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Proton radiation-induced enhancement of the dark conductivity of composite
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While most semiconductor materials are susceptible to radiation damage, we report here an observation
of enhancements in the conductivity of undoped composite amorphous/nanocrystalline silicon thin films after
irradiation with high-energy protons. When a series of films for which the nanocrystal concentration is varied
were irradiated with 16-MeV protons with fluences from 2 × 1013 to 1015 protons/cm2, the dark conductivity
following irradiation is increased by up to a factor of 10. Unlike the persistent photoconductivity effect observed
in amorphous semiconductors, this enhancement is permanent and is not removed by annealing. Various
mechanisms are tested to explain this effect, but none are able to fully account for our observations.
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I. INTRODUCTION

There are unique challenges in designing semiconductor
devices that can operate in ionizing radiation environments,
such as those encountered in high-energy particle detectors,
or satellite-based solar cells [1–3]. Crystalline semiconduc-
tors, when irradiated with hadrons, are permanently dam-
aged, leading to degradation in device performance [4–6].
Amorphous semiconductors, where the atoms are randomly
arranged, tend to be more radiation tolerant [7–11]; however,
their electronic properties, particularly the product of the free-
carrier mobility and recombination lifetime, are typically too
low for most detector applications [12,13].

Recent studies of thin films of amorphous/nanocrystalline
hydrogenated silicon (a/nc-Si:H) have reported enhancements
in the dark conductivity and photoconductivity of one to two
orders of magnitude for a nanocrystal density well below the
percolation threshold [14]. These composite materials might
therefore retain the radiation tolerance of a-Si:H, as the crystal
fraction in these materials is typically only 2–4%. To test this
hypothesis, we have measured the sensitivity of these films to
exposure of 16-MeV protons doses up to 1015 protons/cm2.
Previous studies of nominally homogeneous a-Si:H have
found that ionizing proton irradiation leads to a metastable
decrease in the dark conductivity [7,15–17], with the orig-
inal, preirradiation, dark conductivity being restored when
the sample is annealed at temperatures above ∼450 K. In
an earlier study, a/nc-Si:H films were irradiated with protons
of higher energy than used here, but at lower fluences [18].
This irradiation yielded a metastable decrease in the dark
conductivity of roughly an order of magnitude, compared to
the preirradiated value. This decrease in the dark conductivity
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was removed when the film was annealed above 450 K, and
the conductivity was restored to its preirradiated value [18]. In
contrast, we report below that for a/nc-Si:H exposed to proton
fluences above 2 × 1013 cm−2, the dark conductivity increases
by as much as a factor of 10, and this enhancement is not
removed even after multiple annealing cycles.

A several orders of magnitude increase in the dark con-
ductivity and photoconductivity of nominally homogeneous a-
Si:H with proton irradiation has been reported by other groups
[19–23]. However, all of these enhancement effects were
observed in situ, while the film was exposed to a proton beam.
Once the irradiation at room temperature was stopped, the
dark conductivity and photoconductivity decayed away over
timescales ranging from minutes to several days. In contrast,
the proton irradiation-induced conductivity enhancement of
the composite a/nc-Si:H films described here appears to be
a permanent change in the materials’ charge-transport prop-
erties, with no detectible decrease after more than 8 months
after the irradiation is stopped.

A photoinduced enhancement of the dark conductivity,
termed persistent photoconductivity (PPC), that decays very
slowly at room temperature has been observed in certain
amorphous semiconductors. Typically, PPC is found in ma-
terials where internal structures, such as alternating layers
of n-type or p-type doped a-Si:H [24,25], have potential
modulations due to counterdoping (that is, both donors and
acceptors are added to the a-Si:H) [25,26], or have com-
positional morphology, such as a-Si:H containing nanocrys-
talline germanium inclusions [27]. However the PPC effect
is metastable, with the original value of the dark conductivity
being restored following annealing at ∼450 K. In contrast, the
proton irradiation-induced conductivity enhancement of the
composite a/nc-Si:H films described here remains after high-
temperature annealing, even after multiple annealing cycles.
The creation and characterization of this radiation-induced
enhancement effect is the subject of this paper.
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FIG. 1. (a) Schematic of the dual-chamber plasma codeposition
system. Due to gas convection within the amorphous semiconductor
chamber, there is a gradient of nanocrystal concentration along
the sample length. (b) Sketch of the coplanar chrome electrodes
scribed into four electrically distinct pads, in order to utilize the nc
concentration gradient along the length of the sample. Pad 4 has the
highest nc density and pad 1 the lowest.

This paper is organized as follows. We begin with a brief
description of the materials preparation and characterization,
followed by a discussion of the proton irradiation processes.
The radiation-induced changes in the charge transport in a/nc-
Si:H, particularly the dark conductivity, photoconductivity,
and sensitivity to light-induced conductivity changes, are
compared pre- and postirradiation. We conclude with a discus-
sion and a description of tests we have made to characterize
possible mechanisms responsible for this effect.

II. MATERIALS PREPARATION

The undoped composite amorphous/nanocrystalline films
were fabricated by plasma-enhanced chemical vapor depo-
sition (PECVD) in a dual-chamber codeposition system,
sketched in Fig. 1, and described in detail previously [14].
Briefly, nanocrystals are synthesized in an inductively coupled
PECVD chamber, using a flow of silane (SiH4) and argon.
Through control of the chamber gas pressure, agglomerates of
nanoparticles are formed, which at high radio-frequency (rf)
power are crystallized by electron and ion bombardment. The
size of the nanocrystals is determined by the particle residence
time in the plasma, which in turn is controlled by the input
gas-flow rate and the diameter of the outlet orifice [28–30].
The deposition conditions employed for the fabrication of the
samples studied here yielded nanocrystals with diameters on
the order of 5–5.5 nm as determined by x-ray diffraction using
the Scherrer formula [31]. These nanocrystals are entrained
in the flow of argon gas into a second capacitively coupled
PECVD chamber, where they become embedded within a
surrounding a-Si:H matrix deposited on Corning 1737 F glass
substrates heated at 520 K. The elevated substrate temperature
enables the silicon atoms to diffuse on the growing film
surface in order to find stable, lower defect configurations,
which improve the film’s quality. Gas convection in the second
chamber leads to a concentration gradient of nanocrystals
embedded within the a-Si:H along the substrate’s length [14].
The substrate is oriented in the deposition chamber so that one
end is near the particle injection tube and has the highest nc
concentration, while the other end of the substrate, farthest
from the injection tube, has the lowest nc content.

FIG. 2. Plot of the dark conductivity at 450 K of a/nc-Si:H, prior
to irradiation, for the four scribed pads as in Fig. 1(b).

Electrical contact is made by evaporating 100-nm-thick
chrome coplanar electrodes (length 1.0 cm, separation 0.1 cm)
onto the composite a/nc-Si:H thin film, as shown in Fig. 1(b).
These electrodes exhibit linear current-voltage characteristics
for all of the samples and temperatures investigated here.
The samples are scribed across the width of the electrodes
[Fig. 1(b)] yielding four distinct 2.5-mm-long pads, with an
approximately uniform nanocrystal concentration within each
pad. The pad farthest from the particle injection tube with the
lowest nanocrystal concentration is designated pad 1, while
the part of the substrate closest to the injection tube with
the highest nanocrystal concentration is labeled pad 4. Prior
studies using Raman spectroscopy measurements described in
detail later have found that typically the silicon crystal content
Xc for pad 4 to be ∼10%, while for pads 2 and 3 Xc ∼ 2−4%
and for pad 1 it is less than 1% [14].

The dark conductivity of the a/nc-Si:H films increases
nonuniformly with nanocrystal content, as reported previously
[14]. Figure 2 shows the dark conductivity at 450 K of the four
pads on a single substrate for an a/nc-Si:H film prior to proton
irradiation. The highest conductivity is found for pad 3, which
has a crystal content of 2–4%, even though pad 4 has a higher
crystal content. The larger conductivity values for pads 2 and
3 are due to modulation doping, where a thermally excited
electron in a nanocrystal is able to easily move into the a-Si:H
matrix, increasing the film’s conductance. The band offset
between the nc and a-Si:H is only ∼0.1 eV for the conduction
band, while it is ∼0.3 eV for the valence band [32], and
the thermally excited holes remain in the nanocrystal. The
decrease in the dark conductivity of the pad 4 films relative
to pad 3 is accounted for by an increase in dangling bond den-
sity in films with higher nanocrystal content, as determined
by optical absorption and electron paramagnetic resonance
measurements [14,33]. These excess defects trap the electrons
promoted from the embedded nanocrystals and decrease the
magnitude of the modulation doping effect.

Previous studies of the intentional oxidation of freestand-
ing nanocrystals, synthesized via plasma-enhanced CVD as
in Fig. 1, find that the surface of the nanocrystals is hydrogen
terminated [34,35]. Using electron spin resonance (ESR) and
Fourier transform infrared spectroscopy (FTIR), these authors
find that oxide growth on the nanocrystal surface proceeds
quite slowly in atmosphere, and in fact is stable against surface
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oxide formation for many hours of air exposure. However,
they do report a weak signal in both ESR and FTIR consistent
with a small amount of oxygen contamination of the nc,
perhaps due to in situ etching of the Pyrex reactor tube
when operated at the high-rf power levels necessary for nc
formation.

III. PROTON IRRADIATION

The samples were irradiated with 16-MeV protons at the
John D. Fox 9 MV Tandem van de Graaf Accelerator at
the Florida State University (FSU). The beam intensity was
varied between 1 and 10 nA, which at the upper current level
corresponds to 6.3 × 1010 protons per second. The proton
beam was defocused with a transverse width of ∼9 mm, in
order to irradiate the maximum number of the pads at once.
The sample was positioned so that pads 2, 3, and 4 received
a nearly uniform exposure. Irradiation times and currents
were increased to achieve proton doses of 2 × 1013 p/cm2,
2 × 1014 p/cm2, and 1015 p/cm2 for three separate (nominally
identical) samples, respectively.

During the irradiation the sample was mounted on a copper
support plate and placed in a vacuum chamber, where the
pressure during the irradiation was 10−6 Torr. The sample
bridges a hole in the support plate that allows protons to
pass through the sample without activating the copper. The
100-nm-thick chrome electrodes deposited on top of the
1-μm-thick a/nc-Si:H film are irradiated along with the sam-
ple. For the proton energies employed here, the chromium-52
(Cr-52) undergoes a (p,n) reaction to manganese-52 (Mn-52),
which is radioactive with a half-life of 5.59 days. Based on the
reaction cross section for the (p,n) reaction and half-life of the
nuclei produced, we estimate a decay activity of ∼52 decays
per second on a 100-nm chrome layer, which is reduced to
negligible levels in a few weeks, at which point the samples
were first measured postirradiation.

The copper stand on which the sample was secured in the
irradiation chamber was in turn mounted on an ethanol-chiller
stage (base temperature 262 K) to remove heat from the beam
interactions. The energy lost by 16-MeV protons in 1 micron
of silicon is 5.5 keV [36]. In the 1.0-mm glass substrate the
energy lost was 6.6 MeV, yielding a heating rate of 66 mW for
a beam current of 10 nA. Using two platinum-100 resistance
thermal sensors, placed a few centimeters from the sample, it
was estimated that for the largest fluence, which required the
longest irradiation time, the temperature rise of the sample
above the ambient room temperature was much less than
100 K. As the films were deposited at 520 K, this temperature
increase during irradiation alone is not expected to induce
irreversible changes in the material’s properties.

IV. EXPERIMENTAL RESULTS

To measure the dark conductivity of the a/nc-Si:H film be-
fore irradiation, the sample is mounted in a vacuum chamber
on a copper block in which resistive heaters are embedded,
and electrical contact is made to one pair of the four scribed
electrode pads [Fig. 1(b)]. The film is first annealed at 470 K
for 2 h under vacuum (∼1 mTorr) in order to remove any
light-induced defects [37,38] or surface adsorbates such as

FIG. 3. Arrhenius plot of the dark conductivity of a film prior
(black solid squares) and after (red solid squares) irradiation with a
fluence of 1015 cm−2 high-energy protons. The sample was remea-
sured 8 months later (blue crosses).

water vapor [39] that could induce a surface charge and band
bending in the thin films. The conductivity is then measured
as a function of temperature on cooling to 300 K. The vacuum
chamber is opened so that the leads can be moved to another
of the four pads on the sample, at which point the above
procedure is repeated. This process is carried out for all
four pads on three separate samples that are deposited under
nominally identical conditions. These three samples were then
brought to the FSU proton beam irradiation facility, where
they were irradiated and then returned to the laboratory in
Minnesota, where the samples were remeasured using the
same procedures employed before irradiation.

Figure 3 shows an Arrhenius plot of the pre- and postir-
radiated dark conductivity of an a/nc-Si:H film that has been
exposed to a dose of 1015 protons/cm2. The black data points
represent the conductivity of pad 4 on an a/nc-Si:H film before
irradiation, while the red solid squares are for the same film
and pad shortly after irradiation. There is an increase in the
dark conductivity of over an order of magnitude at 450 K,
even after multiple annealed cycles. The same measurement
was repeated 8 m later (blue crosses) and an identical en-
hancement was observed. There is no significant change in
the conductivity, indicating that the enhancement of the dark
conductivity with irradiation is permanent.

This enhancement of the dark conductivity is found in all
of the pads on a given sample. The dark conductivity at 450 K
of the series of a/nc-Si:H films with increasing nc content
is shown in Fig. 4, both before (black open squares) and
after proton irradiation (red solid squares) for a proton dose
of 1015 cm−2. The preirradiation conductivity values are the
same as in Fig. 2. Following irradiation and annealing, the
dark conductivity is increased for all three samples investi-
gated.

As shown in Fig. 5, the dark conductivity of pad 4, which
has the highest nanocrystalline concentration, increases with
the proton dose, and for the highest dose studied, the dark con-
ductivity after irradiation is over an order of magnitude larger
above the initial, preirradiation conductivity value. While
the ratio of postirradiated to the preirradiated conductivity
is nonmonotonic, the absolute values of the postirradiated
conductivities increase linearly with dose as can be seen in
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FIG. 4. Plot of the dark conductivity, measured at 450 K, of an
a/nc-Si:H film prior to irradiation (open black squares) and after
(solid red squares) with a fluence of 1015 cm−2, for the four scribed
pads as shown in Fig. 2.

Fig. 5. For Figs. 3–6, the errors bars in the measurement of
the conductivity are smaller than the size of the plotted data
points.

The ability to deposit a-Si:H as a thin film over large areas
on a wide variety of substrates makes it an attractive material
for photovoltaic applications. However, extended illumination
of a-Si:H with absorbing white light leads to the creation of
excess metastable dangling-bond midgap defects, termed the
Staebler-Wronski effect (SWE) [37,38]. These light-induced
defects act as additional recombination centers, decreasing the
photoconductivity, and also move the Fermi energy towards
the midgap due to a statistical shift, decreasing the dark
conductivity. That is, upon termination of the light soaking,
the dark conductivity does not return to its original value,
but can be several orders of magnitude lower, depending on
the magnitude of the Fermi energy shift. The light-induced
defects are removed upon annealing above 450 K, at which
point the original dark conductivity and photoconductivity are
restored, and the process can be repeated. The SWE leads
to a light-induced decrease in the photoconversion efficiency
of a-Si:H-based solar cells and photodetectors. Reports that
embedding silicon nanocrystalline inclusions in a-Si:H re-
duces the magnitude of the SWE was in part the motivation

FIG. 5. Plot of the dark conductivity at 450 K of pad 4 for three
separate a/nc-Si:H samples as a function of proton dose (red solid
squares). The line is a guide to the eye. For comparison the dark
conductivity before irradiation (black open squares) is also shown.

for the construction of the dual-chamber codeposition system
shown in Fig. 1. As the optoelectronic properties of a-Si:H are
of interest for technological applications, we have used our
irradiated samples to investigate how the SWE of a/nc-Si:H is
affected by proton irradiation.

We first describe the measurement procedure to charac-
terize the SWE of the a/nc-Si:H films in the preirradiated
state. The samples were annealed under vacuum in the dark
at 470 K for 2 h, and then cooled to room temperature. Using
terminology introduced by Staebler and Wronski [37,38],
the sample in this annealed state is labeled “state A.” The
photoconductivity is then measured using a heat-filtered W-
Ha lamp (intensity ∼75 mW/cm2) over a 2-h interval. This
places the sample into “state B,” again using the conventional
labeling for the SWE, and the dark conductivity of state B
is remeasured as the sample is again annealed to 470 K. At
this temperature the light-induced changes in the conductivity
(state B) are removed, and the sample is returned to state
A. The temperature dependence of the restored state A dark
conductivity is then measured once again upon cooling to
room temperature. This procedure was repeated for the po-
stirradiated films, approximately 8 m after the irradiation.

The ratio (RSW) of the dark conductivity in the light-soaked
state B to that in the annealed state A at 305 K is shown
in Fig. 6(a) for pad 4 for the three samples as a function of
radiation dose, before (open black squares) and after (solid
red squares) the irradiation. If there were no light-induced
changes, then RSW should be unity. A ratio less than 1 reflects
a light-induced decrease of the dark conductivity (SWE), that
is the conductivity in state B<state A, while a ratio greater
than 1 is a persistent photoconductivity effect. These light-
induced changes in the dark conductivity are removed upon
annealing at 470 K, unlike the permanent enhancement of the
dark conductivity observed with proton irradiation (Fig. 3).

The photoconductivity measured as soon as illumination
begins (before any significant increase in the density of light-
induced defects), for both the pre- (open black squares) and
postirradiated (solid red squares) states at 305 K are shown
in Fig. 6(b) for pad 4 as a function of radiation dose. It is
important to note that the data in Figs. 6(a) and 6(b) for the
postirradiated films were obtained 8 m after the irradiation,
and after the samples had been annealed under vacuum mul-
tiple times. Consequently, any metastable defects created at
the time of proton irradiation would have been annealed away
when the data in Fig. 6 were acquired.

The data for the preirradiated ratio RSW of the state B/state
A dark conductivity (open squares) for the three samples
in Fig. 6(a) display a sample-to-sample variation, as also
observed in other a/nc-Si:H samples fabricated at the same
time as those in Fig. 6, and were reported previously [14].
The preirradiated values plotted in the figure correspond to the
particular samples that were exposed to a given high-energy
proton dose. There is no significant change in the sensitivity
to light-induced defect creation for the irradiated films, com-
pared to the a/nc-Si:H films measured prior to irradiation.

V. DISCUSSION

As described above, we observe an enhancement in
the dark conductivity of a/nc-Si:H when the samples are
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FIG. 6. Plot of (a) the ratio RSW of the dark conductivity following light soaking (state B) to the dark conductivity after annealing (state A)
and (b) the initial photoconductivity of a/nc-Si:H at 305 K for pad 4 before (open black squares) and after (solid red squares) proton irradiation
as a function of high-energy proton dose.

irradiated with 16-MeV protons for fluences �2 × 1013 cm−2.
Unlike the photoinduced conductivity enhancements observed
in a-Si:H-based structures, this increase in the dark conduc-
tivity is permanent with no significant variation observed in
the enhanced conductivity over a period of 8 m after multiple
annealing cycles.

While surprising, the observation of an enhancement of
the dark conductivity with irradiation is not unprecedented.
Flitsiyan et al. [40] found a permanent increase in the conduc-
tivity of ZnO films with neutron exposure with a maximum
dose of 7 × 1017 cm−2. They attributed this to a combination
of an increase in the free-carrier density, due to the creation
of electrically active interstitial Zn, and an enhancement of
the mobility, resulting from an improvement in the lattice
crystallinity, as reflected in a reduction in the cathodolumi-
nescence signal.

The dark conductivity σ of an amorphous semiconductor
is given by σ = nqμ, where n is the density of charge carriers
excited to the conduction- or valence-band mobility edge, q is
the electric charge, and μ is the free-carrier mobility. Thus,
as in the case of the neutron-irradiated ZnO, a permanent
increase in the dark conductivity in a/nc-Si:H must result from
an increase in n or μ, or a combination of the two. However,
the results described below do not provide consistent support
for an increase in either of these properties.

Charge transport in undoped a-Si:H is predominately n
type [12], and the electron free-carrier density is given by n =
NC (EC ) kT exp[−(Ea/kT )], where NC (EC ) is the density of
states at the conduction-band mobility edge EC , the activation
energy is Ea = EC − EF , where EF is the Fermi energy, k is

Boltzmann’s constant, and T is the temperature. An increase
in the density of charge carriers n would be reflected by a
decrease in Ea.

Table I lists the difference in the measured �Ea =
Ea(preirradiation)-Ea(postirradiation) in the temperature
range of 390–450 K. A negative �Ea indicates that the
measured activation energy after irradiation is larger than
that measured before proton exposure, which should result
in a decrease of the dark conductivity. An increase in the
conductivity by a factor of 10 at 450 K following irradiation
would suggest a decrease of Ea of ∼0.09 eV. Arrhenius plots
with �Ea < 0 exhibit crossings of the pre- and postirradia-
tion conductivity curves near room temperature. Many films
exhibit curvature on the Arrhenius plot, such as found in
Fig. 3, suggesting that a simple thermally activated expression
is not the best description of the conductivity temperature
dependence. While in some cases the measured activation
energy shift is of the right order to account for the change in
conductivity, it is not consistent for all the samples measured.
This suggests that the enhancement is more complex than a
simple shift of the Fermi energy following irradiation and
might be due to an increase in the conductivity prefactor
σo = NC (EC )kTeμ. If the enhancement of the σ is due to
an increase in NC (EC ) in the conductivity prefactor, this
would suggest that the conduction-band edge moves to higher
energies. Such a shift would increase the activation energy
(if the Fermi energy remains at its original position in the
mobility gap) that would in turn decrease the conductivity. We
next consider the possibility that this enhancement is due to an
increase in the free-carrier mobility μ.

TABLE I. Ratio of dark conductivity σ for a/nc-Si:H films measured at 450 K after (post-) and before (pre-) proton irradiation and the
change in measured activation energy �Ea as a function of proton fluence.

Pad 4 Pad 3 Pad 2 Pad 1

Proton fluence (cm−2) σpost

σpre
�Ea(eV) σpost

σpre
�Ea(eV) σpost

σpre
�Ea(eV) σpost

σpre
�Ea(eV)

1015 27.4 0.09 10.7 0.08 5.7 −0.12 7.2 −0.17
2 × 1014 4.0 0.06 13.3 0.12 4.2 0.02 12.8 −0.17
2 × 1013 7.9 0.34 4.8 0.13 22.5 −0.04 4.3 −0.16

055604-5



Z. RAZIELI et al. PHYSICAL REVIEW MATERIALS 4, 055604 (2020)

FIG. 7. Plot of the Raman-scattering intensity against wave num-
ber for an a/nc-Si:H film (pad 4) after irradiation for a dose of
1015 cm−2. The curve is fit (red line) using the known peak locations
for the a-Si:H LA (purple curve), LO (green curve), and TO (blue
curve) modes and the c-Si TO (gold curve) mode.

The mobility in a-Si:H is on the order of ∼10 cm2/V s,
which corresponds to an inelastic scattering length of <1 nm
[41,42]. The silicon crystal fraction in the films that were
irradiated is �7%, corresponding to a nanocrystal density
far below the percolation threshold. For nanocrystals with a
diameter of 5.5 nm, this corresponds to a density of nanocrys-
tals of ∼3 × 1017 nc/cm3, which in turn indicates an average
separation of nc of ∼15 nm. Thus, the mobility in these
films prior to irradiation should be comparable to that of pure
a-Si:H.

An order of magnitude increase in the mobility would
imply a corresponding increase in the inelastic scattering
length to >10 nm, which has never been observed in a-Si:H,
and in fact is comparable to scattering lengths in polycrys-
talline silicon [12]. It is possible that the energy deposited
in the film by the 16-MeV protons leads to crystallization of
the surrounding a-Si:H matrix, with this process potentially
occurring preferentially at the nc inclusion sites. We have
taken precautions, described in Sec. III, to avoid heating of
the films by the proton beam. However, transmutation of some
nuclei in the chrome electrodes during proton irradiation into
radioactive Mn-52, with a decay mode primarily of positron
emission, is possible. Earlier studies of proton irradiation of
a/nc-Si:H at lower fluences [18] did not find an enhancement
of the dark conductivity, even though these films also had
chrome electrodes with the same geometry as used in the

films reported here. Nevertheless, localized heating cannot
be definitively excluded, such that irradiation results in an
increase in the amount of material in the nc phase, either by
increasing the number of nanocrystals or their average size
(or a combination of the two). In that case, the composite films
could be considered as two resistors in parallel, and the growth
of the nc phase would lead to more current being able to flow
through the nanocrystals, increasing the conductance of the
composite film.

To test this, we have measured the Raman spectra of the
irradiated films, using a 514.5-nm argon ion laser at a power
of less than 6 mW, with care taken to avoid heating of the
films. Figure 7 shows the measured Raman spectrum for pad
4 of the a/nc-Si:H film irradiated with a dose of 1015 cm−2.
Noteworthy features are the broad peak at 480 cm−1, associ-
ated with the a-Si:H TO Raman mode, and a smaller peak at
∼518−520 cm−1 that is the TO mode in crystalline silicon
[43]. The fit at lower wave numbers is obtained by including
the a-Si:H LA and LO modes. The crystal fraction can be
determined from the relative amplitudes of the c-Si (I520) and
a-Si:H (I480) TO modes, Xc = I520/(I520 + I480), where we
have taken the relative Raman scattering cross sections for the
crystal and amorphous phases to be equal. The data in Fig. 7
indicate that Xc = 7% for this pad.

Table II lists the average Xc values obtained, as for Fig. 7,
for all three samples that were irradiated, averaged for mul-
tiple locations within pad 4, as well as for pads 3, 2, and 1.
There is no appreciable c-Si TO mode observed in pads 1 and
2, even though these pads also exhibited a significant conduc-
tivity enhancement. Pad 4 shows an average crystal fraction
of ∼6−7% regardless of the proton fluence, while there is a
significant difference in the conductivity enhancement. If the
permanent increase in the dark conductivity is indeed asso-
ciated with a growth of the nc phase with proton irradiation,
the connection between the nc density and the conductivity is
not straightforward or monotonic. In addition, the mechanism
by which the nc concentration increases, without a significant
rise in the temperature during irradiation, would need to be
determined.

An enhancement of several orders of magnitude of the dark
conductivity of hydrogenated amorphous carbon a-C:H (also
referred to as diamondlike carbon films) following irradiation
with energetic ion beams [C+ (50 keV), Ar+ (110 keV), and
Xe+ (270 keV)] has been reported [44]. This enhancement
is only found for fluences above 1014 ions cm−2. For doses
between 1015 and 1017 cm−2, it was found that all the hy-
drogen is evolved from the a-C:H thin films, resulting in a
dramatic increase in the dangling bond density, which pro-
vides a conduction channel in the diamondlike carbon films.

TABLE II. Ratio of dark conductivity for a/nc-Si:H films measured at 450 K after (post-) and before (pre-) proton irradiation and the c-Si
crystal fraction Xc as %, determined by Raman spectroscopy, as a function of proton fluence

Pad 4 Pad 3 Pad 2 Pad 1

Proton fluence (cm−2) σpost

σpre
Xc(%) σpost

σpre
Xc(%) σpost

σpre
Xc(%) σpost

σpre
Xc(%)

1015 27.4 6.7 10.7 2.5 5.7 <1 7.2 <1
2 × 1014 4.0 6.4 13.3 3.3 4.2 <1 12.8 <1
2 × 1013 7.9 7.4 4.8 3.9 22.5 <1 4.3 <1
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Higher ion doses increase the number and/or size of graphitic
microcrystallites eventually leading to transformation of the
material to macroscopic graphite, with a significant change in
the carbon-bonding sp2/sp3 ratio.

The photoconductivity is given by σph = Gτeμ, where G
is the generation rate due to the incident light intensity and
the proportion of light absorbed in the thin film, and τ is
the recombination lifetime, which in a-Si:H depends inversely
on the dangling-bond density Ndb(τ ∼ Ndb

−1) [12,45]. Con-
sequently, an increase in dangling-bond density in the a/nc-
Si:H films, similar to what was found for the diamondlike
carbon films [44], should be reflected in a significant decrease
in the photoconductivity. As shown in Fig. 6(b), while the
photoconductivity is reduced for the films exposed to proton
fluences of 2 × 1013 cm−2 and 2 × 1014 cm−2, pad 4 for the
film with an irradiation dose of 1015 cm−2, which exhibited
an over an order of magnitude increase in the dark conduc-
tivity, has a photoconductivity essentially unchanged from the
value found in the preirradiated state. It is unlikely that the
enhancement of the conductivity observed here is due to a new
conduction channel, such as hopping through a higher density
of dangling bonds. It should be noted that, unlike the case
of the a-C:H films irradiated with an ion dose >1017 cm−2,
for which a change in bonding structure from sp3 to sp2 was
found [44], we see no evidence in the Raman spectra for such
a transformation in our films.

VI. SUMMARY

We report observations of a permanent enhancement of
the dark conductivity of a/nc-Si:H composite thin films when

irradiated with 16-MeV protons for fluences � 2 ×
1013 cm−2. This improvement in the dark conductivity is
not presently understood. There is no clear correlation
between the enhanced conductivity and any changes in
the activation energy or silicon crystal fraction following
irradiation, suggesting that neither an increase in free-carrier
concentration nor an increase in charge transport through
the nc phase is sufficient to explain our results. Further
studies of this phenomenon are underway, in particular
testing the possible role of compositional morphology
due to the embedded nanocrystals and any changes in
long-range electronic disorder with irradiation. Sensitivity of
the composite a/nc-Si:H films to irradiation with high-energy
electrons and other ions will also be investigated. In
addition to elucidating the mechanism responsible for
this enhancement, the sensitivity of this effect to various
parameters, including the nc diameter, doping level, and
chemical composition (such as nc-Ge in a-Si:H or nc-Si in
a-Ge:H) will be determined.
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