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We report on the photocurrent properties of the hydrogenated nanocrystalline silicon �nc-Si:H� thin
film/crystalline silicon �c-Si� n-p heterostructure. By comparison with the c-Si n-p homojunction,
two Gaussian-type photocurrent peaks are observed in the nc-Si:H /c-Si heterostructure and
attributed to be transitions from a tail band or discrete levels in quantum dots with localized states,
and a miniband with extended states associated with the embedded nanometer crystallites in the
amorphous boundaries of the nc-Si:H thin film. The observed strong photocurrent signals and
temperature dependency have revealed the unique electronic states of the miniband in the nc-Si:H
thin film. Our investigations into the photocurrent properties may help to realize nc-Si:H /c-Si
heterostructure-based optoelectronic devices. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2826742�

I. INTRODUCTION

Hydrogenated nanocrystalline silicon �nc-Si:H� thin
films have attracted considerable interest due to their impor-
tance in fundamental physics and potential applications to
optoelectronic devices such as light-emitting diodes,1 optical
memories,2 solar cells,3 thin-film transistors,4 and single-
electron transistors.5 The nc-Si:H thin film has the advan-
tages of both high stability under light6 and high electron-
hole generation rate with respect to amorphous silicon �a-Si�
alloy, where the photocurrent is dominated by the electron
transitions due to the hole capture by the intrinsic defects,
especially the metastable Staebler-Wronski-related defects.7

Unlike the a-Si material, the exciton state of the bounded
electron-hole pair in grains of the nc-Si:H thin film can be
formed by the absorption of the photon, and easily separated
to be the free-photogenerated carrier under the electric field
due to the relatively ordered structure of nc-Si:H thin film.8

In addition, the high-density nanometer grains and voids ef-
fectively enhance the optical absorption cross section in the
nc-Si:H thin film, resulting in the high optical absorption and
photocurrent in the hydrogenated microcrystalline Si
��c-Si:H� or nc-Si:H thin film with high crystalline volume
fraction.6,9

Recently, we have realized highly ordered nc-Si:H thin
films �where Si nanocrystals are embedded in a-Si:H net-
works� on lattice-matched c-Si substrates under optimized
growth conditions by plasma-enhanced chemical vapor
deposition �PECVD�, and reported the corresponding high
room-temperature electron mobility and dark conductivity of
the nc-Si:H films on the order of 102 cm2 /Vs and
101 S cm−1, respectively.10 Moreover, the visible photolumi-
nescence �PL� has also been observed.11 The improved elec-

tron mobility and conductivity of the nc-Si:H thin films
would be advantageous to the photogenerated carrier collec-
tion, leading to a wide range of optoelectronic applications
with higher performances, such as the infrared detection and
imaging devices.12,13 On the foundation of these improve-
ments, it is possible for the high-speed electronic transport
circuit and visible luminescence, as well as the electrical-
optical conversion, to be integrated on a single chip by the
nc-Si:H thin film.

In this paper, we employ the photocurrent spectroscopy
for investigations on the optoelectronic characteristics of the
highly ordered nc-Si:H thin film with a heterostructure
grown on the c-Si substrate, together with the comparison
study of a c-Si n-p homojunction. The temperature- and bias-
voltage-dependent photocurrent spectra of the nc-Si:H thin
film reveal rich information of the electronic transition in the
highly ordered nc-Si:H thin film.

II. EXPERIMENTAL DETAILS

The nc-Si:H thin film /c-Si heterostructure sample was
prepared in a radio frequency �13.56 MHz and power 75 W�
capacitive coupled PECVD system from silane �SiH4� and
hydrogen �H2� at a temperature of 250 °C and chamber pres-
sure of 1.0 Torr. The percentage content of silane
�SiH4 /SiH4+H2� was about 1.0%. The nc-Si:H thin film
samples with thickness of �1.0 �m were doped with phos-
phine �PH3 /SiH4� of �0.8% on the p-type silicon substrates.
The structure of the nc-Si:H film had been characterized by
the x-ray diffraction and Raman scattering measurements, as
reported in Ref. 10. It was shown that the studied nc-Si:H
sample with crystalline volume fraction XC�52% consists
of the highly dense Si grains �10nm or less in size� separated
by very narrow a-Si:H boundaries �about 2–4 atomic spacing
in thickness�.

The photocurrent measurements were carried out on a
Nicolet Nexus 870 Fourier transform infrared �FTIR� spec-
trometer calibrated by a DTGS TEC detector. Two electrodes
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were fabricated on both sides of the studied
nc-Si:H�n� /c-Si�p� heterostructure diode. By using a
Keithley 2400 source meter, a dc bias voltage was applied to
the sample to modulate its built-in potential. In addition,
temperature-dependent photocurrent spectra had been mea-
sured by placing the samples in an Oxford optical cryostat,
and the temperature range was set from 300 to 8 K.

III. RESULTS AND DISCUSSION

Figure 1 presents the room-temperature experimental
photocurrent spectrum of the studied nc-Si:H�n� /c-Si�p�
heterostructure under zero bias voltage by the dotted curve,
together with the corresponding result of a typical
c-Si�n� /c-Si�p� homojunction by the dashed curve for com-
parison. Two distinct peaks above the photon energy of the
c-Si band gap 1.08 eV are clearly observed in the photocur-
rent spectrum of the nc-Si:H�n� /c-Si�p� heterostructure
sample. This double-peak feature is quite different from the
broad photocurrent peak of the counterpart c-Si�n� /c-Si�p�
homojunction sample. Generally, the photocurrent generated
in the c-Si material increases with the photon energy at the
low-energy side of the band gap due to the increase of the
photon absorption. Once the photon energy is beyond the
band-gap energy, the strong optical absorption will increase
not only the excessive carrier density, but also the recombi-
nation rate, especially on the thin-film surface. Therefore, the
photocurrent of the c-Si�n� /c-Si�p� homojunction shows a
typical broad structure above the band gap and a small drop
in the high-absorption region.

On the other hand, for the nc-Si:H�n� /c-Si�p� hetero-
structure sample, the photocurrent spectrum is obviously
dominated by two Gaussian-shaped peaks on a broad back-
ground, as shown in Fig. 1. The broad background photocur-
rent starts from photon energy close to the band gap of Si,
and it is very small in amplitude compared with the two
Gaussian-shaped peaks. We can reasonably assign the origin
of the weak background photocurrent to the c-Si substrate,
since the incident light to the substrate has been weakened
after the absorption of the 1 �m thickness nc-Si:H thin film.
Assuming that the photocurrent from the c-Si substrate ap-
pears with the same broad structure as that of the
c-Si�n� /c-Si�p� homojunction, we can decompose the photo-

current of the nc-Si:H�n� /c-Si�p� heterostructure sample
into two Gaussian-shaped peaks �denoted by antitriangle
scatters� and a broad background photocurrent �denoted by
triangle scatters�. The solid curve is the calculated result con-
sidering the total contributions from both the parts, which fit
very well with the experimental photocurrent of the
nc-Si:H�n� /c-Si�p� heterostructure sample �dotted curve�.
The two Gaussian-shaped photocurrent peaks occur at the
photon energy below and above �1.4 eV, as denoted by the
L-peak and H-peak, respectively. Their amplitudes are 10–
100 times larger than the broad background photocurrent
from the c-Si substrate. Moreover, they show quite different
behaviors of photon energy and temperature dependencies
from the photocurrent spectra of c-Si, which will be dis-
cussed below. As a result, the two Gaussian-shaped photo-
current peaks can be considered to be originated from the
nc-Si:H thin film.

Figure 2 shows the photocurrent spectra of the studied
nc-Si:H�n� /c-Si�p� sample for temperature �a� above 50 K
and �b� below 50 K. These two Gaussian-shaped peaks show
quite different temperature-dependent behaviors above 50 K,
but are almost temperature independent below 50 K. For the
H-peak, it demonstrates a strong temperature dependency
above 50 K, i.e., a thermal activation behavior. Furthermore,
its photon energy position is �1.6 eV at room temperature,
far above the band-gap energy of c-Si, but consistent with
many spectra previously reported for a-Si:H.7 Therefore, this
H-peak photocurrent can be easily attributed to the electronic
transitions from the tail band of a-Si boundaries in nc-Si:H,
where the photoexcited carriers transport in a thermally ac-
tivated hopping behavior. With the temperature decreasing,
the thermally activated H-peak photocurrent is partially
quenched for photon energy above �1.6 eV, as shown in
Fig. 2�a�. For the temperature below 50 K, the H-peak shifts
toward the low photon energy side and turns out to be a
temperature-independent steplike structure �see Fig. 2�b��.
This kind of temperature-independent behavior clearly re-
veals the tunneling transport of the photoexcited carriers,
which are the transitions from the discrete levels of the na-
nometer grains embedded in the a-Si:H boundaries. It is the
misalignment of these discrete levels in energy due to the

FIG. 1. Room-temperature experimental photocurrent spectra of the
nc-Si:H�n� /c-Si�p� heterostructure �dotted curve� and a typical
c-Si�n� /c-Si�p� homojunction �dashed curve� for comparison.

FIG. 2. Photocurrent spectra of the nc-Si:H /c-Si heterostructure with tem-
perature decreasing from �a� 300 to 50 K and �b� 40 to 10 K. The inset
shows the magnified variations of the photocurrent at temperatures below 50
K.
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grain size distribution that causes the H-peak photocurrent to
quench with the decreasing temperature and become a
temperature-independent steplike structure, together with ob-
servable unstable fluctuations for photon energy above
�1.6 eV below 50 K. In addition, the recombination of ex-
citons confined in these quantum weak localized states �or
discrete levels of nanometer grains� has been demonstrated
by PL at the same photon energy,14 and observed for the
studied sample in Ref. 11. The photocurrent and PL at such
photon energies above the c-Si band gap have also been re-
ported in the �c-Si:H thin film,15 a-Si:H /c-Si,13 porous
Si /c-Si,16 and �c-Si:H /c-Si �Ref. 8� heterostructures.

For the L-peak photocurrent centering at about
�1.2 eV, it begins with the threshold photon energy of 1.05
eV and increases beyond 2 orders of magnitude to its maxi-
mum. It seems that this L-peak photocurrent is mainly con-
tributed by the photoexcited carriers generated in the c-Si
substrate, in view of the same threshold photon energy 1.05
eV comparing with the c-Si�n� /c-Si�p� sample in Fig. 1.
However, this assumption has been excluded by the special
photon energy dependency in the photocurrent spectrum de-
scribed above, and the temperature dependency of the ex-
perimental photocurrent results, which will further help us to
identify the origin of the L-peak.

In Fig. 2�a�, a shift to higher photon energy and nonde-
gradation of the L-peak with decreasing temperature from
300 to 50 K has been clearly observed. Furthermore, it re-
veals a two-component phenomenon in the photocurrent at
temperature below 50 K, where the distinct double threshold
of the spectra occurs at the photon energy of �1.08 and
�1.20 eV, respectively �see the enlarged part in the inset of
Fig. 2�b��. A similar two-component nature also appears in
the photocurrent of c-Si at a low temperature of 4 K with the
double-threshold photon energy at 1.14 and 1.19 eV, and the
photon energy difference is caused by the absorption en-
hancement of the optical phonon with a energy of �50 meV
�Fig. 12 of Ref. 17�. It should be noted that the photon en-
ergy difference in the two-component nature of the studied
nc-Si:H�n� /c-Si�p� sample is about 110 meV, which is much
larger than the optical phonon energy in Si. Therefore, it is
impossible for the well-defined onset photocurrent at 1.2 eV
in the nc-Si:H�n� /c-Si�p� sample to be induced by the opti-
cal phonons; they are caused by the formation of a discrete
level in the nc-Si:H thin film and band discontinuity at the
nc-Si:H�n� /c-Si�p� interface below 50 K, which has been
demonstrated by the electron resonant tunneling phenom-
enon in Ref. 10. A similar increase of photocurrent above the
band-gap energy has also been observed in the GaAs homo-
junction system with a thin silicon interlayer buried
�p-GaAs /�Si /n-GaAs� due to the artificial band
discontinuity.18 In addition, the formation of the discrete
level is accompanied by an abnormal increase in the photo-
currents at the band edge with the temperature decreasing
below 50 K, as shown in the inset of Fig. 2. These special
temperature-dependent behaviors of the L-peak photocurrent
further clarify that it originates from the photoexcited carri-
ers generated in the nc-Si:H thin film, rather than the c-Si
substrate. However, the L-peak photocurrent below the

threshold of 1.2 eV also takes on some typical behaviors
similar to those of the c-Si, as discussed below.

Figure 3�a� displays the L-peak photocurrent spectra at
the low-energy side for temperature ranging from 300 to 50
K and �b� plots the photocurrent as a function of temperature
for the photon energy ranging from 1.17 to 1.11 eV. It should
be noted that an increase of the onset photocurrent in the
L-peak with the temperature is clearly observed in Fig. 3�a�,
similar to the temperature-dependent absorption edge of the
c-Si material.19 This normal increase in the experimental
photocurrent of the nc-Si:H thin film clearly demonstrates
that the optical absorption is assisted by the phonons, where
the phonon-assisted absorption contributes to the photocur-
rent at the temperature above 50 K. Usually, the photocurrent
near the band edge due to the phonon-assisted absorption in
the indirect band gap system follows the classical power
function of the photon energy

IPC���� � ��� − Eg�x, �1�

with the power number x=2 �x=1 /2 indicates the transition
in the direct band-gap system�. Above 50 K, the onset of
L-peak photocurrents in the studied sample are all well fitted
by the above equation with x in the range of 1.5–2.3, as
revealed by the good agreement between the experimental
scatters and calculated curves in Fig. 3�a�. The obtained
power number x is close to 2, indicating the phonon-assisted
transition nature of the L-peak photocurrent, similar to that in
the c-Si.

For the phonon-assisted transition absorption, the optical
absorption can be expressed by20

� �
��� − Eg − Ep�2

1 − exp�− Ep/kBT�
+

��� − Eg + Ep�2

exp�Ep/kBT� − 1
, �2�

with optical-absorption coefficient �, photon energy ��,
Boltzmann constant kB, phonon energy Ep, and band-gap en-
ergy Eg. In the weak absorption regime near the band edge,
the photocurrent is directly proportional to the strength of
optical absorption.9 This classical equation can well describe
the variation of the photocurrent versus temperature, as
shown by the good agreement between the scatters and solid
curves calculated by Eq. �2� in Fig. 3�b�. The obtained pho-
ton energy Ep, ranging from 33 to 49 meV, is well in the
range of phonon energy of Si. The successful explanation of
the photocurrent from the nc-Si:H thin film by the classical
Eq. �2� due to the phonon-assisted transition indicates that

FIG. 3. �a� L-peak photocurrent spectra on low-energy side for temperature
ranging from 300 to 50 K and �b� temperature-dependent photocurrent at the
photon energy ranging from 1.17 to 1.11 eV for temperature from 300 to 10
K. Scatters are experimental results and solid curves are theoretical results.
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the energy band of the continuous states is also formed in the
nc-Si:H thin film like that in c-Si. It should be noted that the
L-peak photocurrent from the transitions of the Si-like con-
tinuous energy band is very narrow in terms of the energy
width ��300 meV at half height of the L-peak�, and it is
quite larger than the phonon energy of nc-Si:H thin film,
which means a miniband. It is the high density of nanometer
grains embedded in the very thin a-Si:H boundaries that re-
sults in a superposition of a miniband with a Si-like band gap
in the tail band of a-Si:H in the nc-Si:H.

In Fig. 3�b�, a discrepancy between the scatters and solid
curves can be observed that increases with the photon en-
ergy, because the condition of IPC�� becomes invalid with
the increase of the optical absorption. In addition, at the
band-gap edge, the deviation between the scatters and solid
curves becomes much clearer with the temperature decreas-
ing below 50 K, where an abnormal increase of photocurrent
is clearly revealed. This abnormal phenomenon demonstrates
that the photocurrent of the nc-Si:H thin film at band edge is
not contributed from the phonon-assisted transition mecha-
nism described by Eq. �2�, but from the transition of the
quantum discrete level in the continuous energy band of the
nc-Si:H thin film below 50 K. Furthermore, the formation of
the quantum discrete level in the miniband causes not only
the abnormal photocurrent at the band edge below 50 K, but
also another threshold in the photocurrent above the band
gap, as demonstrated in the inset of Fig. 2�b�.

Figure 4 lists the miniband gap versus temperature by
the scatters, which is extracted from the fitting results of the
threshold in the photocurrent spectra. The band-gap energy
of the nc-Si:H thin film decreases with the temperature and
can be fitted well by the classical Varshni equation,21

Eg�T� = Eg
0 −

AT2

B + T
, �3�

with constants A=3.2�10−4, B=490.5 K, and Eg
0

=1.085 eV. It is clear that the temperature dependency of
the band gap of the nc-Si:H thin film �solid curve� is very
close to that of the c-Si �dotted curve�, which is calculated by
�Eg�T�=Eg�T�−E0 with Eg�T� given in Ref. 21 and an en-
ergy shift of E0=55 meV. As mentioned above, the mini-
band in the nc-Si:H thin film has many similarities to the

continuous energy band of c-Si: indirect transition, band-gap
energy, and its temperature dependency. These similarities
between the nanometer grain system and c-Si strongly de-
pend on the extremely thin aa-Si:H boundaries and highly
ordered structure, which is grown under the condition of the
a-Si substrate and hydrogenation-induced ordered
structure.10

Although the above temperature-dependent L-peak pho-
tocurrent exhibits the same continuous states in the nc-Si:H
thin film as those in the c-Si, the energy band of the nc-Si:H
thin film is quite different from that of c-Si and contains a
miniband beginning from the c-Si band gap to the energy of
�1.4 eV, together with a tail band and discrete levels above
�1.4 eV. It is this miniband that causes the Gaussian-type
L-peak photocurrent ranging from the band gap to 1.4 eV in
Fig. 2. Moreover, a discrete level at 1.2 eV will be formed in
the miniband at the temperature below 50 K, as evidenced by
the two-component nature of the L-peak in Fig. 2�b�. Above
the photon energy of 1.4 eV, it is the transition from band tail
states or the discrete levels that leads to the H-peak photo-
current. For the photoexcited carriers generated by the tail
band or discrete levels above the photon energy of 1.4 eV,
the mobility is very small, which is because their thermal-
assisted hopping transportation results from the energy dis-
tribution of discrete levels on the nearest hopping sites. In
addition, the quantum confined effect of the photoexcited
carriers generated by the band tail or discrete levels also
brings a strong recombination over the escape process, which
causes an increase of the intensity of PL signals11 and a
reduction of the photocurrent intensity.22 Therefore, the
H-peak photocurrent contributed by transitions from band
tail states or discrete levels is much lower than the L-peak
one due to the continuous states in the miniband, as a result
of the high recombination and low mobility of the photoex-
cited carriers.

Figure 5 presents the room-temperature bias voltage-
dependent �a� photocurrent spectra and �b� photocurrent in-
tensity of the L-peak �at 1.2 eV� and H-peak �at 1.6 eV�. It is
clear that the photocurrent intensity of the nc-Si:H /c-Si het-
erostructure is sensitive to the external bias voltage. How-
ever, the intensities of the two photocurrent peaks take on
different bias voltage-dependent behaviors, as shown by the
squares for the L-peak and circles for the H-peak in Fig.
5�b�. For the L-peak, the photocurrent increases rapidly with

FIG. 4. Miniband gap energy of the nc-Si:H thin film as a function of
temperature by square scatters, and fitted results by solid curve, together
with the temperature-dependent band-gap variation ��Eg�T�=Eg�T�−E0, in
which E0 is a constant energy of 55 meV� of c-Si by the dotted curve.

FIG. 5. Bias voltage-dependent �a� photocurrent spectra and �b� photocur-
rent intensity of the L-peak �1.2 eV� and H-peak �1.6 eV, with a multiplying
factor of 10� at room temperature.
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the voltage decreasing into the reversed bias region. The
negative bias boosts the L-peak photocurrent more than 2
orders of magnitude due to an increased depletion width in
the heterostructure under reverse bias.23 For the H-peak, it
becomes weak and displays strong fluctuations on both the
positive and negative bias in Fig. 5�a�, indicating the discrete
levels unaligned in energy or instability of the tail states due
to the external electrical field.

IV. CONCLUSIONS

The highly ordered nc-Si:H thin film grown on c-Si sub-
strate has been revealed to be a system of electronic states,
including a miniband with a Si-like band gap embedded in a
tail band of a-Si:H boundaries. We have experimentally dem-
onstrated two Gaussian-type peaks in the photocurrent spec-
tra, which are contributed from the miniband and tail band at
temperature above 50 K. Below 50 K, a quantum discrete
level can be formed in the miniband, leading to an abnormal
increase in the photocurrent at the band edge of the mini-
band. It is the continuous electronic states in the miniband
where the high and non-reduction photocurrent can be
achieved at low temperatures. Furthermore, the photocurrent
response can be further enhanced by the reverse bias voltage
through construction of the nc-Si:H /c-Si heterostructure.
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