among the substrates over the full range studied.

However, the SiH* intensities did reveal differences 
between flat and random topography for low ΦSiH4,etch (micro-
crystalline growth), whereas towards higher ΦSiH4,etch (a-Si:H 
growth) these differences became negligible. The latter points 
out that a substrate-dependent etching effect exists that van-
ishes towards a-Si:H growth conditions despite the large dif-
ference in surface area. In other words, the etching effect is 
reduced when considering stronger topography compared to 
a flat reference, most likely due to a selective etching effect. 
Additionally, as a function of ΦSiH4, an enforced etching effect 
for a-Si:H compared to μc-Si:H growth conditions has been 
found, as expected from the H etching models. Under μc-Si:H 
growth conditions a tendency towards lower ΦSiH4,etch has been 
therefore observed. Consequently, a similar etch flow rate, Φ<, 
(derived from the plateau region at low ΦSiH4) has been assumed 
for both substrates. Applying this in equation (2), combined 
with the surface area enhancement factor of 4.7 for the random 
substrate, leads us to conclude that this surface area enhance-
ment primarily affects ΓH. Quantitatively, the substrate areas 
were respectively 2 cm2 (flat) and 9.4 cm2 (random), resulting 
in ΓH values of 3.1  ×  1019 cm−2 s−1 and 3.3  ×  1018 cm−2 s−1, 
respectively, when assuming Φ<  =  1.4 sccm and γetch  =  0.01. 
The assumption on Φ< could slightly deviate between the 2 
samples, however, its influence would remain limited com-
pared to the surface area enhancement factor. Upon the use of 
strong topographies, i.e. large surface areas, ΓH can therefore 
be reduced up to a factor of ~10 and consequently reducing the 
ΓH/Γgrowth ratio up to a factor of ~6. This decrease exceeds the 

Γion /Γgrowth ratio by two orders of magnitude, therefore leading 
to a suppression of the crystal development. In the case of the 
periodic topographies, the surface area enhancement factor is 
reduced considerably to ~1.5–2, leading to a slightly larger ΓH 
in the intermediate regime. Therefore, the difference in Xc has 
been reduced considerably and falls in between the extreme 
cases of flat and randomly textured substrates. Overall, by 
correlating the plasma–surface interactions with the material 
properties, the reduced Xc obtained at NIL substrates has been 
attributed to a combination of a reduced Γgrowth, a reduced Γion 
and Ei, and a reduced ΓH, altogether suggesting a suppression 
of the crystallization process as observed in-here.

4. Conclusions

The initial growth of μc-Si:H has been analyzed through 
Raman spectroscopy in terms of Xc and R*. A strong, con-
dition-dependent impact of substrate nature and topography 
has been demonstrated. In particular, the presence of AZO 
has been found to promote crystallite nucleation compared 
to glass. This early nucleation onset has been attributed to a 
microstructure enhancement, i.e. a densification of the initial 
a-Si:H layer, similarly to work devoted to poly-Si develop-
ment. Furthermore, the importance of the surface chemistry 
has been supported by AFM analysis indicating a larger 
grain density on AZO. Complementary, contact angle mea-
surements suggested a reduced surface free energy on AZO 
substrates as compared to glass, which according to classical 
nucleation theory can enhance the crystallization. Since the 
nucleation has also been found to be plasma deposition con-
dition-dependent, the interplay between the plasma process 
and the substrate chemistry has been proposed as the growth 
determining factor in μc-Si:H development.

Regarding substrates with NIL induced topographies, a 
reduced Xc has been obtained under μc-Si:H growth condi-
tions upon a surface topography enhancement, i.e. increasing 
surface area. Throughout the phase transition region, the R* 
evolution experienced a strong plasma deposition condition-
dependence. However, when focused on μc-Si:H growth con-
ditions, its variation was limited despite a strongly reduced 
absolute Xc of ~20% among the various topographies. This 
demonstrated the relatively low importance of R*, enabling 
topographical optimization based on light-trapping ability, 
whereas the microstructure and Xc can be independently con-
trolled. The suppressed crystallization kinetics has been attrib-
uted to a limited growth radical surface diffusion. Together 
with preferential adsorption of growth radicals in valleys, this 
resulted in an a-Si:H dominated growth. Only upon incubation 
layer development the onset for crystallization occurs. Since 
TF Si growth is directly influenced by the plasma deposition 
conditions, the impact of topography on the plasma–surface 
interactions has been considered as an alternative point of 
view to explain the suppressed crystallization kinetics. Upon 
enhanced surface areas, associated with the NIL substrates, 
the Γion/Γgrowth ratio is expected to be constant. However, the 
reduction in Γion did imply that the Ei transferred to the surface 
has been further reduced. Furthermore, ΓH, being critical in 

Figure 7. Etch flow rate (sccm) for the a- to μc-Si:H phase 
transition obtained by H2 plasma exposure following the deposition 
of Si thin-films under various silane flow rate dependent conditions. 
Flat and randomly textured substrates are compared to investigate 
the etching effect.
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μc-Si:H growth, and its ratio ΓH/Γgrowth, was studied for the 
flat and random topography. In absence of any Φ< variations 
(~1.4 sccm), it has been concluded that ΓH is directly governed 
by the surface area enhancement upon the presence of topog-
raphy. Consequently, an absolute reduction of ΓH interacting 
with the surface has been derived, resulting in a reduction 
of the ΓH/Γgrowth ratio up to a factor of ~6. Since a stronger 
involvement of H in μc-Si:H than a-Si:H growth is required, 
the reduction of the ΓH/Γgrowth ratio points out a suppressed 
crystallization process.
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