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By introducing photogeneration into the rate equation of the

two-energy-level system, we obtain the photocurrent gain

effect theoretically in hydrogenated nanocrystalline silicon (nc-

Si:H) structure, which is consistent with the reported exper-

imental data. To understand the carrier-transport characteristics

in such nanostructures, the time-dependent distributions of the

electric field and photocurrent inside nc-Si:H structure at
different absorption coefficients have been calculated. The

result shows that the occurrence of photocurrent enhancement

is accompanied by an avalanche-like phenomenon of the

electric field during its dynamic process to achieve equilibrium.

Further investigation reveals that the physical nature behind this

photocurrent gain lies in the existence of the resonant tunneling

inside the nc-Si:H structure.
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Studies of photocurrent in low-
dimensional systems have attracted considerable interests
due to their particular characteristics aroused by the quantum
confinement effect [1–4]. Having knowledge of the photo-
electric nature inside these systems will be essential to
realize the design of low-dimensional-material-based optoe-
lectronic devices. In the past decades, much more attention
have been paid on the hydrogenated nanocrystalline silicon
(nc-Si:H) thin films because of their importance in funda-
mental physics and potential applications to optoelectronic
devices, e.g., optical memories, solar cells, and single
electron transistors [5, 6]. Further, the current–voltage
characteristics have been carried out at different external
conditions experimentally. Some interesting phenomena
related to the quantum tunneling effect were observed in nc-
Si:H heterostructures at low temperature, such as periodical
negative differential conductivity [7].

Recently, we have reported the temperature-dependent
photocurrent performance of nc-Si:H thin-film samples [8].
Detailed analyses have been carried out on the exploring of
the twomain photocurrent peaks. In addition, there is another
interesting photocurrent gain phenomenon observed at about
1.20 eV, as shown in Fig. 2 of Ref. [8]. Though this gain
effect is relatively weak, its dependency on the photon
energy as well as the temperature clearly demonstrates the
existence of some unclear underlying physical mechanisms.
In our previous paper, we basically ruled out the possibility
of the optical phonon absorption-induced enhancement, and
expressed a preliminary viewpoint that this photocurrent
gainmay be caused by the formation of discrete energy levels
inside the nc-Si:H structure. However, the root cause is still
unclear. Therefore, further studies, particularly theoretical
investigation is necessary for this observation.

So far, several theoretical models concerning the photo-
electric conversion and carrier transport in nanostructures have
been reported [9–12].Most of themonly consider onequantum
level inside their systems. As a result, it is lack of the resonant
tunneling in those models that may be a key approach for the
carriers transport in nanostructures, especially at very low
temperature. Thus, it is essential to establish a model that
involves the resonant tunneling process. In this report, we have
proposed a modified rate equation of two-energy-level system
to simulate the photocurrent of nc-Si:H thin film. A gain
phenomenon has been obtained theoretically, which is in
accordance with the experimental observation. Through
detailed analyses of the time-dependent distribution of the
electric field and photocurrent inside the nc-Si:H structure, the
physicalmechanismbehind this special gain effect is revealed.
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 (a) Schematic diagram of the studied nc-Si:H sample.
(b) Conduction band diagram of nc-Si:H with an applied bias. The
eightchannels thatnk1 in thekth layerchanges througharedesignated.
(c) Calculated (solid curve) and experimental (dashed curve) photo-
current with the photon energy from 1.16 to 1.24 eV, the inset is the
extracted absorption coefficient of the nc-Si:H sample dependent on
the photon energy.
2 Results and discussion Figure 1 gives the
observed temperature-dependent photocurrent spectra of
the studied sample with photon energy in the range of 1.1–
1.4 eV. The detailed information of the growth and structural
characteristics of the studied nc-Si:H sample, and the
photocurrent experimental setup can be seen in Refs. [8,
13]. The main peak centered about 1.25 eV is considered as
originating from the photogenerated carriers in the nc-Si:H
thin film [8]. Due to the thermalization effect, the photo-
current decreases with photon energy on the high-energy
side. However, more attention should be paid to the low-
energy side of the main peak, where a gain effect near
1.20 eV is observed, accompanying the enhancement of
photocurrent when the photon energy is larger than 1.20 eV.
This phenomenon becomes blurred on increasing the
temperature and finally disappears at T¼ 300K, as shown
in Fig. 1.

To represent our nc-Si:H sample, we consider an ideal
structure as indicated in Fig. 2a,where the c-Si nanodotswith
uniform size are orderly arranged and surrounded by the a-Si.
Due to the field-induced localization, three-dimensional
quantum confinement in the nanodots may turn into one-
dimensional confinement along the electric-field direction
[14]. Hence, the electronic energy band diagram of nc-Si:H
can be assumed as N c-Si wells of width W coupled by a-Si
barriers, where the height of the barrier is equal to the
conduction band discontinuity of c-Si and a-Si. Calculation
shows that two energy levels are confined in the c-Si well.
Thus, the theoretical model proposed to simulate the above
observation should be considered for a two-energy-level
system.

Our simulation is based on a modified rate equations
[15]. Inside each c-Si well, we will consider two discrete
quantum levels. In the kth nanodot layer, the electron
densities of the two levels are denoted as nk1 and n

k
2. If given a

certain condition, nk1 and n
k
2 will change until they both arrive

at a dynamic equilibrium. Here, e.g., nk1 has eight
mechanisms to be altered as designated in Fig. 2b: (1)
intersubband relaxation nk2 ! nk1, (2) miniband transport
nk�11 ! nk1, (3) miniband transport nk1 ! nkþ11 , (4) and (5)
resonant tunneling nk1 $ nkþ12 , (6) and (7) resonant tunneling
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Figure 1 Photocurrent spectra of nc-Si:H sample with photon
energy in the range of 1.1–1.4 eV at different temperatures.
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nk�12 $ nk1, (8) photon-generated electron. Thus, the total
electron rate equations in the kth layer are:
_nk1 ¼ Ak þ nk�11 RMB1 Ek
� �

þ nk�12 P2!10 �Ek
� �

þnkþ12 P1 20 E
kþ1� �
�nk1 P1!20 E

kþ1� ��

þP2 10 �Ek
� �

þ RMB1 Ekþ1� ��
þ Gðl; zÞ ;

(1a)
_nk2 ¼ �Ak þ nk�12 RMB2 Ek
� �

þ nk�11 P1!20 E
k

� �
þnkþ11 P2 10 �Ekþ1� �
�nk2 P2!10 �Ekþ1� ��

þP1 20 E
k

� �
þ RMB2 Ekþ1� ��

;

ðk ¼ 1; :::;NÞ;
(1b)
where Ak is the rate of intersubband relaxation, Ek

the electric field on the barrier of the kth layer, RMBi(E
k)

(i¼ 1 or 2) the miniband transport relaxation rate, Pi$i0 ðEkÞ
the resonant tunneling probability, and G(l,z) is the
electron–hole generation rate at a depth z inside the
structure for the incident light with the wavelength of l:
G l; zð Þ ¼ a lð ÞF0 lð Þexp �a lð Þzð Þ; (2)
where a(l) is the light absorption coefficient, F0(l) is the
number of photons per second hitting per unit of area on the
structure.

It should be noted that all the rates are dependent on the
electric field Ek. Then, the current density transport from the
kth to the (kþ 1)th well is:
jk Ek
� �

¼ jkMB Ek
� �

þ jkRT Ek
� �

; (3)
where jkMBðEkÞ and jkRTðEkÞ represent the miniband transport
and resonant tunneling current density respectively, which
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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α =1200cm-1
can be expressed as:
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� 20
jkMB Ek
� �

¼ eW nk1RMB1 Ek
� �

þ nk2RMB2 Ek
� �� �

; (4a)
m
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jRT E ¼ eW n1P1!20 E þ n2P2!10 �E
�nkþ11 P2!10 �Ekþ1� �

�nkþ12 P1 20 E
kþ1� ��

:

(4b)
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Figure 3 Thedistributionof photocurrent density and electric field
inside nc-Si:H structure in equilibrium. The absorption coefficient
changing from 400 to 1200 cm�1.
Here, e is the charge on the electron. The results obtained
from solving the above model are better illustrated by means
of a numerical method, where the number of nanodot layers
is assumed N¼ 30 and the bias added to the structure is
U¼ 1V. We first suppose a uniform field distribution, with
which the initial nki can be obtained. Then, we apply a
Runge–Kutta procedure to Eqs. (1a) and (1b), until all rates
_nki become smaller than a threshold value, which indicates a
steady state has been established. Thus, the final electric-
field distribution and the photocurrent can be calculated.

Figure 2c gives the simulated photocurrent (solid curve)
of nc-Si:H with the photon energy from 1.16 to 1.24 eV.
Similarly, the photocurrent gain effect at about 1.20 eV is
obtained. It is consistent with the observations at low
temperature of 10K, as also plotted by the dashed curve in
the figure. One may argue that the gain in the experimental
data is much more moderate than the theoretical one. The
reason is that we have ignored the discrimination originated
from the electron thermal effect of the sample, since it is too
weak at very low temperature, leaving the discussion and
conclusion below still valid.

Calculation shows that the photocurrent changes with
the photon energy mainly due to the variation of absorption
coefficient at different photon energy. In the inset of Fig. 2c,
we plot the absorption coefficient a(l) used in our model,
which was extracted from the experimental transmission
data [16]. When the photon energy varies from 1.16 to
1.24 eV, the a of nc-Si:H increases monotonically from 400
to 1200 cm�1. In addition, it has a more rapid increment
compared to the absorption process of c-Si in the same
energy range. This is due to the enlarged surface-to-volume
ratio in nc-Si:H, improving the optical absorption cross
section.

Although Fig. 2c reveals that we can fit the experimental
result, the downside is that the sample is viewed as a black-
box device, only collected current flowing out of the
structure was measured. In order to obtain the in-depth
information of the photogenerated electron transport, which
is critical to understand the gain phenomenon, it is necessary
to calculate the distribution of photocurrent density through-
out the structure.

The calculated distribution of photocurrent density jk

inside the nc-Si:H structure at steady state is given in Fig. 3. It
is interesting to find that the performance of jk splits into two
parts. As a increases from 400 to 700 cm�1, j1 decreases,
while j30 increases, that is, the slope of j dependency on the
nanodot layer gradually increases. When a further rises to
800 cm�1, the photocurrent has an increasing step. And then
again slowly changes the slope as the absorption coefficient
11 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
in the range of 800–1200 cm�1. Similar characteristics are
also exhibited in the distribution of electric field Ek (together
shown in Fig. 3). As a increases from 400 to 700 cm�1, the
slope of Ekwith nanodot layer increases. Whereas a is larger
than 800 cm�1, the shape of the electric-field distribution
changes greatly. Most obviously, the electric field Ek in the
first several layers drops approximately to zero, and then
increases quickly along the layers.

It is found that the different behavior of photocurrent and
electric-field distribution with changing absorption coeffi-
cient just corresponds to the experimental observed current
gain according to the inset of Fig. 2c. On the basis of the
description of Fig. 3, the general view of the absorption
coefficient influence on the photocurrent can be obtained as
follows: When increasing the absorption coefficient, the
number of photons absorbed by the nc-Si:H material rises
correspondingly, resulting in higher electron concentration,
breaking the initial dynamic equilibrium. Due to the Gauss
law, we get ðEkþ1�EkÞ/ðnk1 þ nk2Þ, thus ðEkþ1�EkÞ
increases. Since the applied external bias is fixed, the slope
of electric fields on the nanodot layers will increase, which
will affect the resonant tunneling probability. As a result, the
resonant tunneling current changes, thereby altering the total
photocurrent. On the other hand, the variation of photo-
current will in turn influence the distribution of the electron
density, which may once again require the adjustment of the
electric field. And so on, until a new dynamic equilibrium is
eventually established.

We know that at very low temperatures, the collected
photocurrent may be dominated by the tunneling current,
while the resonant tunneling probability is impacted by the
electric field. According to our previous discussion and
simulation results, we find that the higher the absorption
coefficient, the larger the electric field on the last nanodot,
www.pss-b.com
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Figure 4 The simulated time dependence of (a) the electric field at
a¼ 500 cm�1, (b) photocurrent density at a¼ 500 cm�1, (c) the
electric field at a¼ 900 cm�1, and (d) photocurrent density at
a¼ 900 cm�1.
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Figure 5 The distribution of resonant tunneling current and mini-
band transport current components at steady state with a¼ 500 and
900 cm�1, respectively.
and the larger the photocurrent flowing out of the nc-Si:H
structure. Nevertheless, it is still not clear for the different
behavior of photocurrent as well as electric field between the
absorption coefficient in the range of 400–700 cm�1 and
800–1200 cm�1. In Fig. 4, we give the time-dependent
electric field and photocurrent distribution inside the
structure. For comparison, the absorption coefficient is
selected as a¼ 500 and 900 cm�1, respectively, to represent
the different behavior described previously.

The calculated time-dependent electric field and photo-
current density distribution throughout the whole structure
for a¼ 500 cm�1 are shown in Figs. 4a and b. Starting from
the initial state, the distribution of the electric field adjusts
continuously and becomes stable within 0.5 ns. A similar
trend is also reflected in the distribution of photocurrent.
Here, more attention should be paid to the first several
nanodot layers, where the electric field decreases smoothly
with time, meanwhile the photocurrent density also deduces
until it reaches the stable state. The dynamic process for
a¼ 900 cm�1 is shown in Figs. 4c and d, which exhibits
different time evolutions compared with those at
a¼ 500 cm�1. In particular, for the former nanodot layers,
the electric field decreases gradually with time at first,
afterward it experiences a sharp reduction to nearly zero, and
then it achieves equilibrium. While for the photocurrent, it
first reduces, and then undergoes a dramatic increment
before finally reaching a stable state.

The above discussion shows that the biggest discrimi-
nation between the time-dependent photocurrent and
electric-field behavior at different absorption coefficient
conditions is that they both experience a course of two
adjustments for the case of a¼ 900 cm�1 compared with
those of a¼ 500 cm�1. Moreover, the second adjustment of
electric field reveals an avalanche-like phenomenon for the
former nanodot layers. With the quick decrement of the
www.pss-b.com
electric field, the probability of resonant tunneling reduces
and correspondingly the tunneling current will decrease. On
the contrary, we note that the photocurrent increases in these
layers, which means that the miniband transport current
increases greatly and becomes the dominant component of
the photocurrent. Figure 5 displays the calculated resonant
tunneling current jRT and miniband transport current jMB

components separately at steady state throughout the whole
structure for a¼ 500 and 900 cm�1. It is clear that when
a¼ 900 cm�1, jRT is much smaller than jMB in the first
nanodot layer. And along with the nanodot layer, jRT first
decreases and then increases, whereas jMB has the opposite
trend. When k is larger than 10, jRT starts to be higher than
jMB and becomes the dominant part in the final collected
photocurrent. While for the case of a¼ 500 cm�1, jRT is
higher than jMB throughout the whole structure.

With regard to the avalanche-like phenomenon of
electric field at a¼ 900 cm�1, we consider it as a result of
electric-field-dependent resonant tunneling behavior.
During the process of dynamic adjustments, the tunneling
probability will be greatly reduced if E decreases to a certain
value, leading to the dramatic reduction of tunneling current.
In order to maintain the dynamic electron concentration, the
miniband transport current has to be enhanced, which will be
realized by sharply increasing the electron concentration in
the layers since the miniband transport coefficient is not
subject to the electric field. Meanwhile, the substantial
increment of electron concentration again breaks the
distribution of electric field, resulting in a rapid decrement
of electric field based on the Gauss law.

Therefore, the gain effect of the observed photocurrent
originates from the avalanche-like second adjustment of
electric field when it reduces to a critical value during the
dynamic process. In this case, the critical condition comes
from the absorption process. That is, on increasing the
absorption coefficient, more photoelectrons are generated.
When the electron density reaches a certain level, it will lead
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to a different dynamic behavior for the electric field and
photocurrent. However, it is important to note that the
absorption coefficient variation caused by different incident
photon energy is only an external cause, while the nature lies
on the existence of resonant tunneling effect due to the
discrete levels in nc-Si:H material, which enables the
complementarity between the resonant tunneling current
andminiband transport current. Especially in the first several
nanodot layers, the second adjustment is accompanied with a
conversion of photocurrent component from resonant
tunneling dominant to miniband transport dominant.

3 Conclusions In summary, we observe a photocur-
rent gain effect in the nc-Si:H sample at low temperature,
which can be simulated by amodified rate equation of a two-
energy-level system. By employing the theoretical model,
we calculate the absorption-coefficient-dependent distri-
butions of electric field and photocurrent. It is found that their
behavior has a split between different absorption coefficient
regions. Detailed analyses reveal that an avalanche-like
phenomenon of the electric field appears during the dynamic
process of achieving equilibrium, accompanied by the
conversion of resonant tunneling dominant current to the
miniband transport-dominant current, which leads to the
observed enhancement of total photocurrent. However, the
physical nature behind the gain effect is the resonant
tunneling effect due to the discrete quantum energy levels
inside the nc-Si:H sample.
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