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ABSTRACT

Microcrystalline silicon (pc-Si:H) films were deposited at 250°C from the reaction of SiH, with H,-He gas excited in
an inductively couple remote plasma. The deposition rate, microstructure, and material properties of pc-Si:H depended
on the composition of hydrogen and helium in the plasma. Si films deposited on a hydrogen plasma showed columnar and
microcrystalline structure with a grain size of about 200 A or less, and had an optical bandgap of about 2.05 to 2.1 eV.
The microstructure parameter (SiH,/{SiH + SiH,] in the film) and Urbach tail slope decreased with increasing H, frac-
tion in the plasma gas. On the other hand, amorphous (a-Si:H) film was deposited with higher deposition rate when pure
He was used as plasma gas and the optical bandgap of this film was 2.18 eV. The surface of a-Si:H film was smoother than

that of pe-Si:H.

Introduction

Amorphous, microcrystalline (a-, wc-Si:H), and poly-
crystalline silicon films have been used in many devices
such as thin film transistors (TFTs) and solar cells. In the
field of active matrix liquid crystal displays (AMLCDs),
the use of poly-Si as an active layer instead of a-Si has
attracted much attention because the electron mobility in
poly-Si is much higher than that of a-Si and a better per-
formance can be achieved with poly-Si TFT.""> Because of
the high uniformity of the small grain size, pc-Si has some
attractive electrical properties. The high mobility of pc-Si,
in particular, is strongly expected to enable realization of
high speed devices on glass substrates.**” Also, due to its
more rigid structure, pc-Si may be a solution to one sig-
nificant problem with a-Si:H, its instability.?

The deposition of pc-Si and poly-Si films by plasma en-
hanced chemical vapor deposition (PECVD), photochemical
vapor deposition, and hot-filament chemical vapor depo-
sition has been extensively studied and several controver-
sial crystallization mechanisms have been proposed®**: (i)
enhancement of the adsorbed radical (such as SiHx [x = 2
or 3]) diffusion by hydrogen on the surface, (ii) preferential
etching of weak and strained amorphous Si-Si bonding by
atomic hydrogen, and (iii) chemical annealing by atomic
hydrogen in the growth zone. Thereby, it is important to
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supply sufficient atomic hydrogen to deposit crystalline Si.
It is well known that the surface of films is roughened by
the hydrogen plasma.’

Wang et al. have reported that polycrystalline Si films
were deposited at 250°C, using a hydrogen dilution method
with electron cyclotron resonance (ECR) plasma CVD.'
The deposition rate was critically dependent on the H,/
(H, + SiH,) ratio; above 92%, crystallinity could be ob-
tained. Their results also showed the important role of
atomic hydrogen for poly-Si deposition. SiH,-H, mixtures
are most popular and also various diluent and plasma
gases such as He, Ar, Ne, Kr, and Xe have been used to
deposit Si films.'”? These inert gases lead to the penning
ionization process which increases the deposition rate but
crystallinity of the film is less than that deposited with
excess H,. It is well known that ion bombardment deteri-
orates crystallinity. The presence of inert gas in the gas
flow destroyed any ordered growth during deposition.*

In this study, we have investigated the effect of H, and He
plasma gases on the film structure and optical properties.
Inductively coupled remote plasma was used to generate
the activated species, and the deposition was carried out at
the downstream of the plasma to reduce the ion bombard-
ment effect. The compositional, optical, and structural
properties of the deposited-Si films were characterized by
Fourier transform infrared spectroscopy (FTIR), UV-visible
spectroscopy, Raman spectroscopy, X-ray diffractometer
(XRD), cross-sectional transmission electron microscopy
(XTEM), and atomic force microscopy (AFM).
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Experimental

Film preparation—In a remote plasma enhanced CVD
reactor, H, and He gases were introduced into a high purity
alumina tube, excited by the inductively coupled radio fre-
quency (rf) (13.56 MHz) plasma, and flowed into the depo-
sition zone. SiH, (99.99%) was introduced into the region 10
cm downstream of the plasma and mixed with excited H,
(99.9999%) and He (99.9999%), and flowed toward the sub-
strate located at 20 cm downstream of the plasma.
Thermally oxidized silicon wafer (SiO, thickness = 1000 A),
Si(111) wafer, and Corning 7059 glass were used as sub-
strates. For the Si deposition, the reactor pressure was
0.3 Torr, deposition temperature was 250°C, plasma power
was 150 W, H, and He flow rate ratio (H,/[H, + He]) was in
the range of 0 to 100%. Plasma gas flow rate and SiH, flow
rate were 100 and 10 standard cubic centimeters per minute
(sccm), respectively.

Film characterization.—The deposited films were char-
acterized by Midac 1600 FTIR with a liquid nitrogen-cool-
ed HgCdTe (MCT) detector for chemical composition, hy-
drogen concentration, and its configuration. UV-visible
(UV-vis) spectroscopy was used for optical properties such
as absorption coefficient (), optical bandgap (E,), and
Urbach tail slope energy (E,). Surface roughness and mor-
phology of deposited Si films were observed by Park
Science Instrument (PSI) AFM. Root mean square (rms)
values of surface roughness were obtained by averaging
for three different areas. Structure of the deposited films
was analyzed by Rigaku D-MAX 1400 X-ray diffractome-
ter with Cu Ka radiation operating at 50 kV, 150 mA.
Raman spectroscopy was also used to examine the film
crystallinity using double SPEX monochromator in the
spectra range of 200 to 600 cm™'. Resolution was 0.5 cm™
and exciting Ar ion laser power was 200 mW with the
wavelength of 5145 A. The cross section of deposited films
was observed by JEOL JEM-4000FX TEM. Cross-section-
al specimens for TEM were first glued face to face, cut,
then ground, dimpled, and thinned by ion milling. TEM
observations were conducted operating at 400 kV.

Results and Discussion

Deposition kinetics.—Figure 1 shows the deposition rate
as a function of the H, fraction in the plasma (H,/[H, +
He]). An increases in the H, fraction leads to a decrease in
the deposition rate. When the H, fraction is 20% or high-
er, the deposition rate decreased down to 20 A/min. It indi-
cates that physical collision process such as penning ion-
ization is more dominant in a He plasma because He atoms
can be excited into metastable states. There are two meta-
stable states (*S, = 19.8 eV, 'S, = 20.6 eV) and these meta-
stable atoms subsequently pass their excitation energy to
the SiH, molecule. It seems that He plasma is more effi-
cient in dissociating SiH, in the gas phase by physical col-
lision. ** Moreover hydrogen atoms work as an etchant dur-
ing film growth.* Hydrogen in the plasma induces the
change in the morphology of the film from a pure amor-
phous phase to a mixed amorphous and crystalline phase.
There are two regimes in the Si film deposition depending
on the balance between deposition and etching. The for-
mer produces the disordered network, while the later
yields pe-Si or poly-Si even on amorphous substrates such
as glass and SiO, and epitaxial Si on a single-crystal Si
substrate. At high deposition rate, it is more likely that
a-Si:H is formed. On the other hand at low deposition rate
with hydrogen, the crystallinity of Si:H is increased.

Structure and crystallinity—Figure 2 shows XRD spec-
tra of the Si film as a function of the plasma gas composi-
tion. The deposited-Si films showed both amorphous and
crystalline characters depending on the plasma gas com-
position. Films deposited with pure He plasma showed
amorphous structure. The polycrystalline phase appeared
in the film at H,/(H, + He) of 20% or higher with the dif-
fraction peaks attributed to the different planes (111),
{220), and (311) in the XRD spectra. It indicates that the
supply of atomic hydrogen is essential to form pe-Si film.
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Fig. 1. Deposition rate change as a function of the H, fraction in
the plasma gas. Temperature, 250°C; pressure, 0.3 Torr; plasma
power, 150 W; plasma gas flow rate, 100 sccm; and SiH,,
10 scem.

In the presence of a reactive hydrogen plasma, the disor-
dered material will be selectively etched out and the prop-
erty of ordered material will increase to form pc-Si film.?
Figure 3 shows the correlation between the grain size of
the deposited film and the composition of the plasma gas.
The grain size of the deposited film was calculated with
Scherrer’s formula®

P )\

= 1
Bcos6 (1

where t is the average grain size, \ is the X-ray wavelength,
B is the full width at half maximum, and  is the Bragg
angle. In case of the pure He plasma gas, the deposited film
was amorphous. Even with the small amount of H, in the
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Fig. 2. XRD specira as a function of the H, fraction in the plasma
gas. Temperature, 250°C; pressure, 0.3 Torr; plasma power,
150 W; plasma gas flow rate, 100 scem; and SiH,, 10 scem.
H,/(H, + He}: (a) 0, (b} 0.2, (c} 0.4, {d) 0.6, (e} 1.0.

Downloaded on 2016-09-16 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

2902
130
N e 4
. ..4....,.... .
: [ Lpeaet ...‘..AA. |
s 120 ---.--..
[}
N
7]
2 sk |
(L]
—
(O]
5- 4
0 l | L | |
0.0 0.2 04 55 . N
HZ/(H2+He)

Fig. 3. The grain size of the deposited Si films as a function of
the H, fraction in the plasma gas. Temperature, 250°C; pressure,
0.3 Torr; plasma power, 150 W; plasma gas flow rate, 100 sccm;
and SiH,, 10 sccm.

plasma, the deposited film showed microcrystalline phase.
As the H, fraction of the plasma gas was increased, the
grain size was increased. It is believed that the increase of
the hydrogen coverage on the growing surface enhances the
surface diffusion of absorbed radicals, which leads to the
increase of the grain size.*®

Figure 4 shows the difference in Raman spectra between
amorphous film deposited with pure He as a plasma gas,
and microcrystalline film which was deposited with pure
H, as a plasma gas. For amorphous Si film, a broad band
peak appears around 480 cm . For crystalline Si, a sharp
peak appears around 520 cm ' with narrow full width at
half maximum (FWHM) as the crystallinity increases.
Under H, plasma, FWHM was about 8.75 cm ', compared
with that of bulk crystalline Si, about 3.5 em'. The
deposited film under He plasma was fully amorphous.

Figure 5 shows the cross-sectional TEM image and select-
ed area diffraction (SAD) pattern for pc-Si film deposited
by pure H, plasma. It clearly shows that the deposited Si
film has the columnar structure growing in a direction per-
pendicular to the substrate. The film was made up of a very
small needle-like grains approximately 200 A from the dark
field image (Fig. 5b), and those are uniformly distributed in
the thickness of the film. The concentric circles of the SAD
patterns (Fig. 5c) indicate that the silicon film is polyecrys-
talline. By XRD, Raman, and TEM results, silicon films
deposited with H, plasma gas were found to have a poly-
crystalline phase.

glue
Fig. 5. (a) Cross-sectional TEM
image of pc-Si:H deposited with
pure H, plasma (b) dark field
image of (a), and (c) SAD pat- Si:H
tern.
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Fig. 4. Raman spectra of the deposited films with (a) pure H,
plasma gas, and (r)xpure He plasma gas. Temperature, 250°C;
pressure, 0.3 Torr; plasma power, 150 W; plasma gas flow rate,
100 sccm; and SiH,, 10 sccm.

Surface morphology.—Figure 6 shows a three-dimen-
sional AFM image of deposited Si films. Surface rough-
ness is affected by the formation of the crystalline phase.
The rms of surface roughness is 79 A for the film deposit-
ed with pure He (Fig. 6a) and above 100 A with He and H,
mixture (Fig. 6b, c). When H, was added in the plasma gas,
the roughness of the film was increased with increased H,
fraction. It is believed that the improvement of the crys-
tallinity increases the surface roughness of the film.

Optical properties.—The optical bandgap is obtained by
Tauc’s semiempirical equation®

(ahv)'* = B(hv — E,) [2]

where « is the absorption coefficient, hv is the photon
energy, E, is the energy of the optical bandgap, and B is a
constant. From the extrapolation of linear regime in the
Tauc plot, we can obtain the optical bandgap. It was found
that the optical bandgap was 2.05 to 2.1 eV for the film
deposited with H, plasma, and 2.18 eV with He plasma,
respectively.

Optical absorption of the Si films in the UV-visible
regions depend on the element of Si and hydrogen in the
film network, especially on the number of Si-Si, Si-H
bonds, and microvoids in the film.” Since the strength of
Si-H bonds is stronger than that of Si-Si bonds, the ener-
gy separation of bonding and antibonding orbitals of Si-H

(b) (¢)
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bonds is greater than that of Si-Si bonds. And it has been
reported that the bandgap of a-Si:H film increases as the
hydrogen content in the film increases.” Figure 7 shows
that the film deposited with pure He showed largest opti-
cal bandgap with highest amount of hydrogen in the film.
It was also reported that the film deposited with He plas-
ma showed amorphous structure which had larger optical
bandgap than that of crystalline film.* Hydrogen content
in the film tends to be higher with high deposition rate.
Optical bandgap of the film was increased with the in-
creases of H, fraction in the plasma because the hydrogen
content in the film increases.

Figure 8 shows FTIR silicon-hydrogen bond stretching
peaks in the silicon film. The peaks at 1800 to 2300 cm '
represent the bond configurations of monohydride (Si-H),
dihydride (Si-H,) and polyhydride [(SiH,),].* The bonding
configurations of SiH and SiH, are terminal (H-Si=Si,),
and bridge (H,=Si=Si,) sites, respectively. The microstruc-
ture parameter, defined as

I
|“ 12090 + “l I:!l)DO

(31

is the ratio of the integrated area of the IR mode centered at
2090 cm ™' to the IR mode at 2090 and 2000 cm '. This was
examined in order to identify the silicon hydrogen com-
plexes (SiH and SiH,) in the silicon network structure.

The R parameter represents not only the short range
structure but also the long range structure which is relat-
ed to the inhomogeneities such as voids or agglomerations
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Fig. 7. Optical energy bandgap and hydrogen content of the
film as a function of the H, fraction in the plasma gas. Tempera-
ture, 250°C; pressure, 0.3 Torr; plasma power, 150 W; plasma gas
flow rate, 100 sccm; and SiH,, 10 sccm.
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Fig. 6. Three-dimensional
AFM images of the Si films. Tem-
perature, 250°C; pressure, 0.3
Torr; plasma power, 150 W;
SiH,, 10 sccm. Plasma gas flow
rate, 100 sccm; and H,/(H, +
He): (a) 1, (b) 0.6, and (c) O.

of voids, and the film porosity. The dense film mainly
shows the absorption band at 2000 cm ' (Si-H), while the
contribution of the 2090 cm ' mode indicates the presence
of SiH, in the porous network.” In the Si film deposited
with pure He as a plasma gas, most of the hydrogen exist-
ed in the form of SiH, configuration (Fig. 8b). The fraction
of Si-H configuration in the film was increased with the
increase of hydrogen in the plasma (Fig. 8a).

Figure 9 shows the microstructure parameter R, Urbach
tail slope energy E,, and both changes with H, fraction in
the plasma gas. E, represents the slope of the exponential
tail from UV-vis spectra. This region has been attributed to

absorption coefficient [arb. unit]

absorption coefficient [arb. unit]

2000 2100 2200 2300 2400

wavenumber [cm-1]

1900

Fig. 8. FTIR spectra of the Si films deposited with (a) pure H,
plasma gas and (b) pure He plasma gas. Temperature, 250°C;
pressure, 0.3 Torr; plasma power, 150 W; plasma gas flow rate,
100 sccm; and SiH,, 10 sccm.
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Fig. 9. Microstructure factor from FTIR spectra and Urbach tail
slope from UV-vis spectra as a function of the H, fraction in the
plasma gas. Temperature, 250°C; pressure, 0.3 Torr; plasma
power, 150 W; plasma gas flow rate, 100 scem; and SiH,,
10 scem.

an exponential tail of the valence or conduction band, and
reflects the randomness of an amorphous network.®**
Figure 9 shows that the randomness in the films is related
with silicon-hydrogen bonding configuration in the film. R
and E, are decreased with the increase of H, fraction in the
plasma. It is believed that hydrogen atoms on the growing
surface etches out random Si-H, and forms Si-H bonding
configuration which makes dense network structure in the
film. It reduces the bonding angle fluctuation and the stress
which makes the tail state width in the bandgap narrow.

Conclusion

We have deposited the a-Si:H and pc-Si:H films by re-
mote H, and He plasma gas mixtures and investigated the
film composition, hydrogen bonding configuration, optical
property, roughness, and structure. The dense and crys-
talline structure can be obtained with increasing the H,
fraction in the plasma gas. With helium as a plasma gas,
amorphous films (a-Si:H) were deposited with SiH, bond-
ing configurations and microscopically disordered and
loose networks. Optical bandgap was 2.18 eV. On the other
hand, with hydrogen plasma gas, pc-Si were deposited
with SiH bonding configurations and relatively dense net-
work. Optical bandgap was about 2.05 to 2.10 eV. The de-
position rate with He plasma process is higher than that
with H, plasma, and amorphous silicon surface is smooth-
er than microcrystalline silicon.
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