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Abstract—Electrical, photoelectric, and optical properties of hydrogenated amorphous silicon films with
various ratios between the nanocrystalline and amorphous phases in the structure of the material have been
studied. On passing from an amorphous to a nanocrystalline structure, the roomtemperature conductivity
of the films increases by more than five orders of magnitude. With increasing fraction of the nanocrystalline
component in the film structure, the steadystate photoconductivity varies nonmonotonically and is deter
mined by the variation in the carrier mobility and lifetime. Introduction of a small fraction of nanocrystals
into the amorphous matrix leads to a decrease in the absorption in the defectrelated part of the spectrum and,
accordingly, to a lower concentration of dangling bonds, which are the main recombination centers in amor
phous hydrogenated silicon. At the same time, the photoconductivity in these films becomes lower, which
may be due to appearance of new centers that are related to nanocrystals and reduce the lifetime of nonequi
librium carriers.
DOI: 10.1134/S1063782610040159

1. INTRODUCTION

2. SAMPLES STUDIED AND MEASUREMENT
PROCEDURE

Hydrogenated films of amorphous (aSi:H) and
nanocrystalline (ncSi:H) silicon are widely used to
develop electronic and optoelectronic devices and, in
particular, fieldeffect transistors and solar cells. In
recent years, steadily increasing interest has been
attracted to hydrogenated silicon films with twophase
structure composed of silicon nanocrystals in an
amorphous silicon matrix. These materials combine
high photosensitivity, which is characteristic of amor
phous hydrogenated silicon, and better, compared
with aSi:H, stability of parameters under exposure to
light [1–3]. This makes it possible to regard twophase
films of hydrogenated silicon as a promising material
for optoelectronics. The physical properties of films of
this kind heavily depend on the ratio between the
nanocrystalline and amorphous phases in their struc
ture. The photoelectric properties of hydrogenated sil
icon films with a twophase structure [4] have been
studied to a considerably lesser extent, compared with
their electrical and optical properties (see, e.g., [5]).
Therefore, we report in this communication on a study
of the photoelectric properties of hydrogenated silicon
films with a varied fraction of the nanocrystalline
phase in the amorphous host and their correlation
with the electrical and optical properties.

Films with a thickness of 1 μm were produced at
the Institute of Semiconductors, Chinese Academy of
Sciences (Beijing), by decomposition of a mixture of
monosilane (SiH4) and hydrogen (H2) in a highfre
quency glow discharge plasma at a substrate (quartz)
temperature of 220°C. The volume ratio of the gases in
the reaction chamber, RH = [H2]/[SiH4], was varied
from 5 to 40. The designations of the samples obtained
and the corresponding values of RH are listed in the
table. The structural information about the films was
obtained by analysis of their Raman spectra measured
with a Horiba Jobin Yvon HR800 microRaman spec
trometer under excitation with light at a wavelength of
488 nm. The conductivity, photoconductivity, and
spectral dependences of the absorption coefficient
were measured in vacuum at a residual pressure of
10–3 Pa on annealing the films at a temperature of
Volume ratio RH between hydrogen and monosilane, used
to obtain the samples under study, and the fraction XC of
the nanocrystalline phase in the structure of the films

494

Sample

R5

R8

R11

RH = [H2]/[SiH4] 5
XC, %
<10

8
<10

11
20

R15

R16

15.2 16.8
45
55

R40
40
80

PHOTOCONDUCTIVITY OF TWOPHASE HYDROGENATED SILICON FILMS

495

σd, Δσph, S/cm
10−2

Intensity, arb. units
3000

1
1'
2
2'
3
3'
4
4'
5
5'
6
6'

10−3
10−4

2500

10−5
10−6
10−7

2000

10−8
10−9

3

10−10

2

10−11

1500

2

3

4

5

6

7

1
1000
350

400

450

500
550
600
Raman shift Δν, cm−1

Fig. 1. Raman spectra of films obtained at RH = (1) 5,
(2) 16.8, and (3) 40.

180°C for 15 min. For electrical and photoelectric
measurements, aluminum contacts spaced by 0.5 mm
were deposited onto the film surface.
3. MEASUREMENT RESULTS
AND DISCUSSION
The Raman spectra of some of the samples are
shown in Fig. 1. The Raman spectra of the twophase
films are formed by three Gaussian lines correspond
ing to silicon nanocrystals (Raman shift Δν = 510–
520 cm–1, IC), amorphous phase (Δν = 480 cm–1, IA),
and nanocrystal (grain) boundaries (Δν = 500 cm–1,
IGB) [6]. The volume fraction XC of the nanocrystalline
phase is evaluated by approximating the spectra with a
superposition of the three above Raman modes and
subsequently calculating the ratio between the corre
sponding sums of their integrated intensities, XC =
(IC + IGB)/(IC + IGB + IA) [6]. The values of XC obtained
for the films under study are listed in the table. It can
be seen that the fraction of the nanocrystalline phase
in the films increases with RH. The small volume of
nanocrystals in the structure of samples R5 and R8
gave no way to determine XC for these films. Neverthe
less, it can be supposed that the concentration of
nanocrystals in film R8 exceeds that in film R5. It is
noteworthy here that, according to [6], the size of
nanocrystals in films of this kind is 3–4 nm.
Figure 2 shows the temperature dependences of the
conductivity (σd) and steadystate photoconductivity
(Δσph) of the films under study. It can be seen that, in
the temperature range T = 300–450 K, the tempera
ture dependences of σd of the films are of the Arrhe
nius type: σd = σ 0 exp ( – E a /k B T ) , where σ0, Ea, and kB
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Fig. 2. Temperature dependences of (1–6) conductivity σd
and (1 '–6') photoconductivity Δσph of the films under study.
Samples: (1, 1 ') R5, (2, 2 ') R8, (3, 3 ') R11, (4, 4 ') R15,
(5, 5 ') R16, and (6, 6 ') R40.

are the preexponential factor, activation energy, and
Boltzmann constant, respectively. As RH, and accord
ingly XC, increase, the conductivity of the films grows
and the activation energy Ea decreases. The steady
state photoconductivity of all the films, measured at a
photon energy hν = 1.85 eV and incident light inten
sity of 1014 cm–2 s–1, steadily grows with temperature
in the range T = 110–280 K.
The spectral dependences of the absorption coeffi
cient (αcpm) were measured by the constantphotocur
rent method [7] under steady illumination. Figure 3
shows the αcpm(hν) dependences normalized to the
αcpm(hν)/αcpm(1.8 eV)
101
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Fig. 3. Spectral dependences of the absorption coefficient
in relative units, αcpm(hν)/αcpm(1.8 eV), obtained using
the constantphotocurrent method. Samples: (1) R5,
(2) R8, (3) R11, (4) R15, (5) R16, and (6) R40.
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Fig. 4. Dependences of (1) conductivity σd and (2) photo
conductivity Δσph at room temperature and (3) relative
absorption coefficient on RH at hν = 1.05 eV,
αcpm(1.05 eV)/αcpm(1.80 eV).

absorption coefficient at hν = 1.8 eV. It is noteworthy
that, according to [5], the absolute values of the
absorption coefficient (α) at hν = 1.8 eV for amor
phous and nanocrystalline hydrogenated silicon are
close to each other. As can be seen in Fig. 3, the spec
tral dependences of αcpm measured for films deposited
at RH ≤ 15 correspond in nature to the dependences
α(hν) observed for amorphous hydrogenated silicon.
At the same time, for films obtained at RH ≥ 16, the
type of the experimentally measured spectral depen
dences of αcpm is close to that observed for nanocrys
talline hydrogenated silicon [5]. Because the con
stantphotocurrent method records the absorption
responsible for the photoconductivity of the material,
the observed change in the spectral dependence of
αcpm with increasing RH is due to an increase in the
contribution of the nanocrystalline phase to the pho
toconductivity of the films under study.
Let us consider the results obtained. The depen
dence of the roomtemperature conductivity of the
films on RH is shown in Fig. 4. The maximum increase
in the conductivity is observed as RH is raised from 11
to 16, which corresponds, according to the data for XC
in the table, to the range in which the structure of the
films changes from amorphous to nanocrystalline.
Figure 4 also shows values of the photoconductivity of
the films under study measured at room temperature
with the films illuminated with an incandescent lamp
(40 mW cm–2) through a thermal filter. It can be seen
that, in contrast to the dependence σd(RH), the depen
dence of Δσph on RH and, accordingly, on the fraction
of the nanocrystalline phase in the film is nonmono
tonic. It is noteworthy that, for films with a small frac
tion of the nanocrystalline phase, the photoconductiv
ity decreases as RH becomes larger.
Most studies concerned with aSi:H and ncSi:H
use the absorption coefficient at photon energies lower

than 1.2 eV as a parameter describing how the concen
tration of dangling bonds varies in the materials under
consideration [8, 9]. Figure 4 shows values of αcpm
(1.05 eV) in relative units measured for the films stud
ied. For films deposited at RH = 8–15, the value of
αcpm(1.05 eV)/αcpm(1.80 eV) increases as RH is raised
and, accordingly, XC becomes larger. The absorption
decreases for sample R16 and then increases for sample
R40. A similar nonmonotonic variation of αcpm(1.0 eV)
with increasing fraction of the nanocrystalline phase
was obtained in [5]. In our opinion, a possible conse
quence of the transformation of nonequilibrium car
rier generation and transport processes upon a change of
the film structure is that the behavior of αcpm(1.05 eV) in
the range RH = 8–16, in which the structure of the
material is appreciably modified, may fail to reflect
changes in the concentration of dangling bonds. At the
same time, it is of interest to compare the spectral
dependences of αcpm in the defectrelated spectral
range (hν < 1.4 eV) for films with low concentrations
of nanocrystalline inclusions, namely, for samples R5
and R8. In these films, the carrier generation and
transport are governed by the amorphous host. As can
be seen in Figs. 3 and 4, the absorption in sample R8
in the defectrelated spectral range is lower than that
of sample R5. A similar decrease in the absorption at
hν < 1.4 eV in amorphous hydrogenated silicon films
with a low concentration of nanocrystals introduced
into the structure, compared with aSi:H films, was
observed in [3]. It was also noted in [4, 10] that the
concentration of spins associated with dangling bonds
in amorphous hydrogenated silicon decreases upon
introduction of silicon nanocrystals into the structure.
It was suggested that the decrease in the concentration
of dangling bonds in this material, named protocrys
talline silicon, is due to a weaker structural disorder in
the films [1].
Let us consider how the photoconductivity varies
with the structure of the films. The nonmonotonic
variation of Δσph with RH in Fig. 4 is close to the
dependence of the carrier mobility in a twophase
structure on the volume fraction of the phase with a
high conductivity, calculated [11] for a structure con
stituted by phases with high and low conductivity. At
the same time, the variation in the photoconductivity
with increasing fraction of the nanocrystalline phase
in the films under study is presumably caused both by
the change in the mobility of nonequilibrium carriers
and by transformation of recombination mechanisms
and change in the concentration of recombination
centers. It is of interest in this regard to compare the
photoconductivities for films with a low fraction of
nanocrystalline inclusions, R5 and R8, in which vari
ation in the lifetime of nonequilibrium carriers is pre
sumably the key factor governing changes in Δσph. It is
known that the main recombination centers in
undoped aSi:H films are dangling bonds the energy
states of which are responsible for the absorption in the
defectrelated spectral range (hν < 1.4 eV). As already
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noted, the absorption in this spectral range in sample
R8 is lower than that in sample R5. This indicates that
the concentration of dangling bonds in sample R8 is
lower than that in sample R5. At the same time, the
photoconductivity of sample R5 exceeds that of sam
ple R8. It can be suggested that the value of Δσph for R8
is smaller because introduction of nanocrystals into
the amorphous host gives rise to new centers, which
change recombination processes and reduce the life
time of nonequilibrium carriers. In this case, the
energy states of these centers must be located in the
upper half of the mobility gap above the Fermi level to
give no contribution to the absorption measured by the
constantphotocurrent method.

The study was supported by the Russian Founda
tion for Basic Research (project no. 070892163
NTsNI_a) and Federal Targeted Program for Scien
tific Educational Centers (20091.1228014).

4. CONCLUSIONS
Thus, this study showed that an increase in the
fraction of the nanocrystalline phase in twophase
hydrogenated silicon films leads to a nonmonotonic
variation in the photoconductivity of the material.
This variation is determined by changes in the mobility
and recombination mechanisms of nonequilibrium
carriers upon transformations of the film structure.
Introduction of a small fraction of nanocrystals into
the amorphous host (protocrystalline silicon) reduces
the absorption in the defectrelated spectral range,
which points to a decrease in the concentration of
dangling bonds, the main recombination centers in
films of amorphous hydrogenated silicon. At the same
time, a decrease in the photoconductivity is observed
in these films, which may be due to the appearance of
new centers associated with nanocrystals and reduc
tion of the lifetime of nonequilibrium carriers.
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