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Abstract

. Evolution of hydrogen content and bonding have been studied in two scts of St H samples deposited near the amorphous

(a St H) mcrocrystalline (ue-Si. H) boundary from hydrogen (H,) and argon (Ar)-diluted silane (SiH,) by varying the rf power in conventional
(13.56 MHz) plasma enhanced chemical vapour deposition (PECVD) Microcrystallinity 1n the samples was verified by transmission clectron
microscopy (TEM) In Hx-diluted pe Si- H samples, the selective ctchmg of SiH; by atomic hydrogen from the gram boundary has been
vbserved On the other hand in Ar-diluted samples, SiH, mode absorption ncreases with increase of 1/ power. Appearance of the nfrared
absorption peak around 2030 ¢m™ in both H, and Ar-diluted samples, dicates that the platelet hike configuration of S1 H bond may be
assocrated with the growth of microcrystalline grams Role of the metastable Ar” in the growth of pc-Si: H has been discussed
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1. Introduction

Morphological transition of a-Si : H into pe-Si : H deposited
by radio frequency (rf) PECVD of SiH,, depends sensitively
on the deposition parameters. The study of the effect of the
different deposition parameters, gives us a better
understanding of the growth mcchanism of pc-Si:H thin
films. High H,-dilution is considered as essential for good
qQuality pc-Si:H formation [1]. Near the microcrystalline
formation, a sharp variation of the H-content and bonding
arc generally observed [2]. Recently, deposition of good
quality pc-Si: H by conventional PECVD method has been
achieved using high Ar-dilution of silane [3,4]. More data
on the formation of pc-Si : H by Ar-dilution arc required to
understand its growth mechanism. In this article, we have
reported the study of variation of the H-content (Cy) and
configuration of Si~H bonding in the Si : H samples prepared
from H, and Ar-diluted SiH, by varying the rf power density
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in conventional 1 (13.56 MHz) PECVD with the help of
Fourier transform infrared (FTIR) spectroscopy. Progress
of microcrystalline grains (nucrocrystallites) formation with
increasing rf power was studied by transmission clectron
microscopy (TEM). Some features in Si-H bonding appear
to be correlated with the growth of microcrystallites.

2. Experimentai procedure

The Si:H samples were deposited in a conventional
capacitively coupled 13.56 MHz radio frequency (rf) plasma
enhanced chemical vapour deposition (PECVD) chamber
designed to achieve ultrahigh vacuum (~10-"° Torr). The
clectrode diameter and spacing were 12.5 ¢cm and 1.2 cm
respectively. Various substrates as are needed for different
types of characterization, were fixed on the grounded anode.
Applied rf powér was calculated by taking the difference
between the forward and reflected power. All samples were
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deposited at a subsuate temperature of 250°C. Table 1 shows
the deposition conditions of the H, and Ar-diluted samplcs.

Table 1. Deposttion conditions of the St - H samples prepared with hydrogen
“and argon dilution

Sample  Flow Rate (scem)  Substrate  Pressure RF power  Bonded

No Sty H Ar Tempera- (Torr) density H-content
ture (“C) (mW/em?) Cy(%)
Hi | 99 x 250 15 36 12
H2 | 99 x 250 1S 82 6
Al l A 99 250 0S8 16 15
A2 1 A 99 250 0s 24 16
A3 | X 99 250 05 82 12
A4 | S 99 250 05 98 11
! X 99 250 0Ss 122 10

AS

For TEM studies, about 0.1 um thick samples were deposited
on carbon coated copper grids. FTIR absorption in about
I um thick films deposited on silicon wafers was studicd to
determine the bonded H-content and Si-H bonding
configuration in the material. The number density (Ny) of
hydrogen bonds in the sample was cvaluated from the area
under the plot of the absorption coelficient (er) against the
wavenumber (@) duc to SiH wagging mode around 640
cm-' using the relation

Ny = AJ.[a((u)/w]dw, (n
a value of 1.6 x 10" ecm™? for the oscillator strength A has

been taken from Fang et al [5]. H-content is often expressed
in alomic % as

Cy = (N [5%102)x 100%. )

3. Results

3.1, Structural study by TEM

Figures la and 1b show the TEM micrographs and
diffraction patterns for the Si: H samples deposited by using

Figure 1(a), Transmission electron micrograph and diffraction pattern for
samples deposited from 99% H,-diluted silane with rf power density of
36 mW/cm?,
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Figure 1(b). Transnussion clectron micrograph and diffraction pattern for
samples deposited from 99% Hy-diluted silane with rf' power density of
82 mW/em?

99% H,-dilution at power densities of 36 mW/cm? and 82
mW/cm?, respectively. Presence of microcrystallites 1y
evident from the sharp diffraction rings corresponding 1o
(1'11),(220) and (311) planes of crystalline Si in the samples
deposited even at the lower power density of 36 mW/em?,
Corresponding micrograph shows a densc distribution of
small size microcrystalline grains. A significant increasc of
the grain size is ohserved by increasing the power density
to 82 mW/cm? (Figure Ib). In the argon-diluted Si:H
samples, development of microcrystallites require higher
power than the H-diluted samples. Figure 2a shows only
faintly discernible diffraction ring corresponding to (111)

Figure 2(a). Transmission electron diffraction pattern for sample deposited
from 99% argon-diluted silane at 82 mW/cm? rf power density.

plane obtained from the 99% Ar-diluted sample deposited
at a power density of 82 mW/cm?. TEM micrograph of
these samples revealed no distinct features. However,
increasing the power density to 122 mW/cm?2, sharp
diffraction rings corresponding o various Si crystalline
planes appear (Figure 2b). The corresponding micrograph
shows highly inhomogeneous film with isolated
microcrystalline grains separated by wide tissue regions.
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This kind of mosaic pattern of irrcgular islands scparated
by a less-dense network with white contrast has been reported

Figure 2(b). Transmission clectron miciograph and diffraction pattern for
samples deposited from 99% argon-diluted silane at 122 mW/em? 1f power
density

to be due to the so called columnar structure {6,7]. Columnar
morphology arising duc to physical shadowing process, is
usually associated with defects and voids rich Iess dense
mtercolumnar region [8]. Hence, the inhomogeneous film
structure for samples deposited at higher power density is
a result of columnar growth.

3.2, Structural study by FTIR :

FTIR absorption spectra of the samples reveal important
structural changes at the a-St: H and pc-Si: H borderline.
The peak position for the stretching mode of vibration of
Si-H bonds depends on their local environment. The peak
around 2000 cm ! has been attributed to the stretching mode
ol 1solated monohydride type (SiH) bonds in the bulk [9].
von Keudell and Abelson [10] have associated the peak
around 2033 ¢m-! with the clustered S1H groups present in
the form of platclet like configurations. which has been
defined by Jackson and Tsai [11] as a clustered phase of
hydrogen weakly bonded in a closed void. In the study of
subsurface H-bonding by spectroscopic ellipsometry method,
the peak obtained at 2030 cm~' has been associated with
SiH in the bulk [12]. Appearance of an absorption peak
around 2100 cm! has been attributed to various hydrogen
bonding configurations. The peak at 2090 cm~' has been
associated with the stretching mode vibration of dihydride
(SiH,) and polyhydride (SiH,), groups located in the defect
rich grain boundaries of the microcrystallites [ 13]. Morcover,
the peak around 2100 cm™' has often been associated with
the SiH bonds on the surface of microcrystallites [2,14].
Blayo and Drevillon [15] were also of the opinion that the
Peaks at 2090 and 2105 cm-! were characteristics of SiH,
or SiH type bonds at the surface of microcrystallites. Again,
the peak at 2095 cm~' has also been identified with SiH
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bonds on the internal surfaces of voids, multivacancies efe
[16.17]. The presence of SiH, and (SiH.), groups can only
be confirmed by the simultancous presence of the bending
mode doublet around 840 cm! and 890 cme! [18]. This has
been discussed later.

Figure 3 shows the IR absorption spectra of Ar and

"H, diluted Si:H samples in the 1ange 1850-2250 ¢m !,

{
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Figure 3. Stretching mode absorption due to Si1-H in samples deposited
using hydrogen and argon-dilution of silane

Deconvolution of the spectra reveals that in all the samples,
in addition to the SiH stretching mode signature around 2000
cm™ and 2030 cm!, there is a peak around 2100 cm-'.
Contribution of the peaks around 2000 ¢cm ', 2030 cm-! and
2100 cm! to the broad stretching mode absorption are given
as % arca in the Table 2. The H-content (Cpy) tn at. %
determined by using ¢q. (1) 1s also shown in the Table 2.
Table 2. Hydrogen content and the contribution of the absorption peaks

at 2000 cm ', 2030 cm ' and 2100 ¢m Y obtamed from the deconvolution
of the stretching mode absorption due to Si-H bonds

Sample  ff power Cp(%) 2000 ¢ ' 2030 cm ' 2100 ¢m
No density Bonded (%) (%) (€D}
(mW/cim’)  H-content

HI 36 12 17 14 50

H2 82 6 31 24 46

Al 16 [ 73 13 14

A2 24 16 75 1 13

A3 82 12 N 25 42

A4 98 I 31 21 48

AS 122 10 30 14 56

In H, diluted samples increase of rf power density from
36 mW/cm? to 82 mW/cm? reduces Cpy from 12 at. % to
6 at. %. Here, we observe a decrease of both 2000 cin-!' and
2100 cm~! peaks with increase of power density. If 2100
cm-! peak is representative of the SiH, and (SiHa), bonds
alone, then this gbservation supports the theory of selective
etching process of these bonds during the growth of
pe-Si: H. Although relative contribution ol the 2030 cm!
peak increases, but decrease of the Cy renders a decrease of
the net absorption corresponding to 2030 cm™! wavenumber.
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Changes in Cyy and the hydrogen bonding configuration
in Ar-diluted samples with increase of rf power is however
different from those in the case of Ha diluted samples. The
samples deposited at power densities 16 and 24 mW/em?
arc completely amorphous (no features in TEM) having Cy,
ncar 15 at. %. Cpy reduces to 12 at. % at the edge of
microcrystallites formation at 82 mW/cm?. Further increase
of power density up to 122 mW/cm? improves
microcrystallinity and Cy, reduces to 10 at. %. Here although
2000 c¢cm ! peak decreases as the microcrystalline phase
appears, but 2100 cm™! peak increases significantly. The
peak at 2030 em! increases first as the sample transforms
from amorphous to microcrystalline phasc but it decreases
in samples deposited at higher powers with improved
microcrystallinity.

Figure 4 shows the bending mode signature duc to
SiH, and (SiH,), groups around 840 and 890 cm~'. We
obscrve that in the case of Hj-diluted samples intensity
of these peaks decreases as power density is increased.

350
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00 - —o - H2 (82 mW/cm?)
L ~~~ A1(16 mWicm?)
250 b —n— A2 (24 mWicm?2)
~—a~ A3 (82 mW/cm?)
200 | —v— A4 (98 mW/cm2)
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Figure 4. Bending mode absorption due to SiH; and (SiH)), groups
samples deposited using hydrogen and argon-dilution of silane

This observation is in linc with the corresponding decrease
in absorption ncar the 2100 cm-! wavenumber (Figure 3).
Therefore etching of the SiH; and (SiH,), groups is
associated with the development of microcrystallites in Hj-
diluted pc-Si: H samples. For the Ar-diluted samples,
deposited at low power density, contribution of the bending
mode is small. In these samples, isolated monohydride bond
is dominant (Figurc 3). However, with increase of power
density the bending mode intensity increases, which is also
reflected in a corresponding incrcase in the 2100 cm™!
wavenumber absorption (Figure 3). In fact, comparison of
the Ar and H,-diluted microcrystalline samples reveals that
contribution of the bending mode for Hy-diluted samples is
appreciably less than that of Ar-diluted samplcs.

4. Discussion

Experimental results described above indicate that with
increasing power density, development of microcrystallites
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occurs differently in the cascs of PECVD of H; and A,
diluted SiH,. Growth of microcrystallites is easily affecieg
in casc of 99% H,-diluted samplcs at a low power denyyy
of 36 mW/cm?, As power density is increased, lh;
microcrystalline grains develop in size. The FTIR study
the microcrystalline samples deposited at low power denguy
from H,-diluted SiH4 shows a significant contribution fron,
the peak around 2100 cm™'. Presence of the bending mad.
doublet around 840 and 890 cm! too, confirms the presenc,
of SiH; and (SiH,), groups in H,-diluted samples. As power
density was increased, along with the decrease in hydrogen
content, the (SiH;), contribution decreased too. Blayo and
Drevillon [15] proposed selective etching of SiH; by atomic
hydrogen with increase of power. Howcver herc amorphous
to microcrystalline transition, with the same level of Ar-
dilution of silanc, a higher power density (82 mW/cm?) i
required. Here also presence of SiH; groups is confirmed
from the 2100 cm-! peak in the stretching mode supported
by thc 840 and 890 cm ! in the bending mode vibrations In
contrast to the Hj-diluted samples, there is a sigmificamt
increase in the 2100 em! peak for the Ar-diluted films with
increase of power density. The increase of the bending mode
absorption also confirms increase of (SiH);), as power density
is increased. Hence, selective etching which may explam
the decreasc in SiH, for H,-diluted microcrystalline samples
does not appear to play any consequential role in the case
of Ar-dilution. The gas phase chemistry in the silanc-argon
plasma may contribute to the increase in SiH, at high power.
Kono et al [19] showed using laser induced fluorescence
technique that SiH, density increases with rf power in Ar
SiH,4 plasma. Similar results were also reported by Shirafup
and coworkers [20,21]. SiH; is a highly reactive radical
[22] with a large valuc (>0.5) of B (surface reaction
probability) [23]. It may directly get inserted into a SiH
bond on the growing surfacc [21]. Although SiH; is not the
dominant precursor [24], structural properties of the
deposited Si:H film at high power may cven be affected
due to this contribution of SiH, to the growing surface. W¢
have observed that high power Ar-diluted samples show &
columnar structure. The increasc in SiH,, as observed from
the IR absorption spectra may therefore arise due to the
defect rich, low density intercolumnar region. Comparing
the H, and Ar-diluted samples deposited in microcrystallin
region or near the amorphous to microcrystalline transition
region, we further noticed that in addition to the SiH
stretching mode peak occurring around 2000 cm™'
corresponding to isolated SiH bonds, there appears a peak
at 2030 cm~'. As already mentioned, the peak around 2030
cm~! has been associated with the presence of SiH bonds i
platelet like configuration. von Keudell and Abclson (101
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mdicated that the platelet like configuration might act as
precursor state for microcrystallites formation. At a critical
concentration of platelets, the matcrial bounded by the
platclets would structurally rclax to form morc compact
nctwork. According to Zhang and Jackson [25], platelet
formation occurs in order to reduce the strain in the silicon
network due to insertion of Si—-H bonds. On H-elimination,
the weak Si—Si bonds reconstructed to form stronger Si-Si
bonds [26]. Hence if deposition conditions were such that
microcrystalline formation is favoured, then on H-climination
the reconstructed Si-Si bond sites would act as nucleation
centers for microcrystalline grains. With increasc in
nucrocrystallinity we have seen in Figure 3 and Table 2
that -the contribution of the 2030 cm~! peak decreases thus
corroborating the above view. The similarity in variation of
the peaks "around 2030 cm™ in both H, and Ar-diluted
samples with increasc of power density indicates that the
platelet like configuration of SiH may indced be associated
with microcrystallinity.

Different models have been proposed to explain pc-Si: H
formation at low temperature (100-250°C) using H,-dilution
[27]. Most of these models project atomic H to play the key
role in the formation of microcrystalline grains. Veprek and
coworkers [28,29] suggested that H atoms from the plasma
act as an ctchant, thus establishing a near’ chemical
cquilibrium between deposition and removal of precursors
from the growing film surfacc. Atomic H preferentially
cteches weak Si—Si bond [30]. This site is replaced by a new
precursor forming a strong Si-Si bond. According to the
surfacc rcaction model of Matsuda, high H,-dilution
cnhances mobility of the SiH; precursors on the growth
surface, enabling them to find an cnergetically favourable
site leading to the formation of strong Si-Si bond [27]. The
reaction between SiH, radicals and the physisorbed H atoms
on the surface is also cnhanced. The resulting film has a
very smooth surface [31]. Model of ‘¢hemical annealing’ of
the material in the growth zone by atomic hydrogcn from
the plasma has been proposed by Shlmnu etal [32]. Blayo
and Drevillon [15] had shown (x,c.urrcncc of selective etching
of the SiH, from the gmwth surface by H~atoms during
Hc-Si:H growth. Large amount of subsurface hydrogen
Ohservq,d by spectroscopxc elhpsometry, bcheved to result
from hydrogcn insertion into the strained bondb on the
surface of a-Si:H may also act ag.the incubation centers
for the formation of microcrystalline grains [12,33]. With
[H,}/[SiH,] ratio of 99 : | there is abundant H atoms in-the
Plasma to enhance the surfice teactions favouring
Microcrystalline grain formation: From the thermodynamic
viewpoint, formation of microcrystalline grains from

w
N
w

amorphous network requires certain amount of cnergy
called Gibb’s free encrgy for crystallization [34]. In case of
H;-dilution, H atoms take part in exothermic recombination
rcactions on the growth surface that supply the energy
necessary for the microcrystallites growth [27,35].
However, in the case of SiHs~Ar mixture only source of
H atom is the dissociation of SiH; molecules. With the ratio
[Ar)/[SiHs] of 99 : 1, there is only a very small number of
H atoms which are available to influence the surface
reactions. We have observed that in this case, a higher power
density is required to bring about the structural change from
amorphous to microcrystalline than in the casc of H-diluted
samples. Selective etching of SiH, group by H atoms_does

- not occur. All these facts point out that some other

mechanism must be responsible for microcrystalline
formation with Ar-dilution. We discuss below the mechanism
of pc-Si: H growth from Ar-diluted silane pl%xsma. e

In plasma, argon atoms are iopized by collision with
electrons. Also there are excited metastable states Ar(°Pg,)
(henceforth referred as Ar®) having lifetime of the order of
scconds {36]. Bombardment of both Ar* and Ar® may have
strong influence on the structure of the growing film. As
power density is increased, flux of both Ar" and Ar
increases. Due to the Coulomb attraction between the plasma
(posmvely charged) and the anode (whnch is groundcd durmg
deposlllon) the Ar* ions may have sufﬁclcnl encrgy to cause
sputtering from the surface giving rise to a'ruugh ‘surface
(The anode is negatively biased at a few 100 V at floating
condition), Subsequent deposition of material on-such surface
will give void rich film. At high rf power densitigs (>160
mW/cm?), when the bombardment of Ar* on the growth
surface is significant, a sharp incrcase jn ESR spm density
with lowering of the lumme%cncc pecak haq been reported
[37]. Ar* may also cause extra defects penetrating deep into
the rﬁalerial [38]. Bombardment of the metastable Ar® atoms,
moving with thermal velocity, from the plasma to the growth
surface, on the other hand can dcllver thgf ‘g:ncrgy of de-
excitation to the film tormmg precursors [3] The’ amoum
of energy transferred to the growmg surface dcpcnde on lhe
flux of Ar". The excitation energy of Ar* (11.5-11.7 cV) is
much greater than Si-Si (2.4 eV) or SiH (3. 4 eV) hond

'energy [39] Due to thé bombardment of Ar® atéms on the
‘film '$urface, weak Si-Si bonds’ arb’t}icreforc brol'ccn uH

creating a large number of dangling bonds: These Uang'hhg
bonds may then rearrange themselves to, form strong Si-$i
bond or may get tcrmmated by hydrogen, thereby increasing
the hydrogen content of the film. Largcr aniount of bonded

‘H-coritenit it case of Ar-diluted samples ‘thay thus ‘be

explained. The strong Si-Si bond regions will ‘serve as
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nucleation centers for microcrystallites. We give a schematic
representation below;

T

Si-Si ——» Si—+-8i — Si-S8i
(weak bond) (strong bond)
or

Si—+-8i 28, 2si-si

(strong bond)

Si- i -+4E,

(weak bond)

Moreover, high mobility of the film-forming precursors helps
in the formation of more ordercd film structure. Hopping of
the preébrsors has been reported as a thermally activated
process with activation energy of about 0.2 eV [40]. In case
of Ar-dilution, the energy released by the de-excitation of
Ar® to the i\eighbptipg lattice can enhance hopping of SiH;
along the surface to an energetically favorable site, resulting
in a more compact and defect free network. Increase of 1f
power density also increases electron density and the density
of Ar® in the plasma. The flux of Ar* on the film-forming
surface, consequently increases with power. At the same
time, the increase in 7f power density changes the radical
flux to the surface, which is reflected in the bonding
configuration of the deposited materials. At very low power
density, however, flux of Ar* on the film is low, the resulting
energy transferred to the surface is insufficient to relax the
strain at the boundary of c-Si nucleation centers and the
amorphous matrix.

5. Conclusion

Structural changes in Si:H thin films deposited from H,-
dilution or Ar-dilution of SiH4 have been studied with respect
to RF power density variation by means of FTIR and TEM.
It has been observed that for H,-diluted samples,
microcrystalline formation is less sensitive to rf power
variation. Even at low power density, microcrystallinity was
observed with 99% H,-dilution. For Ar-SiH, mixture,
microcrystallinity was observed at a higher rf power density.
This is because, it is the energy liberated at the surface of
the growing film by excited Ar* atoms from the plasma
that facilitates strain relaxation of the sample. In both the
Hp-diluted and Ar-diluted pc-Si:H samples, SiH platelet
like configuration is predicted to act as seed for the growth
of microcrystallites.
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