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We presented the results of optical and electrical studies of the properties of hydrogenated amorphous silicon (a-Si:H) film which was

prepared by hot wire method. Using transmittance measurements, the dielectric constant of the a-Si:H was determined. The temperature-

dependent conductivity was measured using the two-point probe method in the temperature range 115–326K. It was shown that the

temperature-dependent conductivity can be well explained by the nearest-neighbor hopping conduction and the Efros–Shklovskii variable-

range hopping conduction models. A clear transition from the nearest-neighbor hopping conduction mechanism to the Efros–Shklovskii

variable-range hopping conduction mechanism was also observed. The transition between two conduction regimes and characteristic

hopping temperatures, as well as the complete set of parameters describing the properties of the localized electrons (the localization

length, the hopping energy, the hopping distance, the width of the Coulomb gap, and the value of the density of states at the Fermi level)

were determined. # 2009 The Japan Society of Applied Physics

DOI: 10.1143/JJAP.48.111203

1. Introduction

The electronic transport properties of amorphous silicon
(a-Si:H) is of considerable interest owing to the many
applications under development that rely crucially on its
conductivity. The a-Si:H is important for electronic devices
such as image sensors and thin-film transistors.1,2)

There is a considerable interest to achieve a deeper
understanding of transport in disordered semiconductors. In
disordered semiconductors, charge carrier transport becomes
dominated by hopping between defect states relatively close
to the Fermi level at sufficiently low temperatures.3,4) To
understand the localization of electronic states, temperature
dependence of conductivity data of amorphous silicon and
related alloys have been analyzed with the help of various
hopping models.5–9) In the amorphous silicon, the electron
conduction paths are composed of s-p hybrid orbitals and
carrier transport is controlled by the nearest-neighbor
hopping (NNH) or the variable-range hopping (VRH)
conduction.10) In this material, it was typically found that
the activation energy of the electrical conductivity decreases
progressively as the temperature falls.5–9) This indicates that
the conduction is controlled by the VRH conduction at low
temperatures.

Many studies have been devoted to the characterization of
amorphous silicon and related alloys. However, no work
providing a detailed explanation for the crossover from
the NNH to the Efros–Shklovskii (ES) VRH in a-Si:H as
temperature decreases has been presented to date. On the
other hand, a transition from simple thermally activated
conduction to the Mott VRH was observed as temperature
decreases in amorphous silicon structures.6) Yakimov et al.8)

revealed the crossover at reduced temperatures from the ES
VRH to simple thermally activated conduction in amorphous
Si1�xMnx films. This unusual behavior was attributed to the
presence of a ‘‘hard’’ magnetic gap in amorphous Si1�xMnx
films.

In this work, the optical and electrical properties of
undoped a-Si:H film are investigated by means of the

transmittance and electrical conductivity. The temperature-
dependent conductivity of this film is explained in terms of
hopping conductivity. A clear crossover between the NNH
conduction and the ES VRH conduction is observed at about
220K.

2. Experimental Procedure

Undoped a-Si:H film is grown under condition TFil ¼
1300 �C, CH ¼ 14:23 on the glass substrate by hot wire
technique with coated chromium metal electrode. Here, CH

is defined as the ratio of H2 hydrogen flow rate to the
silane SiH4 flow rate. In order to provide the electrical
conductivity, the second chromium metal contact is applied
on undoped a-Si:H film under a vacuum of 1� 10�7 Torr
and a Cr/a-Si:H/Cr sandwich structure is fabricated. The
sample is placed on the fiber holder as shown in Fig. 1. The
concentration Nd of a-Si:H film is determined as 9:6�
1016 cm�3 by means of Hall measurement, as the Hall
carrier concentration at room temperature can be assumed
almost equal to donor concentration. The dielectric constant
of and the thickness of the a-Si:H film, d, are determined
from the optical measurement by using Sloan-Dektak 3030
profile meter. Urbach energy Erb, and ETauc are determined
from the optical ultraviolet–visible (UV–vis) transmittance
measurement. The values of d, Erb, and ETauc are determined
as 1.94 mm, 58.3meV, and 1.67 eV, respectively.

The electrical conductivity of the film is determined by
the two-point probe method in the temperature range
115–326K. The current passing through the Cr/a-Si:H/Cr
sandwich structure is measured by means of computer
controlled Keithley’s 228 voltage/current meter. The elec-
trical conductivity of the film for various temperatures is
determined from the current–temperature characteristics. A
constant voltage (100V) is applied between the two probes
on the film and the change in current with respect to the
change in temperature of the film is measured by using an
amperemeter. High quality silver paste is used for the
contacts to minimize the contact resistance (Fig. 1). The
electrical conductivity, � is calculated using the relationship
� ¼ L=ðRAÞ, where L, R, and A are the length, resistance,
and cross section, respectively.�E-mail address: yildizab@gazi.edu.tr
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3. Results and Discussion

Figure 2 shows the typical transmission spectra of the film in
the wavelength range 600–1100 nm. It is clear from Fig. 2
that the interference effects disappear in the region of very
strong absorption, while the maximum amplitude is obtained
in the transparent region, where the envelope method11) can
be applied more accurately. Complex refractive index of the
film is nc ¼ n� ik, where n is the refractive index and k ¼
��=4� is the extinction coefficient. In the region of weak
and medium absorption, the real part of the refractive index,
n, can be calculated using the equation:

n ¼ ½N þ ðN2 � n2s Þ
1=2�1=2; ð1Þ

where

N ¼ 2ns
TM � Tm

TMTm
þ

n2s þ 1

2
: ð2Þ

Here, ns is the refractive index of the substrate that is
determined experimentally and equals to ns ¼ 1:51, TM and
Tm are determined from the extremes of the interference
strings at any desired wavelength.

Figure 3 shows the refractive index versus the wavelength
for the film. It is observed that the refractive index is slowly
varying function of wavelength and decreases with the
increase in wavelength of the incident light. In order to find
the refractive index in the region of strong absorption, where
the interferences disappear, we can fit the experimental
values of n to a reasonable function such as a two-term
Cauchy dispersion relation n ¼ Aþ B=�2. Figure 3 shows
the experimental and calculated values of refractive index
and they agree closely.

The dependence of the complex refractive index, nc, on
the lattice dielectric constant, ", is given by12)

n2 � k2 ¼ "�
e2

�c2

� �
N

m�

� �
�2; ð3Þ

where N is the carrier concentration, m� is the effective
mass, c is the speed of light, and e is the electronic charge.
The plot of n2 � k2 versus �2 is shown in Fig. 4. The value
of " is deduced from the extrapolation of this plot to �2 ¼ 0

and it is obtained as 11.9. This is in perfectly agreement
with the generally accepted value of ".13,14)

To establish the dominant conduction mechanism in the
film, the electrical conductivity has been measured from 115
to 326K. Figure 5 shows the Arrhenius plot (ln � vs 1000=T)
for the film. As seen from the Fig. 5, no single law
conduction can fit the entire curve of the conductivity.
The plot suggests that there are two types of conduction
mechanisms contributing to the conductivity in different

Fig. 1. Cr/a-Si:H/Cr sandwich structure, used for the electrical conductivity measurement of a-Si:H thin film.

Fig. 2. Typical transmission spectra as a function of the wavelength

for a-Si:H film.

Fig. 3. Refractive index vs the wavelength for a-Si:H film.

Fig. 4. Plot of n2 � k2 vs �2 for a-Si:H film.
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temperature ranges. These two mechanisms may be dis-
tinguished experimentally by operating in appropriate
temperature ranges. The conductivity is found to increase
with the increase in temperature and the increase is observed
to be very gradual and small for temperatures below about
220K.

For the high temperature range (T > 220K), we have
succeed to fit the conductivity data of the film to the
Arrhenius plot. This suggests a simple thermal activation
process that dominates the electrical conduction in the film
in temperature range of T > 220K. Our sample is very
resistive and its activation energy is very low when
compared with the values reported in literature.5–9) This
may indicate that the Arrhenius behavior of conductivity
(Fig. 5) essentially represents the NNH conduction mecha-
nism for T > 220K.15)

In the NNH conduction, electron with an activation
energy (W) hops to the nearest neighboring empty site. This
activation energy has much smaller value as compared to the
energy required for thermally activated band conduction.15)

In the presence of NNH mechanism in a material, the
condition of � � 1 should be satisfied.16,17) If � ! 1, the
system exhibits a metallic behavior.16,17) � was defined by
Mott and Twose16) as the ratio r=a�B, where a�B is the
effective Bohr radius that is given with relation:

a�B ¼
4�"0"h�

2

m�e2
: ð4Þ

Here, "0 is the permittivity of vacuum, e is the electron
charge and h� is Planck’s constant. Using the values of
effective mass of m� ¼ 0:4 m0

13) and static dielectric
constant of " ¼ 11:9 which is deduced from optical
absorption data of the investigated sample, a�B can be
calculated as 1.59 nm. With the value of Nd ¼ 9:6�
1016 cm�3, the NNH distance, r, is obtained as 13.54 nm
with using the relation:

r ¼
4�Nd

3

� �1=3

: ð5Þ

Then, we can easily obtain the parameter � using the relation
of � ¼ r=a�B as 8.52 with the known values of a�B and r. The
requirement for the NNH, � � 1 is clearly satisfied for the
investigated sample.

In the NNH regime, temperature dependence of conduc-
tivity can be derived as following. For the localized states
with an energy separation W and the NNH distance r, the
hopping probability can be written as13)

Phop ¼ �ph exp �
2r

�
�

W

kBT

� �
; ð6Þ

where �ph is the phonon frequency associated with hopping
process, kB is Boltzmann’s constant, and � is localization
length. The diffusion coefficient Dhop for hopping is given
by13)

Dhop ¼
Phopr

2

6
: ð7Þ

Using the Einstein relation, the conductivity can be written
as

� ¼ e2DhopgðEÞ: ð8Þ

Combining eqs. (6)–(8), the temperature dependence of
conductivity in the NNH regime is found as13)

� ¼
1

6
gðEÞ�phe2r2 exp �

2r

�
�

W

kBT

� �
; ð9Þ

� ¼ �3 exp �
W

kBT

� �
; ð10Þ

where gðEÞ is the density of states (DOS). From eq. (10),
the value of W is obtained as 55meV for the investigated
sample.

A further decrement in temperature (T < 220K) leads to
a deviation from the linearity as shown in Fig. 5. This type
of behavior has been observed in many amorphous semi-
conductors and it is a characteristic of the change in
conduction mechanism from thermally activated conduction
to the VRH conduction.5–9) According to Mott,3) electron
hopping between nearest neighbor sites is not always
favored at low temperatures as the levels may be signifi-
cantly different in energy. It is possible that electrons can
prefer to move to a more energetically similar remote site.
In this regime, the following conduction law is expected for
the variation of the conductivity of amorphous disordered
systems:3,4)

� ¼ �0 exp �
T0

T

� �s

: ð11Þ

Here, �0 is the pre-exponential factor and, T0 is a character-
istic temperature. When the VRH mechanism dominates
the conduction, the condition 0 < s < 1 is fulfilled. If the
density of states around the Fermi level assumed to be
constant, s becomes s ¼ 1=4 (Mott VRH). On the other
hand, if there is a gap at the Fermi level, the VRH
conduction model is expressed with s ¼ 1=2 in eq. (11)
(ES VRH).3,4) Also, the value of s ¼ 1 in eq. (11) corre-
sponds to the NNH mechanism.

In order to achieve deeper understanding the low temper-
ature electrical conduction properties of the investigated
sample, the variation in the electrical conductivity as a
function of T�1=2 and of T�1=4 is shown in Fig. 6 and the

Fig. 5. Temperature dependence of the conductivity for a-Si:H film

plotted as ln � vs 1000=T at whole temperature range. Solid triangles

represent the experimental points. The line is least square fit to the

data for T > 220K. A closer inspection reveals that the linearity does

not continue below 220K. The temperature of deviation from the

linearity is marked as 220K.
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inset of Fig. 6, respectively. It is found that the temperature
dependent conductivity can be fairly good fitted when
the scale of T�1 changes place with T�1=2 or T�1=4 for
T < 220K. However, it is hard to decide whether the NNH
or the ES VRH and the Mott VRH are dominant conduction
mechanism for T < 220K. To determine accurately the
value of s in eq. (11), the most appropriate way is to analyze
the conductivity versus temperature data using the approach
of Zabrodskii and Zinoveva.18) Hence, by defining the
parameter WðTÞ with relation:

WðTÞ ¼
d ln �ðTÞ
d ln T

; ð12Þ

we get from the eq. (11),

WðTÞ ¼ ln sþ s lnT0 � s ln T: ð13Þ

WðTÞ can be also used to determine metallic and
insulating behavior of the conductivity. When the slope
of ln½WðTÞ� vs ln T is negative, that is, W increases as T
decreases, the system is in the insulating side of metal–
insulator transition. The positive slope of the W plot
indicates that the system can be in the metallic regime.

Figure 7 shows ln½WðTÞ� vs lnT . WðTÞ decreases with
increasing temperature. By making a linear regression fit
of the ln½WðTÞ� vs ln T data in the whole temperature
range, the hopping exponent s ¼ 1:080� 0:136 and 0:540�
0:045 are obtained for T > 220K and for T < 220K,
respectively. This clearly indicates that the conduction in
the investigated sample is due to the NNH conduction for
T > 220K and the ES VRH conduction for T < 220K,
respectively.

The plot of ln � vs T�1=2 in Fig. 6 is found to be linear
at low temperatures (T < 220K). The �2 ¼ 0:998 (� is
the correlation coefficient) is obtained, which indicates a
satisfactory fit. Again, this confirms that the conduction in
the investigated sample is governed by the ES VRH (T�1=2

law) conductivity for T < 220K. In eq. (11), the value of T0
is derived as 2180K from the slope of the ln � vs T�1=2 plot

in Fig. 6. This value of T0 is appropriate for disorder or
amorphous materials.8) We can evaluate several other
hopping parameters, e.g., hopping distance, hopping energy,
etc. with the known value of T0. The temperature dependent
hopping distance (Rhop) is given by4,19)

Rhop ¼
31=6

25=6�1=2

T

T0

� �1=2

�; ð14Þ

and the hopping energy (�hop) is defined as4,19)

�hop ¼
61=6

�1=2
kBT

T0

T

� �1=2

; ð15Þ

where � ¼ 2:8.4) Since the DOS, gðEÞ, has to be parabolic
about the Fermi level in the ES VRH regime, then one can
obtain

gðEÞ ¼ g2ðE � EFÞ2; ð16Þ

where EF is Fermi energy level and g2 can be expressed as19)

g2 ¼
38�2"3"30
25e6

: ð17Þ

Then, localization length (�), which is given in eq. (9),
can be calculated using the following relation,19)

��1 ¼
kBT0ð�g2Þ1=3

10:5
: ð18Þ

In the ES VRH regime, the long-range Coulomb inter-
action between the localized state electrons cause in the
DOS to tend to zero in the vicinity of Fermi energy, which
results in a soft energy gap, i.e., Coulomb gap corresponding
to the parabolic DOS. It is assumed that the DOS would
level off when gðEÞ ¼ g0. T0 is related to Coulomb gap
energy (�C) and DOS (g0) as

4,19,20)

�C ¼ 0:5kBðT0TcÞ1=2; ð19Þ

g0 ¼
38�2k2B"

3"30
29e6

ðT0TcÞ: ð20Þ

Fig. 6. Temperature dependence of the conductivity for a-Si:H film

plotted in the ES VRH formalism for T < 220K. Solid triangles

represent the experimental points. The solid line represents the fits

according to the ES VRH model. The plot is redrawn according to the

Mott VRH model in the inset, which is discussed in text.

Fig. 7. Plot of ln½W ðT Þ� vs lnT for a-Si:H film, calculated from

experimental �ðT Þ at whole temperature range. Solid triangles and

solid lines represent the experimental points and the best fits with

eq. (13), respectively. We find that there are two types of conduction

mechanisms contributing to the conductivity in different temperature

ranges, which is discussed in text. A fit of eq. (13) to data yields the

hopping exponents of s ¼ 1:08 and 0.54 for T > 220K and for

T < 220K, respectively. The crossover temperature is marked as

220K.
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To extract the value of localization length (�), we used the
value of T0 ¼ 2180K and then it is found to be 4.54 nm.
Here, � is of the order 1 nm, which is consistent with the
expected magnitude in the VRH regime.3,4)

In order to determine the validity of either of NNH or
VRH model, a basic criterion was suggested by Mott and
Davis.3) If r=� < W=kBT , the VRH conduction model is
valid, and if r=� > W=kBT , the NNH conduction model is
valid. Thus, according to the hopping picture, one would
expect a crossover in the temperature dependent conductiv-
ity. Above the crossover temperature (Tc), electron transport
is via the NNH, whereas below Tc, electrons may optimize
their paths by using the VRH, results a weaker temperature
dependence of conductivity. Therefore the criterion, r=� ¼
W=kBT , naturally gives the crossover temperature. Utilizing
the quantities W , r, and �, the value of the Tc is obtained as
214K. The fact that the activation energies lead to a
r=� < W=kBT , a conclusion that conduction is due to the
VRH is justified for T < 214K, while conduction is the
NNH for T > 214K due to r=� > W=kBT . The theoretical
value of 214K is in excellent qualitative agreement with
the experimental value of 220K determined by fitting the
data (Fig. 7).

Using the value of T0 and �, the value of Rhop at 150K and
the corresponding value of �hop are obtained as 6.97 nm and
39.8meV, respectively. For our sample, we have taken the
crossover temperature as Tc ¼ 220K since crossover from
the NNH to the ES VRH was observed at about this
temperature (Fig. 7). By using the values of T0, we can
also calculate the values of �C and g0 as 29.86meV and
1:32� 1020 eV�1 cm�3, respectively. The obtained VRH
parameters for the investigated sample are in agreement
with the expected range of values in the VRH regime.3,4)

Also, these results present a fair agreement with several
reported by some researchers5–9,21,22) that found the VRH is
the predominant transport mechanism for both amorphous
silicon and variety of disordered systems. Therefore, the
calculated hopping parameters have physically plausible
values.

A good fit of the measured data is essential but not
sufficient criterion for applicability of the ES VRH model.
The hopping parameters should satisfy the ES VRH model’s
requirements. To use three dimensional (3D) ES VRH model
in the investigated sample, the following criteria are to be
satisfied:4)

�hop � kBT; ð21Þ
d � Rhop; ð22Þ
Rhop=� � 1; ð23Þ
�C > �hop: ð24Þ

From the values of the different parameters evaluated for
our sample that the first three criteria are satisfied, i.e., the
hopping energy (�hop) is always greater than kBT , the
hopping distance (Rhop) is considerably less than the
thickness (d ¼ 1:94 mm) of the sample and the ratio of the
hopping distance (Rhop) to the localization length (�) is

greater than one. However, in the ES VRH regime, the last
criterion is not fulfilled. A small value of the Coulomb gap is
due to the large value of the dielectric constant of amorphous
silicon. Such a situation has also been reported for various
disordered systems that have high dielectric constant.8,21)

4. Conclusions

We investigated optical and electrical properties of the a-
Si:H film which was prepared by hot wire method, using the
transmittance and conductivity measurements. The dielectric
constant of a-Si:H film was determined from the trans-
mittance measurement as 11.9, which is in well agreement
with the generally accepted value. In the studied temperature
range, the temperature dependence of conductivity was
satisfactorily explained by the NNH and ES VRH models.
The obtained hopping parameters are reasonable agreement
with theoretical predictions. We obtained a transition from
NNH to ES VRH. An excellent agreement between the
theoretical (T 	 214K) and the experimental (T 	 220K)
values of transition temperature was obtained.
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