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A dual-plasma codeposition system capable of synthesizing thin films of mixed-phase materials
consisting of nanoparticles of one type of material embedded within a thin film semiconductor or
insulator matrix is described. This codeposition process is illustrated by the growth of hydrogenated
amorphous silicon 共a-Si:H兲 films containing silicon nanocrystalline inclusions 共a/nc-Si:H兲. A
capacitively coupled flow-through plasma reactor is used to generate silicon nanocrystallites of
diameter 5 nm, which are entrained by a carrier gas and introduced into a capacitively coupled
plasma enhanced chemical vapor deposition reactor with parallel plate electrodes, in which a-Si:H
is synthesized. The structural and electronic properties of these mixed-phase a/nc-Si:H films are
investigated as a function of the silicon nanocrystal concentration. At a moderate concentration
共crystalline fraction 0.02–0.04兲 of silicon nanocrystallites, the dark conductivity is enhanced by up
to several orders of magnitude compared to mixed-phase films with either lower or higher densities
of nanoparticle inclusions. These results are interpreted in terms of a model whereby in films with
a low nanocrystal concentration, conduction is influenced by charges donated into the a-Si:H film by
the inclusions, while at high nanocrystal densities electronic transport is affected by increased
disorder introduced by the nanoparticles. © 2010 American Institute of Physics.
关doi:10.1063/1.3285416兴
I. INTRODUCTION

Composite materials that make use of varying length
scales, from the nanometer scale to the macroscopic, can
exhibit structural and optoelectronic properties not easily realized in homogeneous thin films. Mixed-phase materials
consisting of nanocrystallites embedded in an amorphous
matrix have found application in such diverse areas as high
efficiency solar cells 共Si crystals in amorphous Si兲1–3 nonvolatile memory and electron emitters 共Si crystals in
SiO2兲,4–7 electroluminescent devices 共Si crystals in SiN3兲,8
and photonic bandgap materials 共SiO2 in Si兲.8,9 Processes to
grow these materials range from plasma chemical vapor
deposition 共CVD兲 under conditions of nanocrystal formation
in the gas phase,4,9–11 surface nucleation of crystals during
plasma CVD,2,3,12,13 deposition and subsequent annealing of
nonstoichiometric material 共such as SiOx⬍2兲 leading to crystal formation via phase segregation,14,15 and direct plasma
deposition in a capacitively coupled plasma 共CCP兲 enhanced
chemical vapor deposition 共PECVD兲 system, using high gas
pressures and a heavily hydrogen-diluted silane
precursor.2,3,16,17
There has recently been considerable interest in the
properties of hydrogenated amorphous silicon thin films containing silicon nanocrystalline inclusions for photovoltaic applications. It is well known that the electronic proprieties of
hydrogenated amorphous silicon 共a-Si:H兲 degrade following
light exposure, owing to the photocreation of metastable dangling bond defects 关traditionally referred to as the Staebler–
Wronski effect 共SWE兲兴.18 These light-induced defects reduce
a兲
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the solar conversion efficiency of a-Si:H based photovoltaic
devices, and are seen as a major barrier to amorphous silicon
fulfilling its technological potential in thin film solar cell
applications. Amorphous silicon thin films containing silicon
nanocrystallites 共a/nc-Si:H兲 have been reported to exhibit a
resistance to light-induced defect formation.1 These nanostructured silicon films may be synthesized in a PECVD system operated at elevated gas-chamber silane pressures of at
least 1000 mTorr and at high rf power densities, so that particle nucleation within the silane plasma can proceed. This
process requires the heavy dilution of the reactive gas with
hydrogen, in order to control the size of the particles formed
within the plasma. The single-chamber process poses limitations for the production of a/nc-Si:H since 共1兲 the concentration of the crystalline particles in the resulting mixed-phase
a/nc-Si:H film are not easily controlled and 共2兲 the gaschamber conditions necessary for nanoparticle creation are
not conducive to growing high quality amorphous material,
wherein optimal electronic properties of a-Si:H are typically
found in films deposited at lower gas-chamber pressures and
rf power levels.
In this paper, we describe a dual-plasma codeposition
system where the nanocrystalline particles are synthesized in
an upstream flow-through tube reactor and are then injected
into a second CCP deposition system in which a-Si:H is
grown. This process enables the independent control of the
diameter of the nanocrystals, their concentration in the
mixed-phase film, and the properties of the surrounding
amorphous semiconductor matrix. The structural and electrical properties of a/nc-Si:H films produced by this method are
reported.
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FIG. 1. 共a兲 Nonthermal plasma reactor used to produce Si nanocrystals for
codeposited a-Si:H film samples. 共b兲 Sketch of the dual-chamber system that
synthesizes mixed-phase a/nc-Si:H thin films. The nanoparticles are grown
in the particle synthesis reactor at high pressure, which are then injected into
the second chamber. The a/nc-Si:H films are deposited at a lower pressure
onto the three glass substrates. The concentration of silicon nanocrystals in
the films depends on the substrate position relative to the particle synthesis
reactor’s injection tube.

II. SAMPLE PREPARATION

A schematic of the plasma reactor used to generate silicon nanocrystals is shown in Fig. 1. The particle synthesis
reactor, shown in Fig. 1共a兲, consists of a 3/8-in.-diameter
quartz tube fitted with two ring electrodes.19 Using an Advanced Energy RFX-600 signal generator/amplifier and a
-type matching network, the excitation voltage at 13.56
MHz was applied to the upper ring electrode in Fig. 1共a兲,
while the lower ring electrode is grounded. By varying the
deposition conditions, in particular, the gas-chamber pressure
and pulsing the time that the rf plasma is ignited, the diameter of the silicon nanocrystals can be controlled. The gas
flow of silane is set at 10 SCCM 共SCCM denotes cubic centimeter per minute at STP兲 of 5% silane prediluted in 95%
helium. As a carrier gas to entrain the nanoparticles and deliver them into the second plasma deposition chamber, 50
SCCM of argon was used, for a total pressure of 1.5 Torr.
The argon promotes silicon nanocrystal formation. Argon inhibits diffusion losses in the narrow particle synthesis tube,
compared to when helium is employed as a carrier gas, enabling the formation of nanocrystallites at lower pressures.
Using ⬃50 W of rf power, a discharge is produced in the
tube that extends for a length of around 5 cm, and is extinguished as the tube feeds into the grounded, second deposition chamber 关Fig. 1共b兲兴. The size of the particles is directly
related to the gas residence time in the plasma,19 which was
approximately 3 ms under these flow conditions. The average diameter of the particles under the above conditions was
between 5 and 6 nm. Transmission electron microscopy
共TEM兲 studies confirm the ability of this reactor to produce
small nanocrystals, evidenced by the appearance of lattice
fringes in bright-field TEM that are consistent with Si 共111兲
lattice planes.20 Details of the nanocrystal diameter dependence on chamber gas pressure and plasma residence time
have been published previously.21
Concurrent with the continuous injection of silicon
nanocrystals, a-Si:H is deposited in the lower, CCP chamber,
shown in Fig. 1共b兲. The flow of silane in the second chamber
is 20 SCCM of 5% silane in helium, introduced through a
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separate gas feedthrough from the side of the chamber 关not
shown in Fig. 1共b兲兴. Helium is employed for the second
deposition chamber, as the lower mass noble gas ion induces
less surface damage of the growing thin film semiconductor.
The total pressure in the second chamber is 600 mTorr, and
the rf 共13.56 MHz兲 power applied across the two electrodes
关the rf powered electrode has an area of 315 cm2 while the
grounded electrode 共on which the deposition substrates reside兲 has an area of 1338 cm2, with a fixed separation of 5
cm兴 is 5 W. For the films described here the grounded electrode, upon which the substrates reside, is kept at 250 ° C
while the top rf electrode is unheated.
One method by which the concentration of silicon nanocrystals in the a-Si:H matrix film can be varied is via convection of the argon carrier gas in which the particles from
the particle synthesis reactor are entrained.19 The quartz tube
providing the nanoparticle aerosol is fed into the CCP chamber to within a distance of 2.5 cm from the grounded electrode surface. The gas flow from the particle synthesis reactor impinges on the grounded electrode and the flow diverges
toward the electrode periphery. Substrates are placed radially
outward from the center position of the tube exit, labeled
alphabetically from the electrode periphery inward, as shown
in Fig. 1共b兲. The substrate labeled A is located 5 cm horizontally from the quartz tube injection tube, while the substrate
labeled B is a distance of 2.5 cm from the particle injection
tube, and the substrate labeled C is directly underneath the
quartz tube opening. This reactor geometry takes advantage
of the fact that the nanoparticles are transported to the substrate surface by diffusion from the gas phase, and that the
deposition rate of particles decreases radially outward from
the center position of the electrode. We thus have a unique
way of studying the effect of crystalline fraction on the film
properties. As the lower grounded electrode, on which the
substrates reside, is the heated electrode, a positive temperature gradient between the CCP electrodes creates a thermophoretic force directed away from the substrates.22 The film
is deposited onto Corning 7059 glass or crystalline silicon
substrates. The film thickness, measured by a profilometer,
varies from 200 to 700 nm for plasma deposition times of 60
min with a deposition rate of ⬃1 – 2 Å / s. Additional effort
is needed to increase these deposition rates for large scale
manufacturing applications. The film deposited near the particle tube 共location C兲 is always the thickest 共around 700 nm兲
while the film deposited at 5 cm away 共location A兲 from the
particle tube is thinnest, with a film thickness of approximately 200 nm.
Confirmation that the nanoparticle concentration in the
a/nc-Si:H films is sensitive to the substrate position relative
to the nanocrystal injection tube is provided by measurements of the particle deposition rates, determined by tappingmode atomic force microscopy 共tm-AFM兲.19 Figure 2 shows
the tm-AFM images for particles deposited for 1 min under
plasma conditions similar to the film growth conditions, with
the exception that the SiH4 / He feed gas is replaced by pure
He, so that no surrounding a-Si:H film is deposited. In this
way, all effects of temperature, gas drag, and particle charging were reproduced. The observed area density of particles
was the lowest in the periphery region of the electrode 关the
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FIG. 3. 共Color兲 Raman absorption spectrum of a/nc-Si:H films as a function
of nanocrystalline concentration for run 1 as listed in Table I. The curves are
offset vertically for clarity.

FIG. 2. 共Color兲 AFM images of nanoparticles deposited under typical
plasma conditions for 1 min onto c-Si substrates located 共a兲 5 cm, 共b兲 2.5
cm, and 共c兲 0 cm from the electrode center.

substrate position labeled A in Fig. 1共b兲兴, around 80 m−2 at
5 cm. The density increased to 120 m−2 at 2.5 cm, for the
substrate labeled B in Fig. 1共b兲. These particle density values
are the average of several measurements across the surface
of each substrate. The difference in particle deposition rate is
apparently not linear with electrode distance, as the center
sample 关Fig. 2共c兲兴, labeled substrate C in Fig. 1共b兲, appears
to contain up to 1 ML 共monolayer兲 of particles. Based on the
samples at the outer electrode locations 关Figs. 2共a兲 and 2共b兲兴,
a slightly lower particle density would have been expected.
This suggests that deposition by direct impaction may also
play a role for films deposited near the electrode center. The
larger features seen in the tm-AFM images could likely be
due to particle agglomerates that formed in the gas phase
upon leaving the synthesis plasma.

III. EXPERIMENTAL METHODS

The presence and concentration of silicon nanocrystals
in the mixed-phase thin films synthesized in the dualchamber codeposition system are confirmed by measurements of the Raman spectrum. Raman spectra are recorded
with a Witec Alpha 300 R confocal Raman microscope
equipped with an UHTS 200 spectrometer using an argon ion
excitation laser of wavelength 514.4 nm at a power of 5 mW
focused to an area of 700 nm diameter. The depth of field of
the confocal microscope is approximately 500 nm, comparable to or larger than the thickness of the films being measured. By varying the depth of field for thicker films, we
have confirmed that the observed nanocrystalline signal is
characteristic of the bulk of the film. The Raman spectra
presented are taken using a low incident laser power to avoid
any shifts of the peak due to thermal annealing of the
sample. Raman spectra are recorded from several different

locations along the film surface, to ensure that the results are
characteristic of the material and do not reflect a local fluctuation in nanocrystal concentration.
The crystalline fraction is the percent, by volume, of the
mixed-phase film that is crystalline silicon and can be defined as the ratio of the area under the crystalline silicon peak
over the sum of the area under the crystalline silicon peak
and the area of the amorphous silicon peak,
Xc = 共Anc兲/关Anc + Aam兴.
Comparing the area under the crystalline silicon peak located
at 512 cm−1 共and at 500 cm−1 for the film with the highest
nanocrystalline concentration兲 to the area of the amorphous
silicon matrix peak at 480 cm−1 and assuming a ratio of the
Raman backscattering cross section of the crystalline and the
amorphous phase of  = 1.0, the films presented in the Fig. 3
共labeled run 1 in Table I兲 have a crystalline fraction Xc equal
to 0.10, 0.02. and less than 0.01 for the mixed-phase films
grown at the positions C, B, and A, respectively. The ratio of
the Raman backscattering cross-section factor  is determined from comparisons of Raman spectra for bulk crystalline silicon to pure a-Si:H films, values frequently cited in
the literature range from  = 0.8 to  = 0.88.23–25 When we use
a cross-section factor  of 0.8–0.88, the calculated Xc increases by a small amount. As we are interested in comparing the effects of a relative increase in nanocrystal concentration, and given that the role that quantum confinement
plays on the Raman backscattering cross section is not well
understood, we have made the simplifying assumption of 
= 1.0 for our Raman data.
The nature of the Si–H bonding is another important
feature of the codeposited films. A common figure of merit
regarding film quality is taken from the relative amounts of
clustered H and isolated Si–H bonds, measured by the vibrational bond-stretching modes with either IR absorption26,27 or
Raman spectroscopy.28 The microstructure fraction R is calculated as
R = I2090/共I2090 + I2000兲,
where I2090 and I2000 are the integrated intensities of the
peaks centered at the respective wavenumber value. The
peak centered at around 2000 cm−1 is attributed to the excitation of vibrational modes of isolated Si–H bonds in the
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TABLE I. Electronic properties of six deposition runs of mixed-phase a/nc-Si:H, listing the crystalline concentration as determined from Raman measurements, the dark conductivity at 320 K and the activation energy in state A measured near 320 K, the ratio of state B to state A dark conductivity 共the SWE兲,
and the photosensitivity, defined as the ratio of the photoconductivity to state A dark conductivity.
Sample
position

Xc fraction

Ea, state A
共eV兲

d共A兲 at 320 K
共⍀−1 cm−1兲

d共B兲 at 320 K
共⍀−1 cm−1兲

d共B兲 / d共A兲 at 320 K

ph at 320 K
共⍀−1 cm−1兲

ph / d共A兲 at
320 K

1

A
B
C

⬍0.01
0.02
0.1

0.89
0.82
0.98

8.30⫻ 10−12
8.29⫻ 10−09
8.33⫻ 10−11

8.33⫻ 10−12
9.73⫻ 10−09
2.08⫻ 10−10

1.00
1.17
2.50

6.23⫻ 10−07
3.19⫻ 10−05
1.46⫻ 10−08

75 000
3 800
180

2

A
B
C

⬍0.01
0.01
0.18

0.90
0.64
0.91

8.33⫻ 10−12
2.00⫻ 10−08
1.33⫻ 10−11

8.33⫻ 10−12
2.57⫻ 10−09
2.50⫻ 10−11

1.00
0.13
1.88

7.13⫻ 10−08
1.73⫻ 10−04
6.43⫻ 10−10

8 600
8 700
50

3

A
B
C

0.02
0.03
0.09

0.86
0.85
0.96

1.61⫻ 10−09
3.72⫻ 10−09
4.90⫻ 10−10

5.00⫻ 10−10
3.05⫻ 10−09
5.08⫻ 10−10

0.31
0.82
1.04

1.25⫻ 10−05
2.39⫻ 10−05
5.45⫻ 10−07

7 800
6 400
1 100

4

A
B
C

0.02
0.03
0.19

0.73
0.80
0.70

1.79⫻ 10−09
4.8⫻ 10−10
3.67⫻ 10−11

1.36⫻ 10−09
6.92⫻ 10−10
1.75⫻ 10−10

0.76
1.41
4.77

4.47⫻ 10−06
7.15⫻ 10−07
3.88⫻ 10−09

2 500
1 500
100

5

A
B
C

⬍0.01
⬍0.01
0.16

0.82
0.81
0.89

5.83⫻ 10−10
2.42⫻ 10−09
5.00⫻ 10−11

1.75⫻ 10−10
1.47⫻ 10−09
4.42⫻ 10−10

0.30
0.61
8.83

2.83⫻ 10−05
8.38⫻ 10−05
6.81⫻ 10−09

49 000
35 000
140

6

A
B
C

⬍0.01
0.04
0.1

0.92
0.71
0.97

2.50⫻ 10−11
2.04⫻ 10−08
1.37⫻ 10−09

8.33⫻ 10−12
6.95⫻ 10−08
2.71⫻ 10−09

0.33
3.40
1.98

4.67⫻ 10−07
9.93⫻ 10−05
2.74⫻ 10−07

19 000
4 900
200

Run

film.26 The absorption peak around 2090 cm−1 can come
from several Si–H configurations, including clustered Si– Hx
bonds in a-Si:H,26,27 as well as surface hydrogen modes
found in crystalline Si,26 and is typically associated with
higher amounts of structural and electronic disorder.26,27,29
The infrared absorption spectra for the mixed-phase a/ncSi:H films deposited onto crystalline silicon substrate are
collected with a Nicolet Magna 750 Fourier Transform InfraRed 共FTIR兲 spectrometer.
For measurements of the electronic transport properties
of the mixed-phase films, two coplanar chromium electrodes
typically 1 cm long and separated by a gap either 2 or 4 mm
wide are evaporated onto the films, which yield linear
current-voltage characteristics. The samples are placed in a
vacuum chamber and annealed at 450 K for 120 min, in
order to remove any influence of light-induced defects or
surface adsorbates. The films are then slowly cooled 共cooling
rate ⬃1 K / min兲 to room temperature, where the annealed
state 共state A兲 dark conductivity is then measured upon
warming 共heating rate ⬃1 K / min兲 back up to 450 K. Upon
returning to room temperature, the sample is then reheated to
320 K, and the photocurrent is measured during a 2 h exposure to white light from a W–Ha heat-filtered white light.
This light soaked state is termed state B. The temperature
dependence of the dark conductivity of the a/nc-Si:H films
are then measured in state B, under the same conditions as
before.
IV. STRUCTURAL CHARACTERIZATION

In an earlier preliminary report,21 we have described
TEM studies that verify that silicon nanocrystals are indeed

introduced into the amorphous silicon matrix in this codeposition system, and moreover that these crystallites are produced in the particle synthesis reactor, rather than formed
within the silane plasma in the CCP chamber. As ion milling
can affect the structure of the films, a small angle cleaving
technique30 共SACT兲 was employed to obtain the crosssection views of these samples. The particle size distribution
and the particle crystallinity were analyzed by highresolution TEM, confirming that the nanocrystallites are
present throughout the thickness of the a/nc-Si:H films. Focal
series imaging demonstrate that the lattices fringes are not
microscope artifacts.30
While high-resolution TEM provides direct evidence of
nanocrystalline inclusions, it is not particularly useful for
quantifying the crystalline content. This is due to the fact that
only particles with lattice planes that are properly aligned
with respect to the electron beam can be observed directly in
TEM. In Fig. 3, we compare the Raman spectra of the a/ncSi:H films 共run 1 from Table I兲 from the three different positions of the CCP chamber 关Fig. 1共b兲兴, corresponding to low,
intermediate and high nanocrystalline concentrations as indicated by the tm-AFM observations. The curves are offset to
fit onto a single plot.
The a/nc-Si:H film deposited in position A in Fig. 1共b兲
has a Raman spectrum with a broad peak at a wavelength
shift of 480 cm−1 corresponding to the TO mode of a-Si:H.
A similar broad peak at 480 cm−1 is the only peak observed
in the Raman spectra in the corresponding wavenumber regime of homogeneous a-Si:H films deposited in the same
system with the particle synthesis reactor turned off. This is
expected since the deposition rate of nanoparticles 共inferred
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FIG. 4. Infrared absorption spectra of the mixed-phase films as function of
crystalline concentration for run 2 as listed in Table I. The curves are offset
vertically for clarity.

from the tm-AFM measurements兲 suggests that a crystalline
fraction 共defined below兲 much less than 0.01 would be
found. We see that the mixed-phase film deposited in position B 关Fig. 1共b兲兴, with intermediate nanocrystallite concentration, has two peaks: one corresponding to the TO mode of
a-Si:H at 480 cm−1 and the other small crystalline peak at
512 cm−1. The laser power was varied to ensure that this
peak location was not due to a temperature shift. The film
deposited in the position C in Fig. 1共b兲 共highest nanocrystallite concentration兲 has the same two peaks but an enhanced
intensity of the 512 cm−1 peak and third peak near
500 cm−1.
Bulk crystalline silicon has a sharp peak in the Raman
spectrum centered at 518– 520 cm−1. The position of the
peak can shift to lower wavenumbers due to quantum confinement effects.23 A peak at 512 cm−1, equivalent to a
downward shift of approximately 6 cm−1, is consistent with
a nanocrystalline size of ⬃4 nm 共Refs. 23 and 24兲 in diameter, while the TEM analysis indicates a diameter around 5–6
nm.21 We also see in the high nanocrystallite concentration
samples another small peak at around 500 cm−1, which has
been attributed to the grain boundary region surrounding the
nanocrystals.25
Assuming a crystallite diameter of 5–6 nm and a crystalline fraction of 0.10 for the film with higher nanocrystallite concentration, the nanocrystallites in the film deposited
at position C have an average spacing of ⬃13 nm, while the
nanoparticles in the film with the lowest crystalline fraction
have an average separation ⬎40 nm. Again it is noted that
the trend in the crystalline fraction is not linear with electrode distance, similar to the AFM deposition rate measurements in Fig. 2. Even so, this deposition technique demonstrates a procedure for the inclusion of nanocrystals into
amorphous films, with some level of control over their number density. This is a significant contribution toward the understanding of mixed-phase films.
Figure 4 shows the infrared spectra in the range
1900– 2200 cm−1 for the films from run 2 in Table I,31 deposited in the A, B, and C positions as indicated in Fig. 1共b兲;
the curves are normalized and offset vertically for clarity.
The FTIR spectra can be fitted using two peaks, one at
2000 cm−1 and the other at 2090 cm−1. There is a clear increase in infrared absorption at 2090 cm−1 as the nanocrystalline concentration in the a/nc-Si:H films increases.

J. Appl. Phys. 107, 043704 共2010兲

The infrared absorption spectra in Fig. 4 are consistent
with an increase in Si– Hx bonding in the grain boundary
region surrounding the nanocrystalline inclusions. For
samples located far from the electrode center, the Si–H spectra was identical to that observed for pure a-Si:H, where no
particles were injected into the plasma, showing a microstructure fraction around R = 0.55; the additional Si– Hx
bonds for the sample at 5 cm from the particle injection tube
关labeled sample A in Fig. 1共b兲兴 associated with the nanocrystal surfaces were too few to be detected. As the particle concentration increases for films deposited closer to the particle
injection tube, R also increased, up to R = 0.6 with a corresponding crystallinity of XC = 0.17 for the center sample deposited closest to the particle injection tube. Coupled with
the fact that the value of R with no particles injected showed
no dependence on substrate location, these data support the
interpretation that the additional signal from clustered Si– Hx
at 2090 cm−1 comes from the H atoms at the grain boundaries of the embedded particles.
The deposition of mixed-phase films as in Figs. 3 and 4
have been repeated several times. There is a run to run variation in the exact concentration of silicon nanocrystals embedded within the a-Si:H matrix, even when the deposition
conditions under which the mixed-phase a/nc-Si:H films are
grown are nominally unchanged. For one particular deposition run, there was essentially no change in the microstructure factor for the films synthesized at positions A and B as
in Fig. 1共b兲, but for the film grown directly underneath the
particle injection tube the microstructure factor was nearly
0.9. The general trend is an increase in the silicon nanocrystal concentration, accompanied by an increase in the infrared
microstructure factor R, with the largest change in R generally found for films with the highest nanocrystal density.
V. ELECTRONIC CHARACTERIZATION

The structural studies described above confirm that we
can generate silicon nanocrystals in one plasma chamber that
can be homogeneously incorporated into a hydrogenated
amorphous silicon matrix synthesized in another plasma
deposition reactor. Moreover, we have a unique platform to
investigate the influence of increasing the nanocrystalline inclusion concentration on the optical and electronic properties
of mixed-phase a/nc-Si:H films, as the codeposition system
enables the simultaneous synthesis of a-Si:H with a varying
density of nanoparticle inclusions 共Figs. 2 and 3兲. The surrounding a-Si:H tissue is the same for films deposited in a
single run, and the nature of the nanocrystals generated in the
particle synthesis chamber 关Fig. 1共a兲兴 is unchanged during
the deposition. Consequently, the only difference for the
a/nc-Si:H films grown at positions A, B, and C in Fig. 1共b兲 is
the density of nanocrystals embedded within the films. The
nonlinear sensitivity to nanoparticle concentration of the optical absorption spectra and temperature dependence of the
dark conductivity, described below, is consequently not
likely to be due to any variations in the quality of the surrounding a-Si:H.
The temperature dependence of the dark conductivity in
state A is well described by the Arrhenius function 
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FIG. 5. Arrhenius plot of the dark conductivity of a series of a/nc-Si:H
mixed-phase films for run 1 as listed in Table I, with low 共XC ⬍ 0.01兲,
medium 共XC = 0.02兲, and high 共XC = 0.10兲 crystal fractions. For comparison,
the conductivity of a pure a-Si:H film without nanocrystalline inclusions is
also plotted.

= 0 exp关−EA / kBT兴, where EA is the activation energy and
0 is the conductivity prefactor, as shown in Fig. 5 for the
same series of films as in Fig. 3. This figure shows the
Arrhenius plots for films from a single deposition run 共run 1
from Table I兲 with increasing nanocrystalline concentration,
along with an a-Si:H film deposited in a separate run with no
nanocrystals included, for reference. The corresponding crystalline fractions are indicated on the plot. For the a/nc-Si:H
film with XC ⬍ 0.01, the electrical behavior is very similar to
that of a-Si:H films deposited without embedded nanocrystals, with a room temperature dark conductivity 
⬃ 10−10 ⍀−1 cm−1 and an activation energy EA = 0.89 eV.
The activation energy is fitted to the temperature dependence
of the dark conductivity near room temperature. There is a
slight downward kink at higher temperatures evident above
430 K for some of the mixed-phase films investigated, which
is a hallmark of thermal equilibration effects in undoped
a-Si:H. As the crystalline fraction is increased to 0.02, the
conductivity increases by several orders of magnitude, along
with a reduction in the dark conductivity activation energy to
EA = 0.82 eV. This trend does not continue with increasing
crystalline fraction, as the conductivity for XC = 0.10 is intermediate to samples between 0 and 0.02 over the range of
temperatures investigated, with a measured activation energy
of EA = 0.91 eV.
The results from Fig. 4 are unanticipated. In order to
confirm that the dark conductivity is indeed nonmonotonic
with nanocrystalline concentration, this deposition run was
repeated five more times. These data are summarized in
Table I, which lists the six runs 共the data in Fig. 5 are for run
1兲, the nanocrystalline concentration as determined by Raman spectra as in Fig. 3, the dark conductivity at 320 K and
the activation energy in state A measured near 320 K, the
ratio of state B to state A dark conductivity 共the SWE兲, and
the photosensitivity, defined as the ratio of the photoconductivity to the state A dark conductivity.
Depositions of mixed-phase films have been repeated
several times. In all trials, the general behavior of an enhancement of the dark conductivity, with a decrease in the
measured activation energy for the a/nc-Si:H film containing

J. Appl. Phys. 107, 043704 共2010兲

FIG. 6. Plot of the photosensitivity, defined as the ratio of the initial white
light photoconductivity to the dark conductivity at 320 K in annealed state A
against crystalline fraction as determined for run 1 as listed in Table I of
mixed-phase a/nc-Si:H films.

a crystalline fraction of XC ⬃ 0.02– 0.04, as determined by
Raman spectroscopy measurements, was observed.
There is a run to run variation in the exact concentration
of silicon nanocrystals embedded within the a-Si:H matrix,
even when the deposition conditions under which the mixedphase a/nc-Si:H films are nominally unchanged. The codeposition system shown in Fig. 1 always yields a higher nanocrystalline concentration in the films directly underneath the
particle injection tube 共location C兲 than for the films grown
at locations A and B. For certain deposition runs, the dark
conductivity of the a/nc-Si:H film with the highest nanocrystal concentration was closer to that of the material with the
lowest density of nanocrystals. There is scatter in the precise
conductivity and activation energies observed between differing runs, for films deposited under nominally identical
conditions. The gas convection in the second chamber, employed to vary the concentration of nanocrystals supplied to
the different substrates, can lead to variations in the precise
concentration of nanocrystals in the mixed-phase films, as
determined by Raman spectroscopy measurements. Despite
run-to-run variations, in all cases the dark conductivity followed the trend exhibited in Fig. 5.
The initial motivation for investigating mixed-phase
a/nc-Si:H films was reports that these materials exhibited
improved resistance to light-induced defect formation 共the
SWE兲. In order to investigate these materials’ sensitivity to
light-induced defect creation, the films in Table I were exposed at 320 K to heat-filtered white light from a W–Ha
lamp for 2 h. The temperature dependence of the dark conductivity is then remeasured, and the light soaked condition
is labeled state B. The ratio of the state B to state A dark
conductivity at 320 K, listed in Table I, is observed to be
close to unity for a/nc-Si:H films with an increasing concentration of embedded nanocrystals, while films with lower
concentrations of nanocrystals displayed a reduction in the
dark conductivity due to the SWE of nearly an order of magnitude.
A plot of the photosensitivity, defined as the ratio of the
photoconductivity initially recorded to state A dark conductivity at 320 K against crystalline silicon fraction for the
same a/nc-Si:H films as in Fig. 5, is shown in Fig. 6. Comparable data are observed for all of the a/nc-Si:H mixed-
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phase thin films, as listed in Table I. The decrease in the
photosensitivity with increasing nanocrystalline concentration for the films shown in Fig. 6 suggests that these films
contain a higher density of recombination centers, most
likely midgap dangling bond defects. These dangling bond
defects may possibly be associated with the inclusion of the
nanoparticles during film growth.

VI. DISCUSSION

By varying the substrate position relative to the particle
injection tube in the second reactor chamber where the
a-Si:H is deposited, a series of films can be grown in a single
deposition run in the dual-chamber codeposition system,
where the nanoparticle concentration varies from Xc ⬍ 0.01
to over Xc = 0.10 crystalline fraction, as determined by Raman spectroscopy and tm-AFM. We now discuss how this
variation in nanocrystal density can account for the electronic properties described above. We begin with a consideration of the structural characteristics of the films.
The Raman peak attributed to the silicon nanocrystals in
Fig. 3 is shifted to a wavenumber of approximately
512 cm−1, while bulk crystalline silicon exhibits a TO Raman peak at 518– 520 cm−1. Various studies have demonstrated, by growing bulk films comprised solely of silicon
nanocrystals 共that is, with no surrounding amorphous silicon
matrix兲, that there is a pronounced shift in the Raman TO
peak to lower wavenumbers when the diameter of the nanocrystalline particles is less than 10 nm, owing to quantum
confinement effects.23–25 From the data of Viera et al.,23 the
shift of approximately 6 – 8 cm−1 observed here would indicate that the nanocrystals in these mixed-phase films have a
diameter of approximately 3–4 nm, smaller than the 5–6 nm
expected for the deposition parameters employed in the particle synthesis reactor.
Measurements of the infrared absorption spectra, as
shown in Fig. 4, find an increase in absorption at 2090 cm−1
in films with the highest nanoparticle density. Films deposited when the particle synthesis reactor is off show no variation in the 2090 cm−1 absorption intensity with substrate position in the second plasma chamber. These results suggest
that the region surrounding the nanocrystals is heavily
hydrogenated.32,33 Unlike the investigations of Viera et al.,23
the nanoparticles in our system must traverse a silane plasma
before reaching the deposition substrate, and only then are
incorporated into the growing amorphous silicon film, which,
at the deposition temperature of 250 ° C employed, entails
significant hydrogen diffusion and structural relaxation. Elucidation of the role that the specific deposition conditions
play on the observed shift in the Raman crystalline TO mode
requires additional systematic investigation.
The presence of a hydrogen rich shell surrounding the
silicon nanocrystalline inclusions may also play a role in the
enhancement of the dark conductivity observed in a/nc-Si:H
films having crystalline fractions of a few percent, as explained below. Moreover, if a large proportion of the bonded
hydrogen in these mixed-phase films does indeed reside in
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the shells surrounding the nanocrystalline inclusions, then
this could account for the reduced light-induced conductance
degradation presented in Table I.
There is no single, generally accepted mechanism underlying metastable defect formation. One popular model posits
that the SWE involves the breaking of strained Si–Si bonds
due to the nonradiative recombination of photoexcited
electron-hole pairs.34–36 These broken bonds are stabilized by
the insertion of hydrogen, forming at least one Si–H bond
with the newly created silicon dangling bond states. Alternatively hole trapping could weaken a Si–Si bond, such that
subsequent recombination with an electron or hydrogen insertion from diffusion hydrogen atoms could result in metastable defect formation.
In most models for the SWE, the motion of bonded hydrogen plays a central role in either the creation or stabilization of the newly created dangling bond states. If the majority of bonded hydrogen is in the region immediately
surrounding the nanocrystalline inclusions, then if bond
breaking takes place in the surrounding amorphous silicon
matrix, there is less chance for a nearby hydrogen atom to
participate in metastable defect formation. In this case the
two broken Si bonds are likely to reform, inhibiting metastable defects from being added to the material following
illumination. This argument is similar to one put forward to
account for the enhanced stability against light-induced defect creation in a-Si:H synthesized using the hot wire
technique.37,38 In these materials the hydrogen content is
much lower than in glow discharge deposited material.
Nuclear magnetic resonance studies indicate that nearly all
the bonded hydrogen in the hot wire a-Si:H resides in clusters of hydrogen, such as in the inner surface of a divacancy,
and there is a low concentration of hydrogen in the bulk of
the semiconducting material.39
We suggest that in the mixed-phase films, the bonded
hydrogen predominately 共though not exclusively兲 resides in
the region surrounding the nanocrystalline inclusions. A
nanocrystal with a diameter of 5 nm contains roughly 3300
silicon atoms, and for a film with an Xc = 0.1, this implies a
nanocrystal density of 1.5⫻ 1018 nc/ cm3. If we assume that
the “grain boundary” region extends about 0.25 nm from the
surface of the nanocrystallite, then each grain boundary volume can accommodate about 1000 atoms, of which potentially half could be hydrogen atoms. This would correspond
to a bonded hydrogen density within the shells surrounding
the nanocrystals on the order of 1.5 at. %. High electronic
quality PECVD a-Si:H typically has a bonded hydrogen content of 8 – 10 at. %, while films deposited under nonoptimal
conditions have higher hydrogen concentrations. The above
is only meant as a rough order of magnitude estimate indicating that there appears to be sufficient space in the grain
boundary region surrounding each nanocrystalline inclusion
to accommodate a significant fraction of the bonded hydrogen in the mixed-phase material.
A possible energy band diagram for the a-Si:H in the
vicinity of a silicon nanocrystalline inclusion with an overhydrogenated silicon shell is illustrated by the sketch in Fig.
7. If the silicon cores of the nanocrystals embedded in the
a/nc-Si:H do indeed have an average diameter of ⬃5 nm,
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FIG. 7. Sketch of the energy band diagram proposed for a silicon nanocrystal, surrounded by an a-Si– Hx rich shell within an a-Si:H matrix. A thermally excited electron 共filled circle兲 in the nanoparticle can easily overcome
the 0.2 eV barrier and can be donated to the a-Si:H film, while the corresponding hole 共denoted by an open circle兲 in the silicon nanocrystal cannot
overcome the larger barrier to be injected into the a-Si:H valence band.

then calculations suggest that the bandgap of the silicon
nanoparticles is increased to about 1.4 eV, due to quantum
confinement effect.25,33 These same simulations suggest that
if such a particle is surrounded by hydrogenated amorphous
silicon, which has a mobility gap of 1.8 eV, then the conduction band edge of the nanocrystal is roughly 0.1 eV below
that of the a-Si:H material, and the valence band of the nanoparticle is ⬃0.3 eV above the a-Si:H valence band edge.37,38
It is well known that increasing the hydrogen content above
⬃10 at. % normally found in glow discharge deposited
a-Si:H increases the optical gap of the amorphous
semiconductor.40 It is therefore reasonable that the hydrogen
rich shell surrounding the silicon nanocrystal has a bandgap
of approximately 2.0 eV. This is admittedly a rough estimate,
but the exact value of the energy gap of the hydrogen rich
shell surrounding the nanocrystal is not crucial for the argument below. For simplicity it is assumed that the energy band
of the shell region is equally offset from the a-Si:H conduction and valence band edges.
At room temperature, there will be many electron-hole
pairs thermally excited within the silicon nanocrystal. The
electron experiences an energy barrier of approximately 0.2
eV from the a-Si:H conduction band edge, while the corresponding hole in the nanoparticle has a larger barrier of 0.4
eV inhibiting its motion into the a-Si:H valence band. It is
thus reasonable that an electron thermally generated within
the nanocrystal can escape to the surrounding a-Si:H film.
The accompanying hole will remain trapped within the nanoparticle, leaving the nanocrystal positively charged. This
positive charge inhibits additional electrons from escaping
from the nanocrystal. We therefore propose that for every
silicon nanocrystal embedded within the a-Si:H, one excess
electron is donated to the surrounding material.
The photosensitivity measurements suggest that films
deposited in the A and B locations have comparable dangling
bond densities, while the films deposited in position C have
higher, by roughly an order of magnitude, defect densities.
These results are consistent with measurements of the spectral dependence of the optical absorption coefficient for the
mixed-phase films, described in detail in a separate publication. The CPM results suggest that the films with the lowest

FIG. 8. Sketch of the density of states in the upper half of the mobility gap
for a/nc-Si:H mixed-phase films. For low nc density, the Fermi energy resides in the middle of the gap, and only a fraction of the dangling bond
states are occupied 关shaded peak in Fig. 8共a兲兴. For XC = 0.02– 0.04 关Fig.
8共b兲兴, the embedded nanocrystals donate sufficient excess electrons to the
surrounding a-Si:H matrix that the dangling bond band is fully occupied,
shifting the Fermi energy closer to the conduction band edge. For higher
nanocrystal concentrations 关Fig. 8共c兲兴, the number of additional dangling
bonds increases faster than the excess charges donated by the nanocrystals,
and the Fermi energy again resides in the middle of the gap.

nanocrystalline concentration 共that is, those deposited at a
location in the second plasma chamber at the greatest distance from the particle injection tube兲 have a dangling bond
density of roughly 1017 cm−3.41 If the silicon nanocrystal has
a diameter of ⬃5 nm, then it will be comprised of roughly
3300 Si atoms. A crystal fraction of 0.02 关corresponding to
the films deposited at an intermediate distance from the particle injection tube, located at position B in Fig. 1共b兲兴 then
implies a density of 3 ⫻ 1017 cm−3 nanocrystals. If each
nanocrystal donates an excess electron to the surrounding
a-Si:H, then the density of excess negative charge introduced
to the a/nc-Si:H film is also 3 ⫻ 1017 cm−3. These excess
charges will fall into the dangling bond defects in the middle
of the energy gap of the a-Si:H. At a crystal fraction of 0.02,
the density of donated charges is roughly comparable to the
density of native dangling bond defects; consequently, all of
the unoccupied dangling bonds 共positively charged兲 will become singly occupied 共neutral兲. The dark Fermi energy will
thus be shifted up toward the conduction band edge and will
reside in the minimum between the dangling bond band and
the exponential conduction band tail states, as indicated in
Fig. 8.
This enhancement in the dark conductivity by the excess
charge donated by the nanocrystals is negated by the addition
of defects when the nanocrystalline concentration is further
increased. As indicated in the tm-AFM images 共Fig. 2兲, films
deposited on substrates located directly underneath the particle injection tube have a higher concentration of nanoparticle inclusions than would be expected by a simple extrapolation from the densities found in the substrates located at
greater separations. Moreover, it is likely that films with high
nanocrystal concentration contain more small nanocrystal
agglomerates, which may form either in the gas phase or by
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crystals depositing onto or next to other crystals that are
already residing on the substrate. These agglomerates are
more likely to lead to small voids due to shading effects
during the amorphous film deposition. It is thus probable that
a larger density of dangling bonds is associated with the
higher nanoparticles densities in these films, consistent with
the lower photosensitivity 共Fig. 6 and Table I兲. Dangling
bond defects act as recombination centers, and the higher
their concentration, the lower the photoconductivity. When
the crystal fraction is 0.10, the dangling bond density as
determined by the midgap optical absorption coefficient is
⬃3 ⫻ 1018 cm−3, compared to roughly 1017 cm−3 for the
film with Xc = 0.02 crystal fraction.40 However, if 10% of the
mixed-phase material is crystalline, then with nanoparticles
of diameter ⬃5 nm, this implies a density of nanocrystalline
inclusions of ⬃1018 cm−3. Consequently, the excess charges
donated by these inclusions would not be sufficient to maintain the dark Fermi level at its position closer to the conduction band edge 关see Fig. 8共b兲兴 and the dark conductivity activation energy will return to a value similar to that observed
in films with less than Xc ⬍ 0.01 crystal fraction 关see Fig.
8共c兲兴.
In addition, the higher density of nanoparticles in the
films deposited directly underneath the particle injection tube
will likely increase the long range disorder at the mobility
edges, resulting in the conduction band edge moving to
higher energies, which would also tend to increase the dark
conductivity activation energy and lower the conductance of
these films.29 Ideally one would compare the temperature
dependence of the thermopower and dark conductivity to
elucidate the role that increased long-range disorder by the
nanocrystalline inclusions. However, the materials investigated here, which are undoped, are too resistive for accurate
determinations of the thermopower. Experiments are underway to compare the conductivity and thermopower of phosphorus doped a/nc-Si:H films.
VII. SUMMARY

Mixed-phase thin films consisting of a hydrogenated
amorphous silicon film in which silicon nanocrystals are embedded have been successfully synthesized in a dualchamber codeposition system described here. By controlling
the plasma conditions in one chamber, silicon nanocrystals of
a given diameter are grown, which are then injected into a
second chamber in which the a-Si:H is deposited. By varying
the location of the deposition substrate relative to the outlet
of the particle injection tube, one can fabricate several films
with the silicon nanocrystal concentrations ranging from below 0.01 to above 0.10, in a single deposition run. In this
way the role of increasing nanocrystal density can be accurately compared. Raman spectroscopy and tm-AFM measurements confirm that the nanocrystal density does indeed
decrease as the substrate separation from the particle injection tube is increased.
At a moderate concentration 共crystalline fraction Xc
⬃ 0.02– 0.04兲 of silicon nanocrystallites, the dark conductivity is enhanced by up to several orders of magnitude compared to mixed-phase films with either lower or higher den-

sities of nanoparticle inclusions. We propose that charges
donated into the a-Si:H film by the nanocrystalline inclusions
shift the Fermi energy closer to the conduction band edge,
through the conversion of unoccupied dangling bond states
to singly occupied, without an accompanying significant increase in defect density, increasing the dark conductivity of
these films. Films containing much higher nanocrystalline
concentrations also have higher dangling bond densities,
which negate the doping effect of the nanocrystalline inclusions.
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