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Microstructure and electrical properties of hydrogenated nanocrystalline silicon (nc-Si:H) film deposited on
glass substrate at low temperature were characterized by average grain size, crystallinity, and dark electrical
conductivity data obtained from the Raman and electrical conductivity spectroscopy, respectively. The average
grain size, crystallinity and electrical conductivity have a similar change with substrate temperature. A threshold
substrate temperature determined by silane concentration appears in their corresponding spectroscopy vs.
substrate temperature. The dependence of crystallinity, average grain size and electrical conductivity on substrate
temperature were accounted for by surface diffusion model and heterojunction quantum dot model, respectively.

PACS numbers: 71.23.Cq, 73.61.—r

1. Introduction

More and more attention has been focused on hydro-
genated nanocrystalline silicon (nc-Si:H) film because of
its promising application to stable high efficiency so-
lar cells [1-3], thin film transistors and panel display
[4-6]. As a kind of candidate material, nc-Si:H has many
special properties different from amorphous silicon such
as higher electrical conductivity, smaller light-induced
degradation and easy large-scale production. Its many
applications for panel display, thin film resonance tran-
sistors and new optoelectrical sensor and detectors are
based on its quantum size effects such as visible light
photoluminescence [7] and tunneling effects [8]. On one
hand, its microstructure determines its optoelectronic
and electrical properties. On the other hand, silane con-
centration ((SC=[SiH,4]/([SiH4]+[H2])), substrate tem-
perature (7) and other deposition parameters determine
its microstructure. Generally, nc-Si:H is difficult to ob-
tain due to the complex relationship between microstruc-
ture and deposition parameters. Based on it, its mi-
crostructure and electrical properties were characterized
by average grain size, crystallinity and electrical conduc-
tivity data obtained from the Raman and electrical con-
ductivity spectroscopy, respectively. The dependence of
crystallinity, average grain size, and electrical conductiv-
ity on Ty were accounted for by surface diffusion model
and heterojunction quantum dot (HQD) model, respec-
tively.
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2. Experimental details

A series of nc-Si:H films were deposited on glass sub-
strate at different SC and Ty by using traditional radio
frequency plasma-enhanced chemical vapor deposition
(RF-PECVD) technique with an excitation frequency of
13.56 MHz. To avoid oxygen contamination, the base
pressure in chamber is below 2 x 104 Pa and working
pressure keeps a high value of 133 Pa which can effectively
lower the damage to sample surface by the ion bombard-
ment. The film microstructure was characterized by av-
erage grain size and crystallinity obtained from the Ra-
man spectroscopy and electrical properties characterized
by dark electrical conductivity. The film thickness was
determined from reflectivity spectra in terms of interfer-
ence effects. All the measurements above were done at
room temperature.

3. Results and discussion
8.1 Mechanism of the film deposition

The deposition rate of as-deposited nc-Si:H films is
shown in Fig. 1 as a function of SC. The result indicates
that the deposition rate is nearly linear with SC, which
can be accounted for by the following reversible reaction:

SiH, + e — SiHy-,, + mH < Si + 4H, (1)
where m can be 1, 2, 3, which is determined by electron
energy [9]. For the threshold energy of producing SiHs,
SiHs, and SiH is 8.75, 9.47, and 10.33 eV [10], respec-
tively, SiHj3 is the main precursor radical beside SiHs and
SiH. SiH4 reacts with plasma to produce active SiHy-,,
and SiHy-,, decomposes into Si. This reaction is posi-
tive reaction. At the same time, H can destroy the weak
Si—Si bonding and form active SiH,-,,,, which is reverse
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Fig. 1. Deposition rate of as-deposited nc-Si:H films as
a function of silane concentration. The black squared
and dash-dotted lines denote the measured and linear
fitting line, respectively.
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Fig. 2. Raman pattern for as-deposited nc-Si:H films.

reaction or called H-situ etch reaction. In terms of the
reversible reaction (1), the larger SC helps to enhance
the positive reaction and restrain the reverse reaction.
Hence, the deposition rate is nearly in proportion to SC.

3.2 Characterization of the film microstructure

The crystallinity of nc-Si:H film is investigated by the
Raman spectroscopy. By using the fitting method, the
transverse optical phonon mode spectroscopy is decom-
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Fig. 3. Dependence of the crystallinity of as-deposited
nc-Si:H films on substrate temperature.

posed into three peaks, a crystalline peak (520 cm™1!), an
amorphous peak (480 cm™!) and an intermediate peak
(510 cm~1). The Raman pattern of as-deposited ne-Si:H
film is shown in Fig. 2. The dotted curves are the three-
-peak Gaussian fitting curves. The intermediate peak is
considered to be due to grain boundaries, where increased
bond lengths of the crystalline regions shift the Raman
peaks to lower energy and to a grain size effect when the
grain size is smaller than 15 nm [11]. The crystallinity
for nc-Si:H can be described by formula 2 [12, 13]:

Xe = (Is10 + Is20)/(Lago + Is10 + I520), (2)
where I500, Isg0, and I519 are integrated intensities of
the crystalline, amorphous and intermediate peak, re-
spectively. The dependence of the crystallinity on Ty for
nc-Si:H films is shown in Fig. 3. As can be seen from
Fig. 3, the threshold Ty increases with SC increasing for
SC smaller than 4%. Conversely, no threshold T; is ob-
served in Fig. 3 for the as-deposited film at 4% SC. It im-
plies that the determined threshold Ty is higher by 400°C
for 4% SC. The results can be explained by surface dif-
fusion model [14]. From Fig. 1, the deposition rate is
nearly linear with SC. Therefore, the larger SC leads to
a larger deposition rate, which makes the main reaction
precursor SiHj3 radical more difficult to migrate to lattice
site by lattice relaxation method. On the other hand, the
ratio of hydrogen coverage on film surface decreases with
SC increasing. In terms of surface diffusion model, the
main reaction precursor SiHj radical firstly migrates to a
crystalline Si site on the hydrogen-terminated Si surface
and then is stabilized by bonding two surface Si atoms
after releasing one H atom in about 200 ps [15]. The
smaller ratio of hydrogen coverage on film surface is, the
more difficult SiH3 radical is to diffuse to a crystalline
site by migrating toward the smaller hydrogen coverage
ratio surface [14]. To realize crystallization, SiHz radical
has to migrate to crystalline Si site by the increase in
kinetic energy resulting from the energy absorption from
substrate surface. Hence, the larger SC is, the higher
the threshold T of crystallization is. The crystallinity
increases caused by the increasing kinetic energy and mi-
gration rate of SiHg radical with Tj increasing until the
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Fig. 4. Average grain size for as-deposited nc-Si:H
films as a function of substrate temperature.
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Fig. 5. Dark electrical conductivity of as-deposited nc-
-Si:H films as a function of substrate temperature.

threshold T;. However, the crystallinity decreases due to
the hydrogen releasing from surface and SiH3 migration
rate slowing down with T; above the threshold T5. The
hydrogen releasing can distort the ordered Si net and low-
ers the crystallinity. The average grain size d for nc-Si:H
film is shown in Fig. 4 as a function of T§. It is calculated
in terms of the following formula:

d = 27(B/w)"/?, (3)
where the constant B is 2.21 nm?/cm and w is the devi-
ation from the wave number of the standard crystalline
silicon Raman peak. Figure 4 indicates a similar change
between average grain size and crystallinity. It can also
be explained by surface diffusion model. With T increas-
ing, the main reaction precursor SiHjz radical easily mi-
grates to a crystalline Si site on the hydrogen-terminated
Si surface and bonds two surface Si atoms by releasing
one H atom. The stabilized Si grain size can become
large due to the stack of Si atoms. However, when Ty is
higher than the threshold 7§ of crystallization, surface H
atom can release from surface and distort the stabilized
Si net, so the grain size can become smaller.

3.8 Characterization of the film conductivity

The dark electrical conductivity of as-deposited nc-
-Si:H samples is shown in Fig. 5 as a function of Tg.
Figure 5 indicates that the electrical conductivity obvi-
ously changes in the range of 1072 to 107> S/cm with 7.
The threshold Ty for electrical conductivity also appears
in Fig. 5 implying a close relationship with crystallinity
and average grain size. In terms of classical electrical
theory, electrical conductivity is determined by free car-
rier concentration and mobility. However, as a kind of
composite material made up of amorphous phase, grain
boundary and nanocrystalline phase, the transport mech-
anism of nc-Si:H film is complex. In terms of heterojunc-
tion quantum dot model [16], nc-Si:H film is composed
of alternating amorphous and microcrystalline regions,
where the crystallinity keeps about 50%. Between amor-
phous and nanocrystalline regions, a grain boundary with
2-3 atom layer thickness exists. On the one hand, the
nanocrystalline grains and their amorphous counterparts

have very different band gap and band structures. As
a result, they form heterojunction like structures in the
interface regions. On the other hand, nanocrystalline
grain acts like quantum dot. Free carriers can freely
transport within grains, while transport to amorphous
region s exhibited by quantum tunneling through the in-
terface barrier. But the model may be modified. When
the crystallinity of nc-Si:H films is far from 50%, only
the area ratio of amorphous region to nanocrystalline re-
gion and grain boundary thickness are different from that
obtained from HQD model. In such case, as-deposited
nc-Si:H can also be treated in terms of HQD model.
Between nanocrystalline phase and amorphous phase a
grain boundary barrier forms. In terms of generalized
Bayesian theorem (GBT) model used in polycrystalline
silicon, the amount of acceptor surface states in the grain
boundary form due to the surface absorption of oxygen
and other gas atoms. Acceptor surface is electrically ex-
hausted and charged to create a potential energy barrier,
which impedes the transport of free carriers from one
grain to another. For polycrystalline silicon, the conduc-
tion band near boundary is convex [17], while the density
of acceptor surface state of nc-Si:H is one order smaller
than that of polycrystalline silicon [18]. It is obviously at-
tributed to the fill-up of the acceptor surface state by the
existing hydrogen in the boundary of nc-Si:H [19]. Evan-
gelistic once suggested that the discontinuity of valence
band near grain boundary for crystalline Si/ amorphous
Si (c-Si/a-Si) heterojunction can be neglected due to the
disorder atoms at the grain boundary, while the conduc-
tion band near grain boundary is concave-downward [20].
Wang et al. also discover the concave-down conduction
band near grain boundary of nc-Si:H film [21]. It is differ-
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Band sketch for nc-Si:H film in terms of HQD

ent from polycrystalline silicon. It may arise from the fill-
up of acceptor surface state by donor hydrogen. In terms
of HQD model, the band gap of nc-Si:H film is sketched
in Fig. 6, where F,, E., F.. and E; correspond to the
valence band top, conduction band bottom for nc-Si:H,
conduction band bottom for ¢-Si and interface level. In
terms of classical semiconductor theory, the carrier con-
centration can be determined by the following formula:

n = ngexp(—Fq/kT), (4)
where Eq, n, and T are activation energy, free carrier

concentration, and measurement temperature, respec-
tively. For as-deposited nc-Si:H films, their Eq (about
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0.4-0.5 V) has a small difference, leading to a small dif-
ference between their free carrier concentrations at room
temperature. According to classical semiconductor the-
ory, dark electrical conductivity is described as follows:

o = nqpu, ()
where p is the effective carrier mobility. The o seemingly
varies a little for different as-deposited nc-Si:H films.
However, as indicated in Fig. 5, obvious change of elec-
trical conductivity of films takes place in the range of
1072 to 10~ S/cm, implying the carrier concentration
is not the main factor for electrical conductivity. Classi-
cal semiconductor theory is not appropriate for nc-Si:H
films. A mandatory correction is required. The modified
electrical conductivity of nc-Si:H can be described by the
following formula [16] in terms of HQD model:

o = nep = agexp(—Eq/kT)F((¢*), T), (6)
where Eq and F({¢?), T') are activation energy and quan-
tum tunneling function, respectively. In terms with
HQD model, free carrier can freely ballistically trans-
port within grain, while transport to amorphous region
is by quantum tunneling through interface barrier [16].
In terms of tunneling theory, the small interface thickness
or interface barrier width helps the increase in quantum
tunneling probability. In fact, the crystallinity deter-
mines the interface thickness. The larger crystallinity
leads to the smaller interface thickness, which is the
main reason for the increase in electrical conductivity
with the crystallinity increasing. The free carrier con-
centration in amorphous regions is much smaller than in
nanocrystalline region resulting from the quantum tun-
neling mechanism. On the other hand, the grain bound-
ary can effectively diffract free carrier. Therefore, the ef-
fective carrier concentration can be greatly lowered due
to the grain boundary and heterojunction between amor-
phous and nanocrystalline regions. The lowering effec-
tive carrier concentration can be regarded as the decreas-
ing effective carrier mobility due to the carrier transport
mechanism of nc-Si:H film. The effective carrier mobil-
ity rather than effective carrier concentration is the main
effect factor for the dark electrical conductivity.

4. Conclusions

Microstructure and electrical properties of as-
-deposited nc-Si:H films on glass substrate at low tem-
perature were characterized by average grain size, crys-
tallinity and electrical conductivity data obtained from
the Raman and electrical spectroscopy, respectively. The
results of our investigation demonstrate that the deposi-
tion rate is nearly linear with SC, which can be explained
by the reversible reaction in formula (1). The average
grain size, crystallinity and electrical conductivity of the
nc-Si:H films have a similar change with T;. A threshold
T determined by SC can be observed in their correspond-
ing spectroscopy vs. Ty. The dependence of crystallinity,
average grain size and electrical conductivity on T can be

accounted for by surface diffusion model and heterojunc-
tion quantum dot model. The effective carrier mobility
rather than free carrier concentration has the main ef-
fect on the dark electrical conductivity of as-deposited
nc-Si:H films.
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