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Abstract

The microstructure of a series of silicon ®lms deposited by very high frequency glow discharge (VHF-GD) with silane

concentration in hydrogen varying from 100% down to 1.25% has been observed with transmission electron microscopy

(TEM). The surface topography of the layers has been analysed by atomic force microscopy (AFM). At silane con-

centration below 8.6%, a phase transition between amorphous hydrogenated silicon (a-Si:H) and microcrystalline sil-

icon (lc-Si:H) is observed by TEM. After this transition, the further decrease of silane concentration leads to complex

changes of the crystalline microstructure of the layers. AFM observations of the surface reveal that the ®lm rms

roughness increases with the decrease of the silane concentration. The surface morphology is not related simply to the

microstructure of crystalline grains as observed by TEM.

1. Introduction

As shown by Veprek in 1968, microcrystalline
hydrogenated silicon (lc-Si:H) can be directly
deposited at low temperature [1]. Since then, lc-
Si:H has found more applications as doped layers
in solar cells and in thin ®lm transistors. Re-
cently, the application in solar cells of intrinsic
lc-Si:H deposited by very high frequency glow
discharge (VHF-GD) with silane diluted in hy-
drogen has been successfully proven [2]. Despite

the success of this material as an active absorber
in photovoltaic devices [3], relatively little is
known about its microstructure [4,5] and the link
between the material microstructure and the de-
vice performance is still lacking. The aim of this
paper is to present the e�ect of the dilution of
silane on the microstructure and on the surface
morphology of lc-Si:H layers deposited on glass
substrates. Our TEM observations show many
di�erent types of microstructures in a series of
samples deposited at silane dilution levels within
the range used in practice for the deposition of
the i-layers in solar cells. Surface morphology of
the layers is also an important parameter for
device performance. Indeed, a rough layer allows
for an increased light trapping in the active i-layer
of the cell, thereby to an increased short-circuit
current [6].
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2. Experimental

Films were deposited in a capacitively-coupled
parallel plate reactor using a plasma excitation
frequency of 70 MHz. The silane concentration in
the feed gas was varied from 100% down to 1.25%
by adapting the ratio of the silane and hydrogen
¯ows, while keeping the total feed gas constant at
50 scm. The depositions of 1.5±2 lm-thick ®lms on
Corning 7059 glass substrates were performed at a
pressure of 0.4 mbar, a HF-power input of 7 W
and a substrate temperature of 225°C. These ®lms
have been characterised by Infrared spectroscopy,
elastic recoil detection analysis (ERDA) and X-ray
di�raction [7,8].

The conventional TEM sample preparation by
the ion-milling method is known to amorphize
silicon nanocrystals and to preferentially etch
around cracks [9]. To avoid these artefacts, we
scraped the ®lms from the glass substrate and di-
rectly placed the fragments on a carbon-coated
TEM grid. The drawback of this technique is that
fracture along the growth direction cannot be
controlled. As a consequence, inhomogeneities on
the sampleÕs surface (like the protrusions in Fig. 5)
may be harder to observe than the above men-
tioned conventional preparation technique. The
grids were examined in a electron microscope
(Philips CM200) operated at an accelerating volt-
age of 200 kV. AFM studies were performed with
a commercial microscope in the non-contact
mode.

Fig. 1. Plane view bright ®eld micrograph of the sample pre-

pared at a silane concentration of 7.5%. It exhibits small crys-

tallites (dark dots of 10 nm diameter, standard deviation �4

nm) embedded in an amorphous matrix. The crystalline surface

density is about 10%.

Fig. 2. Cross-section bright ®eld micrograph of the sample

prepared at a silane concentration of 2.5% exhibiting large (200

nm diameter) bunches of grains (average diameter of 28 nm,

standard deviation �27 nm), resulting in a rough sample-air

interface. One leaf-like shaped grain pointing out of the sample

can be identi®ed.

Fig. 3. Cross-section dark ®eld micrograph of the sample pre-

pared at a silane concentration of 1.25%. Columnar grains of

750 nm length can be observed. The microstructure over the

®rst 40 nm close to the substrate-layer interface (upper left

corner) is di�erent: it exhibits a much smaller grain size distri-

bution. The selected area di�raction pattern in inset, composed

of dotty rings, is characteristic of the microcrystalline nature of

the sample.
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3. Results

3.1. TEM observations

Plane view bright ®eld electron micrograph of
the 7.5% dilution sample is given in Fig. 1. This
sample contains crystallites (nanocrystallites with
an average diameter of 10 nm, embedded in an
amorphous phase. Cross-sectional observations
(not shown) reveal that these nanocrystals are
elongated with an average length of 30 nm). Image
analysis of this micrograph gives a surface crys-
talline fraction of about 10%. As the elongated
crystallites have roughly the same length as the
estimated thickness of the electron transparent
edge, the volume crystalline fraction is approxi-
mately to the surface crystalline fraction. This
sample has an absorption curve that is between the
absorption curves for lc-Si:H and for a-Si:H [7,8].
On the other hand, only a very faint X-ray signal
indicative of crystallinity was observed [7,8].

Fig. 2 shows the microstructure of the 2.5%
dilution sample. Crystallites have an average di-
ameter of 28 nm. The residual amorphous fraction
in this sample (as well as in the larger dilution
samples) could no longer be estimated from our
medium resolution TEM pictures. We observe
another feature in this sample: leaf-like grains
pointing out of the sample. The latter are rather
large monocrystals (150 nm diameter, 350 nm
long) with a central symmetry axis consisting of a
stacking fault. A similar microstructure had al-
ready been observed in thermally recrystallized
amorphous silicon samples for TFT applications
[10]. Dendritic growth with mostly a (2 2 0) crys-
tallographic texture has been suggested in Ref. [10]
for these samples. Note that a predominant (2 2 0)
crystallographic texture is also observed in this
sample [7,8].

The microstructure of the 1.25% dilution sam-
ple is illustrated in Fig. 3. It has long (750 nm
length) columnar grains. The average diameter of
these long grains is 24 nm. Cracks extending a long
way down the grains are present. Our medium
resolution micrographs do not show if these cracks
are voids or are ®lled with a thin amorphous tis-
sue. A discontinuity of the microstructure is ob-
served in the ®rst 40 nm close to the glass±silicon

Fig. 4. AFM non-contact measurement of the surface topog-

raphy of the sample prepared at a silane concentration of 8.6%.

The scanned area is 3 lm� 3 lm. It shows grains of 90 nm

average diameter and clusters of (in average) three grains. The

rms roughness of this sample is 2 nm.

Fig. 5. AFM topography of the sample prepared at a silane

concentration of 7.5%. The scanned area is 3 lm� 3 lm. It

shows coley-¯ower like protrusions (bright) composed of

smaller grains.
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interface: this part of the layer consists of small
isotropic grains, indicative of a distinctive nucle-
ation process in this sample.

3.2. AFM observations

Fig. 4 shows the surface morphology of the
a-Si:H sample prepared with 8.6% silane; it looks
very similar to that of device quality a-Si:H layers
prepared with pure silane. It consists of small
grains of 70 nm average diameter, with a rms
roughness of 2 nm. The surface morphology of the
sample prepared with 7.5% silane is shown in
Fig. 5. We observe the occurrence of protrusions
of clusters of small grains (in the whole dilution
series, the clusters have in average a diameter three
times larger than that of the grains). These clusters
are emerging from the surface, as expressed by the
increase of the skewness of the sampleÕs height
distribution (Fig. 6 ). This parameter expresses the
asymmetry of a statistical distribution around its
mean. It becomes increasingly positive (asymmet-
ric tail on the positive side of the distribution) for
samples consisting of features pointing out of a ¯at
substrate (mesa-like morphology). The general
trend in the surface morphology is the following:
at the amorphous±microcrystalline transition, the
rms roughness increases abruptly. The microcrys-

Fig. 6. Rms rougness of the samples surface and skewness of

the sample height distribution as a function of the concentra-

tion of silane in the plasma gas phase.

Fig. 7. Schematical representation of the evolution of the microstructure of the layers as a function of the silane concentration in the

plasma gas phase. The small black dots represent the amorphous phase. The TEM micrographs of the sample prepared with 7.5%

silane are not shown here.
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talline samples have larger clusters emerging from
the surface (mesa-like) with a coley-¯ower mor-
phology. By decreasing further the silane concen-
tration the mesa-like morphology disappears and
the rms roughness increases.

4. Discussion

The evolution of the microstructure with the
silane dilution as observed by TEM is given sche-
matically in Fig. 7. It was generally assumed that
lc-silicon is constituted either of microcrystallites
of a more or less spherical shape embedded in an
amorphous tissue, or of columnar grains extending
all the way through the layer, as observed in Ref.
[4]. Our study reveals a much larger variety of
microstructures. In particular, based on the oc-
currence of dendritic growth under VHF deposi-
tion conditions, similar to that observed in
thermally recrystallised a-Si:H samples we suggest
that VHF-GD deposition conditions are smooth.
However, the detailed growth mechanisms re-
sponsible of this variety of crystalline microstruc-
ture are not known. Furthermore, the growth
mechanisms are dependent (for a given silane
concentration) on the type of underlayer (trans-
parent conductive oxide such as ZnO or SnO2,
p-doped layer) on which deposition takes place
[11], as well as on the other deposition parameters
(frequency, power, temperature [12]). Thus care
has to be taken when transferring our observations
to other substrates or deposition conditions.

The results of the non-contact AFM topogra-
phy measurements are summarised in Fig. 6. The
amorphous±microcrystalline transition can be
identi®ed by an abrupt change in the rms rough-
ness. Surface grains can be seen in AFM pictures
(Figs. 4 and 5). The average diameter of the
smallest grains in samples exhibiting a coley-¯ower
like surface morphology is, in general, not corre-
lated with the crystallite size observed by TEM
(Fig. 8). This result is already known from the
comparison of scanning electron microscopy
(SEM) images of the surface topology with TEM
micrographs [13]. However, in some cases, as
dendritic growth occurs (2.5% dilution sample),
surface morphology re¯ects the microstructure of

the sample. In samples close to the amorphous±
microcrystalline transition (i.e., of smallest crys-
talline fraction), the crystallites average diameter
as observed by TEM is one order of magnitude
smaller than that of the surface grains. Thus, we
presume that the surface grains are constituted of a
mixture of the two (amorphous and crystalline)
phases. For the large dilution samples, where the
crystalline fraction is the largest, the average di-
ameter of crystallites as measured by TEM is again
smaller than that of the surface grains. Thus, we
assume that the surface grains consist of several
crystallites.

5. Conclusions

We have studied the microstructure and surface
topography of a series of samples deposited at
various concentration of silane in hydrogen using
the VHF-GD deposition process. TEM observa-
tions of the microstructure reveal that for de-
creasing silane concentration a variety of di�erent
microstructures develops. The sample surface to-
pography shows an abrupt increase in the rms

Fig. 8. Grain sizes measured on TEM micrograph and AFM

topography measurements. Because of the logarithmic repre-

sentation, we have plotted only the positive standard deviation

by an error bar. The AFM surface grain size is the diameter of

the smallest grains (see e.g. Fig. 5).
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roughness at the amorphous±microcrystalline
transition and protrusions out of the surface. It is
not straightforward to correlate the sampleÕs sur-
face topography with the layerÕs microstructure:
surface grains are neither single phased in samples
close to the transition nor single crystallites in
more crystalline samples. However in some cases,
when dendritic growth occurs, surface morphology
re¯ects the microstructure of the sample. Our ob-
servations of the diversity of microstructures in
layers calls now for a study of the i-layer micro-
structure and surface topography in solar cells and
their possible e�ects on the device performances.
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