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We have studied the electrical properties of hydrogenated nanocrystalline silicon/crystalline silicon
heterojunction diode, focusing on the band offsets and electron transport mechanisms.
Capacitance-voltage �C-V� analysis reveals that the band discontinuity mainly exists on the
valence-band side, and an interface charge density on the order of 1011 cm−2 is estimated via the
numerical C-V matching technique. Temperature- and bias-dependent transport mechanisms have
been clarified by dark current-voltage-temperature measurements, and the extracted parameters
indicate a transition from nontunneling to tunneling dominant transport from 350 to 20 K. © 2007
American Institute of Physics. �DOI: 10.1063/1.2779267�

I. INTRODUCTION

Heterojunction �HJ� devices have widespread applica-
tions in modern solid state electronics, including transport
across the interface �lasers, photodiodes, heterojunction bi-
polar transistors �HBTs�, solar cells, etc.� and transport along
the interface �metal-oxide-semiconductor field-effect transis-
tors �MOSFETs�, metal-semiconductor field-effect transistors
�MESFETs�, etc.�. Among the variety of HJ devices, amor-
phous silicon �a-Si� based HJ devices have prospered since
the 1970s,1 owing to their low cost in the photovoltaics in-
dustry. Recently, however, much more attention2–7 has been
given to hydrogenated nanocrystalline silicon �nc-Si:H�,
which basically consists of spherical silicon nanodots of size
5–20 nm dispersed in amorphous silicon films. nc-Si:H
based devices have attracted much interest in view of both
physics and applications, including thin film transistors,2

resonant tunneling diodes,3 nonvolatile memories,4 and light
emitting devices.5 More importantly, nc-Si:H based HJ de-
vices have been considered as one of the most promising
candidates for the third generation photovoltaic solar cells.6,7

Over the past ten years, we have devoted great efforts to
the growth and characterization of highly ordered nc-Si:H
films with thickness on the order of several microns.8,9 Inter-
esting phenomena have been observed such as structural or-
der effect in visible photoluminescence �PL�,10 high electron
mobility,11 and periodical negative differential
conductivity.12 Although the conduction mechanism of the
nc-Si:H thin film has been theoretically investigated,13

device-grade HJ formed by nc-Si:H and crystalline Si �c-Si�
is rarely reported compared with its HJ counterparts such as
a-Si:H/c-Si,14 hydrogenated multicrystalline silicon/a-Si,15

nc-Si/multicrystalline Si,16 etc. Fundamental band structure
parameters such as the valence- and conduction-band discon-
tinuities, and the built-in potentials, which are crucial in de-

termining the performance of practical devices, have not yet
been carefully examined due to the difficulties that result
from the low dimensional quantum confinement effect
�QCE�.17 Furthermore, the transport mechanism across the
nc-Si:H/c-Si HJ interface should be clarified, which is of
significant importance for the parameter extraction and nu-
merical simulation of the device characteristics.

In this paper, we present a systematic study on electrical
properties of the nc-Si:H�n� /c-Si�p� HJ diode by the
capacitance-voltage �C-V� and current-voltage �J-V� tech-
niques over a wide range of temperatures. In order to accu-
rately define the electrical behavior of the HJ diode, material
parameters of nc-Si:H such as the band gap, the static dielec-
tric constant, and the effective mass of the electron have
been predetermined by the aid of various optical and electri-
cal resorts. By employing the ideal anisotype HJ capacitance
model and numerical C-V matching method, the band offset
and heterostructure interface charge density of the
nc-Si:H/c-Si HJ have been obtained and analyzed. Further-
more, the temperature- and bias-dependent transport mecha-
nisms across the HJ interface have been revealed under the
general junction rectification model, and the extracted pa-
rameters indicate the nontunneling/tunneling dominant trans-
port at high/low temperature, respectively, with transitional
region in between.

II. EXPERIMENTS

A. Growth and structures

The fabrication of the nc-Si:H�n� /c-Si�p� HJ diode
started from a p+-type c-Si �100� wafer. A boron-doped c-Si
�111� layer ��7 �m� was first grown by vapor phase epitaxy
at 1200 °C, and the resistivity was measured by the four
point probe technique to be 1.2 � cm, corresponding to the
carrier concentration of 1�1016 cm−3. A SiO2 layer
��1 �m� was formed in succession on the epitaxial layer by
thermal oxidation at 1020 °C, and then etched and patterned
by photolithography to make an array of square holes �300

a�Author to whom correspondence should be addressed. FAX: 86-21-
54743242. Electronic mail: wzshen@sjtu.edu.cn

JOURNAL OF APPLIED PHYSICS 102, 063701 �2007�

0021-8979/2007/102�6�/063701/7/$23.00 © 2007 American Institute of Physics102, 063701-1

Downloaded 20 Sep 2007 to 202.120.52.61. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.2779267
http://dx.doi.org/10.1063/1.2779267
http://dx.doi.org/10.1063/1.2779267
http://dx.doi.org/10.1063/1.2779267


�300 �m2� to accommodate the nc-Si:H deposited in the
following step. The n-type nc-Si:H layer was prepared in a rf
�13.56 MHz� capacitive coupled plasma enhanced chemical
vapor deposition �PECVD� system with a power density
about 0.6 W cm−2 and dc bias �−200 V� stimulation. A
strongly hydrogen diluted silane, i.e., 1% SiH4 diluted with
H2, was employed as the reactant gas source. Doping was
realized by adding PH3 to the mixed reactant gas, and the
doping ratio Cp which is defined as PH3/SiH4 was set at
0.1 vol %. The thickness of the nc-Si:H layer was 0.91 �m,
which was determined by a surface profiler on a dummy
wafer. Finally, Ohmic contacts were made on both the c-Si
substrate and the nc-Si:H top layer by evaporating Au–Ti
alloys in vacuum. Figure 1�a� schematically shows the struc-
ture of the HJ device that we used to perform electrical char-
acterizations.

B. Characterization

X-ray diffraction �XRD� and PL spectrum at room tem-
perature were employed to test the semifinished HJ diode
without the Au–Ti alloy electrodes. The XRD measurement
was performed on a Rigaku Dmax-rc instrument in the stan-
dard �-2� configuration with a Cu K�1 radiation �1.5406 Å�,
and the PL spectrum was obtained from a Jobin Yvon La-
bRAM HR 800 UV micro-Raman spectrometer using
514.5 nm line from an Ar+ laser. Room temperature C-V
characterization of the packaged nc-Si:H�n� /c-Si�p� HJ di-
ode was carried out on a computer controlled C-V system,
which consisted of an Agilent 4284A LCR meter together
with the external voltage bias fixture accessory �model
16065a�, a Keithley 2400 source-meter functioning as the
voltage source, and a Keithley 2182 voltage meter acting as
the voltage meter. For the temperature-dependent C-V mea-
surements �10–300 K�, an Oxford Instruments superconduc-
tive magnet system, which simultaneously provided the low

temperature and good electromagnetic shielding environ-
ment, was utilized to work with the above mentioned C-V
setup. Additional short/open/load corrections of the whole
C-V system were performed to ensure the validity of the test
results. Lastly, the temperature-dependent dark current-
voltage measurements of the packaged HJ diode were done
on a Keithley 2400 source-meter �sweeping mode� in a Janis
closed-cycle refrigerator system with temperature ranging
from 20 to 350 K.

III. RESULTS AND DISCUSSION

The band discontinuity of the semiconductor hetero-
structure has been recognized as the fundamental problem of
HJ devices, and a number of electrical and optical techniques
have been developed to determine the band offset param-
eters, in which C-V analysis has been widely18 used in vari-
ous silicon based anisotype HJs, such as a-Si:H/c-Si,19

SiGe/c-Si,20 and a-SiGe:H/c-Si.21 In order to obtain correct
results from the C-V data, prerequisite material parameters of
nc-Si:H should be accurately provided first of all. Compared
with its well-known crystalline counterpart, the hydrogen-
ated nanocrystalline Si exhibits quite different physical prop-
erties, especially in the band gap, the static dielectric con-
stant, and the effective mass of the electron, which are
critical values in yielding reliable band structure for
nc-Si:H/c-Si HJ �as schematically shown in Fig. 1�b�� from
a successful C-V analysis.

For the band gap parameter, it is generally accepted that
owing to the breakdown of translation invariance, the QCE
in nc-Si:H opens up the band gap and relaxes the
k-conservation rule for radiative transitions, giving rise to
the visible PL as shown in Fig. 1�c� for our diode without the
Au–Ti alloy electrodes. The band gap can be directly read
from the PL profile �EgPL=1.84 eV�, which is different from
that in bulk c-Si �1.12 eV� and in completely amorphous
silicon films �1.7 eV�. As for the static dielectric constant of
the nc-Si:H, there have been a number of studies22–24 on the
reduction of the dielectric constants of nanoscale systems
from their bulk values. It was recently24 argued that the re-
duction is not due to the opening of the band gap induced by
the QCE, but the breaking of polarizable bonds at the sur-
face. According to Wang and Zunger,22 a size-dependent
static dielectric constant of nc-Si considering the screening
effect is suitable for our discussion:

�nc-Si = 1 +
�bulk-Si − 1

1 + �1.38/D�1.37 , �1�

where �bulk-Si is the dielectric constant of bulk crystalline
silicon, and D is the nc-Si size in the unit of nanometers,
which can be obtained from XRD measurement �Fig. 1�d��
using the Scherrer formula25

D =
K�

w cos���
, �2�

where K is approximately 1, � is the wavelength of the x
rays, w is the width of the band after correcting the instru-
mental contribution, and � is the Bragg angle of the diffract-
ing planes. The good quality of the Si nanocrystals is indi-

FIG. 1. �a� Cross-sectional view of the nc-Si:H�n� /c-Si�p� HJ diode with
geometric parameters. �b� Schematic energy band diagrams of
nc-Si:H�n� /c-Si�p� heterostructure. �c� PL of the nc-Si:H film. Empty
squares: experimental data; solid curve: theoretical fitting result. �d� XRD
spectrum of the nc-Si:H film.
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cated by the relatively sharp and symmetric �111� peak in
Fig. 1�d�, together with two broad ��220� and �311�� struc-
tures. The calculated average grain size from XRD is 4.8 nm,
and it obeys a log-normal distribution with size dispersion
around 4%,10 which is obtained from the fitting result of the
PL spectrum �solid curve in Fig. 1�c�� by the Islam and Ku-
mar model.26 The corresponding calculated static dielectric
constant of nc-Si is 10.1. However, the effective dielectric
constant for the nc-Si:H thin film should take the background
amorphous silicon into consideration. Defining the crystal-
line ratio r of the nc-Si:H film ��55% from the Raman
analysis10�, the average is simply given by24

�eff = r�nc-Si + �1 − r��a-Si �3�

The resulted effective dielectric constant for the nc-Si:H thin
film is 10.9. In addition, compared with the crystalline sili-
con, the effective mass of the electron of nc-Si:H is greatly
reduced due to the strain-induced effect. For our HJ sample,
by the aid of the magnetic-field-dependent Hall effect
measurement,11 the value can be extracted from the general-
ized Drude model as 0.35m0, where m0 is the free-electron
mass.

With the above parameters, C-V spectrum can now be
employed to determine the energy band structure of the HJ.
It is well known that the capacitance of the ideal anisotype
HJ under reverse bias can be modeled by the Anderson
model27 under the electron affinity rule and the depletion
approximation. For the nc-Si:H�n� /c-Si�p� HJ diode, the
junction capacitance is given by

C2 =
q�1�2N1N2

2��1N1 + �2N2��Vbi − V�
, �4�

where q is the electronic charge, C is the junction capaci-
tance per unit area, N and � are the net free-carrier concen-
tration and dielectric constant with subscripts 1 and 2 refer-
ring to c-Si ��111� epitaxial layer� and nc-Si:H, respectively,
Vbi is the built-in voltage �i.e., diffusion potential�, and V is
the applied reverse voltage bias. Knowing the junction area
and the material parameters of nc-Si:H as discussed above,
one can linearly fit the 1/C2�V curve and calculate Vbi and
N2 from the interception of the V axis and the slope of the
line, respectively. For our anisotype HJ, it is relatively
straightforward to obtain the conduction-band discontinuity
�EC and valence-band discontinuity �EV through18

�EC = qVD − Eg1 + 	1 + 	2, �5a�

�EV = Eg2 − �qVD + 	1 + 	2� , �5b�

where Eg is the forbidden band gap and 	 is the difference in
energy between the Fermi level and the valence-band maxi-
mum or the conduction-band minimum for different sides of
the junction, as depicted in Fig. 1�b�. Furthermore, 	1 and 	2

can be calculated via

	1 = kT ln�N1

NV
� , �6a�

	2 = kT ln�N2

NC
� , �6b�

where kT is the Boltzmann energy at temperature T, and NV

and NC refer to the effective valence-/conduction-band den-
sity of states for c-Si and nc-Si:H, respectively, which are
functions of the reduced effective mass of the electron and
of T.

Figure 2�a� illustrates the fitted 1/C2�V curve �dashed
line� for the reverse bias voltage span from 0 to −2 V by
using the Anderson model. The good linear fit of the experi-
mental 1 /C2�V results for the reverse bias ranging from
0 to −2 V confirms that the formed nc-Si:H/c-Si HJ is an
abrupt one. However, as shown in Fig. 2�b�, it is found that
with the increase of the reverse bias from −2 to −5 V, the
linearity of the 1/C2�V curve deteriorates. If we simply
apply the Anderson model to these two different voltage
spans, i.e., 0 to −2 V and 0 to −5 V, discrepancy in the de-
duced built-in voltages will occur �see linear fitting dashed
lines in Figs. 2�a� and 2�b��, and the calculated band offsets
will exhibit considerable difference �see the values listed in
Figs. 2�a� and 2�b��. Similar nonlinearity issue has also been
reported by Kamjoo et al.20 with the SiGe/c-Si HJ, and it
was argued that interface charges can contribute to a parasitic
capacitance that acts in parallel with the depletion capaci-
tance. Therefore, the resulting equivalent capacitance would
be larger than that of the ideal depletion capacitance. More-
over, interface defects will also invoke the discontinuity in
the electric field, which can drastically affect the band bend-
ing. However, these arguments should be further examined
by the capacitance-frequency �C-f� spectrum. Figure 3�a�
demonstrates a small variance of C-V curves under four dif-
ferent frequencies, ruling out the possible impurity contami-

FIG. 2. Anderson model fitting 1/C2�V results �dashed lines� for different
reverse bias voltage spans from �a� 0 to −2 V and �b� 0 to −5 V. Simulated
C-V matching results �solid curves� are displayed in �c�, �b�, and �d� with the
bias range of 0 to −2 and 0 to −10 V, respectively. Empty squares: experi-
mental C-V data.

063701-3 Lu et al. J. Appl. Phys. 102, 063701 �2007�

Downloaded 20 Sep 2007 to 202.120.52.61. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



nations which might be introduced during the growth of
nc-Si layer.28 Figure 3�b� also illustrates the zero bias junc-
tion capacitance C0 over a wide range of frequency span
from 1 kHz to 1 MHz. The increase of C0 at low frequency
may originate from the heterointerface defects,29 however,
the small change in value �less than 10% increase� excludes
the influence induced by heavy interface defects.

Evidenced by the frequency insensitive C-f results, our
consideration is narrowed down to the existence of static
interface charges, which can be introduced by fundamental
and technological sources. For our nc-Si:H�n� /c-Si�p� HJ
diode, they may come from chemical bonds across the het-
erointerface and the structural imperfections of the amor-
phous silicon lying in between the nc-Si nanodots. In dealing
with the interface charge density 
, self-consistent calcula-
tions are often utilized to simulate the C-V responses of het-
erostructures or even quantum wells. Although physically
sound, the self-consistent calculations of Poisson’s and
Schrödinger’s equations are numerically complicated to
implement; and furthermore, the information provided by the
experimental C-V data has not been fully exploited during
the simulation process. Recently, Nemirovsky et al.30 have
proposed a C-V matching methodology to simultaneously
determine the band discontinuities and interface charge den-
sities of the HJs. The analysis is based on the fact that a
given C-V measurement is actually a vector of capacitance
values for a set of applied voltage values. For each voltage
value of the C-V measurement, there is a separate set of three
cardinal equations: the band lineup equation, the charge bal-
ance equation, and the capacitance equation, which can be
written as follows:

EFC1
− EFC2

− �EC − qV = q�VD2�V� − VD1�V�� , �7�

Q1�VD1�V�� + Q2�VD2�V�� + q
 = 0, �8�

1

Ct
=

1

C1�VD1�V��
+

1

C2�VD2�V��
, �9�

where the subscripts 1 and 2 refer to the c-Si side and nc-
Si:H side, respectively, EFC1

and EFC2
are the differences

between the quasi-Fermi energy levels and the respective
conduction-band levels, Q1 and Q2 are the total charges per
unit area on each side of the HJ, C1 and C2 are the total
capacitances per unit area on each side of the HJ, and Ct is
the total capacitance per unit area of the HJ device. Detailed
expressions for EFC, Q, and C can be found in Ref. 30. There
are altogether four unknown variables defined in Eqs.
�7�–�9�, i.e., �EC, 
, VD1, and VD2, the latter two of which
are band bendings on each side of the heterointerface varying
with the applied voltage V, as shown in Fig. 1�b�. The basic
idea behind the C-V matching method is to use the additional
information contained in the whole ensemble of sets of equa-
tions, in order to simultaneously find �EC and 
 that match
optimally to the entire C-V data, which in essential is a re-
gression analysis process.

Figures 2�b�–2�d� present the simulated C-V relations
�solid curves� by using the above C-V matching approach,
which are in good agreement with the experimental results.
The yielded values of �Ec, �Ev, and 
 are also listed in the
figure, indicating a very small conduction-band offset, and
the band discontinuity mainly exists on the valence-band
side, which is in agreement with the previous reports on the
a-Si:H/c-Si heterostructure.31,32 Comparing Fig. 3�c� with
Fig. 3�d�, the values of band offsets are consistent even with
the increase of the reverse bias from −2 to −10 V, while the
derived interface charge density increases with larger reverse
bias, but still stays on the order of 1011 cm−2, which is rela-
tively low compared with the much higher interface density
of states in a-Si:H/c-Si HJ.32 It implies that although nc-
Si:H layer was deposited on the densest �111� growth plane
of the epitaxial crystalline silicon, only part of the unsatur-
ated and hanging bonds was left at the nc-Si:H/c-Si hetero-
interface, thanks to both the passivation effect by the great
amount of diluting hydrogen introduced during the plasma
processing and the high crystalline ratio ��55% � of the nc-
Si:H film. The relatively low interface defect density has also
been confirmed by the former frequency insensitive C-V re-
sults. By analogy with a-Si:H/c-Si solar cells,33 an intrinsic
layer of nc-Si might be inserted between the nc-Si:H and
c-Si to further reduce the fixed interface charge density and
improve the conversion efficiency of HJ solar cells. As for
the small increase of the interface charge density with larger
reverse bias, it can be accounted for by considering the width
increase of the depletion region when raising the reverse
bias, which will take in more nc-Si dots surrounded by the
spherical “microheterointerfaces,” and the contributed inter-
face charges will in effect build up and bend the originally
linear 1 /C2�V curve. To minimize the effect of the bias-
dependent interface charges on the band discontinuity, we
recalculate the band offset values using the above C-V
matching procedure in the bias range from 0 to −0.5 V, cor-
responding to the maximum depletion region width of

FIG. 3. �a� C-V dependence at four different frequencies. �b� Zero bias
junction capacitance C0 over a wide range of frequencies from
1 kHz to 1 MHz at 300 K. �c� Relationship between C0 and q /kT at the
frequency of 1 MHz. The dashed curves in �b� and �c� are guides for eyes.
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�6 nm on the nc-Si:H side, and the obtained �Ec, �Ev, and

 are 0.061 eV, 0.639 eV, and 0.95�1011 cm−2, respec-
tively, which again confirms the near-zero conduction-band
offset.

In addition, to better understand the capacitance re-
sponse of the nc-Si/c-Si HJ diode under a wide range of
temperatures, the zero bias junction capacitance C0 was mea-
sured against the temperature from 300 down to 10 K. As
shown in Fig. 3�c�, a small monotonic decrease of the ca-
pacitance with decreasing temperature is demonstrated from
300 to 40 K, which is due to the increase of the built-in po-
tential and thus the width of the space charge region, owing
to the statistical shift of the Fermi level in both c-Si and
nc-Si:H with decreasing temperature. However, a sharp re-
duction of C0 is observed at 40 K, below which the classical
depletion region limited model of junction capacitance be-
comes invalid, and the capacitance-voltage relation �not
shown in the figure� approaches a constant value of about
2 pF at 10 K. This phenomenon corresponds well with the
latter discussed dark J-V behavior at low temperatures,
which in principle reflects that the electrons are confined in
the nanodots to respond to the width variance of the deple-
tion region.

Having yielded a clear band structure by the above C-V
analysis, transport characteristics of the HJ diode as a prac-
tical device still need to be clarified based on experimental
results. Forward and reverse dark J-V measurements of our
HJ diode were carried out over a wide temperature range
from 20 to 350 K, among which seven representative J-V
curves for specific temperatures are illustrated in Fig. 4. At a
first glance, the HJ diode exhibits a good rectifying effect
with a rectifying ratio of about 7.6�102 at 300 K, and a hard
breakdown happens when the reverse bias exceeds �58 V.
Moreover, by carefully inspecting Fig. 4�a�, the forward J-V
curves experience several transitions due to different domi-
nant transport mechanisms under different biases and tem-
perature conditions. Accordingly, for the high temperature
region �from 220 to 350 K�, three distinct zones, “I,” “II,”
and “III,” are designated for the low �0–0.1 V�, medium
�0.1–0.3 V�, and high �0.3–0.8 V� voltage regimes, among

which zone I is normally considered in a thermal equilibrium
of the operating HJ. As for the low and medium temperature
regions �from 20 to 220 K�, zones “IV” and “V” are speci-
fied on the basis of turn-on voltages. All of the zones men-
tioned above are separated with dashed lines, as shown in
Fig. 4�a�.

To distinguish one transport mechanism from the others,
we employ the well-known general junction rectification
model14 to describe the relation between the current and the
applied forward voltage, which can be written as

J = J0�exp�AV� − 1� , �10�

where A is a coefficient defined by

A =
q

�kT
, �11�

where k is the Boltzmann constant and � is the ideality fac-
tor. J0 in Eq. �11� is the saturation current density defined by

J0 � exp�−
Eac

kT
� , �12�

where Eac is the activation energy. As can be seen from the
above three equations, these parameters are a function of
both the transport mechanism, characterized by � and tem-
perature. Therefore, both A and the properties of the ideality
factor can elucidate the dominant transport mechanism. If the
current is limited by the diffusion process, then �=1. How-
ever, if the transport is controlled by the carrier recombina-
tion process within the depletion region, �=2 is expected,
and Eac is equal to Eg /2, in which Eg is the energy gap in the
zone where recombination takes place. The classical value 2
is obtained for only one recombination level at the exact
midgap with identical capture cross sections for electrons
and holes. In amorphous semiconductors where there is a
continuous distribution of traps in the gap, �2 should be
anticipated. What is more, if the current is dominated by the
tunneling process, the term A should be temperature indepen-
dent. It must be emphasized that all the transport process
may be occurring at the barrier of the HJ, whereas the mea-
sured current density will usually be dominated by only one
of them. In addition, we have also neglected the influence
imposed by the HJ interface charges, which indeed have no
effect on the diffusion-limited current.34

Using the above general junction rectification model, we
may attribute zones II and III to the recombination- and
diffusion-dominant transport mechanisms, respectively,
which is supported by the fitting results in Figs. 5�a� and
5�b�. According to the slope of the fitted parameter A, Fig. 5
has been divided into three temperature regions �see vertical
dotted lines in Fig. 5, where �, �, and � denote the 220–350,
80–220, and 20–80 K regions, respectively�. As shown in
the high temperature region �, term A is found to increase
with the decreasing temperature for either medium voltage
fits �0.1–0.3 V, empty squares� or high voltage fits
�0.3–0.8 V, empty circles� from Eq. �10�. By further linearly
fitting the yielded A, we may obtain the ideality factors for
medium and high voltage regimes as 1.19 and 1.93 from Eq.
�11�, respectively, which demonstrates that zone II in Fig. 4

FIG. 4. �a� Forward and �b� reverse current density-voltage characteristics
of nc-Si:H�n� /c-Si�p� HJ diode at seven representative temperatures.
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is limited by the recombination current, while for zone III,
diffusion current dominates. Such kind of behavior is consis-
tent with the J-V behavior of normal diodes; however, it
should be emphasized that the physical origin of the mea-
sured recombination current is on the nc-Si:H side of the
depletion region. This argument can be further confirmed by
the linear relationship between log�J0� and q /kT �shown in
Fig. 5�b�, empty squares�, which leads to the activation en-
ergy of 0.89 eV from Eq. �12�, quite close to the half of the
measured band gap of nc-Si:H �0.92 eV�. As we know, there
are two dominant effects that decide the recombination
current,35 the width of the depletion region and the defect
level density near the midgap. In c-Si, the defect density is
so small that can be neglected, while in the nc-Si:H layer,
since about half of the film is composed of the a-Si:H tissue,
the defect levels in the band gap are quasicontinuous. There-
fore, it is reasonable that the recombination current occurs in
the nc-Si:H side of the depletion region.

For temperature below 80 K, it is found that QCE and
the tunneling govern the dark J-V behavior. When the ap-
plied forward bias is below the turn-on voltage �i.e., zone
IV�, electrons are confined in the nanodots, since they cannot

be thermally activated into the extended state above the en-
ergy barrier ��60 meV �Ref. 12��. With the bias increases
beyond the turn-on voltage �i.e., zone V�, the transport is still
dominated by interband tunneling through the HJ interface,
which can be evidenced by the temperature-independent pa-
rameter A illustrated in the low temperature region � of Fig.
5�a�. The deduced activation energy Eac from Eq. �12� is
about 100 meV, which is higher than that of the nanodot
barrier but is still lower than the built-in potential on the
nc-Si:H side of the HJ interface, leading to the tunneling
dominant transport in zone V.

To further understand the transport properties, Figs. 5�c�
and 5�d� illustrate the temperature dependence of the break-
down voltage Vb and measured reverse saturation current Js

at −10 V, respectively. It is well known that the breakdown
voltage increases with the increasing temperature owing to
the avalanche multiplication, whereas for the tunneling
breakdown, it is just the opposite. Therefore, from Fig. 5�c�,
we may conclude that in the high temperature region �, the
breakdown is of avalanche type, while below 80 K, it is a
mixture of both avalanche and tunneling since the almost
temperature-independent behavior of the breakdown voltage.
As for the measured reverse saturation current Js, it exhibits
the same temperature profile as the calculated J0. This kind
of similarity in the slope of the curves also applies to Figs.
5�a�–5�d�, which supports the temperature region partitions
on the basis of the fitted parameter A, indicating the nontun-
neling and tunneling transport on the high and low tempera-
ture ends and transitional region in the middle. Moreover,
former C0�T result �Fig. 3�c�� also shows a sharp transition
at 40 K, corresponding to the upper limit of the tunneling
temperature region in J-V curve �80 K�. The difference could
be accounted for by the mechanism difference lying between
the forward transport direction and the reverse one, and it
also implies that the capacitance-temperature measurement is
more sensitive to transition from nontunneling to tunneling,
while J-V technique is more suitable for qualitative analysis
of transport mechanisms.

IV. CONCLUSIONS

C-V analysis has revealed that the band discontinuity of
the nc-Si:H�n� /c-Si�p� diode mainly exists on the valence-
band side. An interface charge density on the order of
1011 cm−2 is estimated via the numerical C-V matching tech-
nique, and the low interface defect density has been demon-
strated by the frequency insensitive C-f results. By dark
J-V-T measurements, temperature- and bias-dependent trans-
port mechanisms have been clarified by several separated
zones marked on the J-V-T graph, and the extracted param-
eters indicate a transition from nontunneling to tunneling
dominant transport from 350 to 20 K. Basic material param-
eters have also been carefully prepared by various optical
and electrical measures, which are beneficial for the in-depth
investigation into the nc-Si:H/c-Si HJ devices. Future work
in prospect includes investigations on the heterostructure
formed by the boron-doped p-type nc-Si:H and n-type c-Si,
which has been shown to have potential applicability in solar
cells.36 However, inferred from recent studies on

FIG. 5. Calculated parameters of �a� A and �b� J0 at different temperatures,
where empty circles and squares correspond to medium and high voltage fits
by using Eqs. �10�–�12�, and the numbers “II,” “III,” and “V” correspond to
the zone designations in Fig. 4�a�. �c� Breakdown voltage and �d� measured
reverse current density vs q /kT. The solid curves are linear fitting results.
The vertical dashed lines distinguish three temperature regions: ��� high
temperature �220–350 K�, ��� medium temperature �80–220 K�, and ���
low temperature �20–80 K�.

063701-6 Lu et al. J. Appl. Phys. 102, 063701 �2007�

Downloaded 20 Sep 2007 to 202.120.52.61. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



a-Si:H�p� /n-Si�n� heterostructure,37 nc-Si:H�p� /c-Si�n� HJ
might have difference in the band discontinuity compared
with the discussed nc-Si:H�n� /c-Si�p� one. Researches on
the J-V characteristics of our HJs under illumination are also
underway.
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