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The main objective of this research is a numerical investigation of the transport properties in hydrogen-
ated nanocrystalline silicon thin films for solar cells applications using the wxAMPS software tool. The sim-
ulated samples were fabricated at 100 °C using radiofrequency magnetron sputtering (RFMS) method with
RF power 220 W, a gas mixture of 30 % of argon and 70 % of hydrogen under a total pressure of 3 Pa and
the target — sample holder distance, fixed at 70 mm, were maintained constant for the three categories in-
trinsic, phosphorus doped and boron doped films at deposition times of 3 and 30 minutes. The simulation
carried out in this research, is based on a layer of nanocrystalline silicon that was constructed using succes-
sive and alternative crystalline and amorphous thin layers where their total number is depending on the
thickness of the considered sample. The electronic transport mechanism is studied and findings clearly
demonstrated that doped and undoped samples have different activation energy (E,) which obviously illus-
trates the crucial role of doping. The E, is less than 0.2 eV for all the simulated samples strongly indicating
a hoping transport mechanism. These results were compared to experimental and previous works where a

good agreement was observed.
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1. INTRODUCTION

Low-temperature synthesis of nanocrystalline silicon
thin films (nc-Si: H) was discovered by Veprek and
Marecek in 1968 [1]. During the last few years, research-
ers have extensively studied the nc-Si: H for different en-
ergy applications since the early 1990s, including thin
film solar cells, thin film transistors, light emitter devices,
photodetectors, synaptic devices as well as nonvolatile
memories [2, 3]. They exhibit superior doping efficiency,
higher mobility and low absorption compared with those
of hydrogenated amorphous silicon thin films [4] and high
stability under illumination as well as higher conductivity
[6]. A variety of growth techniques have been used to pre-
pare these types of silicon. These methods include the ion
implantation of silicon (Si) into dioxide silicon (SiOg)
films, deposition of thin films of Si nanocrystals by sput-
tering [6], plasma enhanced chemical vapor deposition
(PECVD) [7] or low-pressure chemical vapor deposition
techniques (LPCVD) [8], aerosol deposition of Si nano-
crystals [9] and radio frequency magnetron sputtering at
low temperature (RFMS) [10, 11]. Interestingly, an
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impurity such as boron significantly influences the crys-
tallinity [12] while low-temperature deposition is needed
for better one [13, 14].

The nc-Si: H material properties are not well under-
stood because of the complexity of its structure. The con-
ventional structural picture of nc-Si:H materials in-
cludes crystalline nano-grain with sizes around 5 to 20
nm [15, 16] forming columns with a diameter of around
200 nm, dependent on the substrate temperature [17],
tending to grow perpendicular to the film surface, hydro-
genated amorphous often called ‘tissue’ and voids are
also found within this material [12, 18, 19]. A difficult
characterization of this material is due to the heteroge-
neous structure because some concepts in homogenous
materials such as crystalline and amorphous semicon-
ductors may not be applicable for nc-Si:H due to its band
gap which is not well defined or characterized [19].

The heterogeneous structure of this kind of material
and its complex configurations make very difficult all at-
tempts to correlate the structure properties with electri-
cal transport mechanism [12, 20]. The conduction mech-
anisms are discussed in different models that involve
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potential barriers at grain boundaries, tunneling, hop-
ping, and percolation [21]. Differences and similarities
between intrinsic and doped nc-Si:H conductivity were
observed and these are also explained on the basis of re-
cently published studies [22].

It will be useful to start with a brief discussion of the
basic problem: Macroscopic measurements can clarify
the dominant transport mechanism, but not the specific
network responsible for the conduction. In other words,
macroscopic transport measurements can indicate how
but not where (i.e., in which phase of the film) the con-
duction takes place [18]. The conductive atomic force mi-
croscopy (C-AFM) studied by Rezek et al., [23] and scan-
ning tunneling microscopy (STM) investigated by Ross
et al., [24] have shown that conduction takes place
through the individual crystallites, consistent with mac-
roscopic data and in agreement with the relatively high
conductivity of those crystallites. D. Azulay et al., [25]
have suggested that transport takes place in some disor-
dered silicon tissue, rather than via the crystallites. The
discrepancy between the microscopic results of these two
groups has been explained by taking into account the dif-
ferent procedures of growth of the Si films: the samples
investigated by Azulay et al. were grown under high vac-
uum, while those studied by Rezek et al could have con-
tained considerable oxygen concentrations that could
yield unintentional doping of the layers [18]. Therefore,
further investigation of the transport mechanism in nc-
Si: H cell is still necessary.

For a better understanding of the physical origins of
conduction behaviors in the nc-Si: H, it involves to take
into consideration the possible conduction mechanisms
between two phases: two crystallites in large grain (col-
umn), between large crystalline grains (potential barrier
between them) and between crystalline/amorphous
which depicts the potential barrier of the heterojunction
[26]. The main problem regarding such composites is
then the determination of the dominant electrical con-
ducting network and the related transport mechanism
as described for microcrystalline silicon by [27, 28]. For
this propose, we attract a considerable attention on the
simulation study of nanocrystalline silicon based on sim-
ulation model described in previous published works
[28, 29], as well as the seto’s model which is well de-
scribed in [30]. The conduction mechanisms occurring in
these cells will be investigated with a developed version
of AMPS program called wxAMPS [31] and more details
are given in the next section. The simulation results will
be compared with the experimental ones studied by
Benlakehal [12].

2. EXPERIMENTAL AND MODELING

In this work, the simulated samples were fabricated
and studied experimentally [12] using radiofrequency
magnetron sputtering (RFMS) method with RF power
220 W, a gas mixture of 30 % of Argon and 70 % of Hy-
drogen under a total pressure of 3 Pa and the target —
sample holder distance, fixed at 70 mm, were main-
tained constant for the samples. The deposition rate of
3 and 30 minutes were tested. They investigated film
conductivity via several technological parameters, such
as doping type (p and n), deposition rate and crystalline
grain size and comprehensive models current transport.
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The size shape and density of crystallites embedded in
the amorphous matrix of the all samples were deter-
mined by Raman spectroscopy. For the films deposited
during 30 minutes at 100 °C, the Raman spectra indi-
cated the important presence of the crystallites in the
samples which is described in detail in [12, 32].

Structurally, we believe that a nc-Si: H material is
composed of crystalline silicon grains separated by
amorphous silicon grains boundaries (GBs). Conduction
through a nc-Si film is strongly affected by potential bar-
riers at the GBs, associated with the large density of
trapping states caused by defects at the GBs [33].

The structure of nanocrystalline silicon makes the
experimental study of the optical and electrical proper-
ties of the resulting solar cell more complex. For further
optimization of the solar cell performance, a good under-
standing of the contribution of each layer and interface
to solar cell performance is imperative. These contribu-
tions can be investigated by numerical simulation in or-
der to complement the limitations of experimental work.

In a real polycrystalline material, the crystallites
have an unequally distributed size, irregular shapes and
orientations [3]. It is composed of small crystallites of
size about 30 nm joined together by a few disordered
atomic layers, which results in carrier trapping at the
grain boundary (GBs), creating a potential barrier [30].
The adopted model to explain the conductive properties
of polycrystalline material, originally proposed by Seto,
called the grain boundary trapping (GBT) model [34,35].
It Considers a one-dimensional chain of identical nc-Si
having a grain size (D), where the (GB) thickness is
small relative to the grain size, as shown in Fig. 1.

In this article we have applied directly a (GBT) model
for nc-Si: H films which identifies the conduction of nc-
Si: H as a thermionic emission and thermal-assisted
tunnelig processes using wxAMPS software.

Grain boundary

=i nanocrystallites

Front contact
Back contact

Fig. 1 — Simulation model following the Seto and Le Comber
models

According to the GBT model, we assumed in the first
approximation an alternating stack of a-Si:H (GBs) and
c-Si (crystalline grains). From one electrode to other,
during their emotion, electrons cross crystalline and
amorphous phases that can support this model. In fact,
the growth of the material is perpendicular to the sub-
strate and the displacement of the charge carriers can
be in the transverse or longitudinal direction according
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to the electrodes disposition. In both cases the simula-
tion model of electron transport is the same. The number
of films is fixed and the size of crystalline films is as-
sumed to have the same value and varies between 5 nm
to 20 nm depending on their volume fraction whereas
the amorphous grain size varies between 2.5 nm till 7
nm [36]. In our study, the crystalline fraction (X.) will be
calculated by the following formula:

_ Y crystalline layer thickness
Xc 2.1)

- Y crystalline layer thickness+y, amorphous layer thickness

We have changed the crystalline fraction by varying
thickness of crystalline silicon layers to examine the in-
fluence of the electrical and structural properties of vol-
ume crystalline fraction on conduction mechanisms. In
order to compare the experimental results with those
simulated, we must take into consideration the crystal-
line volume fraction measured by Raman and ellipsom-
etry spectroscopies [12].

Three categories (intrinsic, n doped and p doped),
with their corresponding X, of samples were prepared
at T=100 °C and times of 3 min and 30 min as indicated
below:

« intrinsic films: i03min (X; =0, d = 43 nm) and i30min

Xe = T4%, d = 395 nm)

* n doped films: n03min (X, = 35%, d = 47 nm) and
n30min (X; = 72 %, d = 428 nm)

< p doped films: p03min (X; = 38%, d = 43 nm) and
p30min (X = 73,5 %, d = 433 nm)

The wxAMPS-1D tool is an improved version of
AMPS, and was developed by Prof. Angus Rockett and
Dr.Yiming Liu at the university of Illinois at Urbana
Champaign, in collaboration with Nankai University of
China. It is a substantially new solar cell simulator for
modelling one dimensional devices composed of various
materials. This modified version accepts the same input
parameters and ensures the similar physical principles
and numerical descriptions of defects and recombination
as AMPS [37, 38]. wxAMPS is written in C++ and in-
cludes a number of revisions to the basic algorithm [38].
In addition, wxAMPS version has the capabilities to in-
clude several different tunnelling principles: trap as-
sisted, intra-band, and band-to-band mechanisms
[31, 39]. It solves simultaneously the Poisson equation
and the electron and hole continuity equations by using
the method of finite differences and the Newton-
Raphson technique.

The continuity equation in one dimension along the
x-axis for both electrons and holes can be written as:

on _ 19]/x(x) _

2= o tGn— Ry 2.2)
o _ 195 _

at = 7 ox +6, - Ry (2.3

where G, (G,) and R, (R,) are the generation and recom-
bination rate of both electron and holes respectively.
Jnand J, are the electron and hole current densities.

Poisson’s equation links free carrier populations,
trapped charge populations, and ionized dopant popula-
tions to the electrostatic field present in a material sys-
tem. In one-dimensional space, Poisson’s equations are
given by:
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L~ ) = qlp() - n@) + N () — Ny () + pe()
n,(x)] &4

Where the electrostatic potential V and the free electrons
n, free holes p, trapped electrons n;, and trapped holes p;,
as well as the ionized donor like doping N7 and ionized ac-
ceptor like doping N; concentrations are all functions of the
position coordinate x. Here, € is the permittivity and q is
the magnitude of the charge of an electron.

The crucial point in modelling a device based on
nec-Si:H material is to define the role played by the
boundary regions between the crystalline grains and the
amorphous matrix. In this transition regions it is sup-
posed to be localized a high concentration of defects in
the lattice structure. If the distance between two adja-
cent grains is large enough this region could be treated
similarly to a heterojunction. To distinguish one
transport mechanism from the others, we employ the
well-known general junction rectification model [40] to
clarify the relation between the current and the applied
forward bias voltage.

We have to devise different mathematical models
which are able to describe the important physical phe-
nomena for a particular situation or for particular de-
vice. Moreover, since in some cases we are not interested
in all the available physical information, we need sim-
pler models which help to reduce the computation cost
in the numerical simulations [41].

Based on the approach consideration of nc-Si:H cells
as a diode, [19] the dark JVT characteristics can be given
by the following formula:

J=Jolexw (3z) =1]
Where k is the Boltzmann constant, n is the ideality fac-
tor and J, is the saturation current density. In this case,
a very good phenomenological approximation for most
diode and solar cells even though the complicated recom-
bination is given by the following relation [19, 42]:

(2.5)

Jo = Jooexp (—22) (2.6)

log Jo = 10g Joo — 12 @7
Where E, is the activation energy.

The above equation has the form of the equation de-
picting a straight line y = A + Bx. It is observed that the
nc-Si:H is biphasic material consisting the crystalline
and amorphous silicon. Accurate modelling and simula-
tion of thin film solar cells based on nc-Si:H requires
models that describe the specific material parameters
based on their component such as the amorphous and
crystalline phases.

In crystalline semiconductor carrier transport takes
place in extended states inside the energy bands and the
high carrier mobilities are limited by scattering at pho-
nons or impurities. The gap states appear as isolated
states and electronically communicate with the energy
bands only. In our numerical simulation, the atoms of
crystalline silicon are well organized which is reflected
by the absence of band tails in the gap but there is no
perfect crystalline structure and the existence of some
vacuum create localized states in the middle of the gap.
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Therefore, the density of state (DOS) of crystalline sili-
con can be parameterized with a donor and an acceptor
Gaussian distribution located at midgap with very low
value [21, 28]. In an amorphous semiconductor disorder
causes localization at the band edges and tails of local-
ized states extend deep into the energy gap. The local-
ized and extended states are separated by mobility edges
which for the transport mechanism, at higher tempera-
tures, play a role quite similar to the band edges in crys-
talline semiconductors [21]. In the present simulation,
we need an initial set of parameters for all the properties
of the grain boundaries (amorphous matrix) and the
grain crystalline silicon materials like band gap, elec-
tron affinity, doping, mobilities, gap defect states distri-
bution in the bulk and at interfaces, B and P doped con-
centration. The input parameters and thickness for each
layer adopted in our simulation model were derived from
the properties of the reported materials in the literature.

2.1 Defect State Distribution of c¢-Si and a-Si

2.1.1 Electrical and Defect (Middle Gap) Parame-
ters

|Amorphous siicon laver / Crystaline Siicon layer [Amorphous siicon yer
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Fig. 2 — Set parameters of simulation

PHIB: represents the height barrier in the contact be-
tween the metal and semiconductor.

PHIB = ¢ — x5, where ¢, is the work function of the
metal and yg is the electronic affinity of semiconductor
(eV).

SN: Surface recombination speeds of electrons (cm/s).
SP: Surface recombination speeds of holes (cm/s).

Bias voltage: Applied voltage on our samples.

3. RESULTS AND DISCUSSION
3.1 Current - Voltage Characteristics

The electrical characteristics study of any solar cells
under dark conditions allows one to determine the device
parameters. It is the easy way to estimate its quality and
performance.

From the solution provided by the wxAMPS simula-
tion, output such as the dark current voltage character-
istics under different temperature values, shown in Fig.
3a, which reflects a clear behavior governed by the Eq.
(2.5) where the curves exhibit approximately a linear be-
havior at a given temperature. We found that the dark
current density-voltage characteristics fit the standard
diode ones. In this study, many more nc-Si:H structures
were simulated.

Parameters extraction is a fundamental process to
evaluate the performance of photovoltaic (PV) devices.
The obtained parameters can be used not only to predict
the behavior of solar cells but also to obtain essential in-
formation about device performance and efficiency.
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Fig. 3 — (a) An example of current density voltage characteris-
tics of nanocrystalline silicon (n30min100) under dark condi-
tions at different temperature values and (b) (Log(J) vs V)

One of these parameters is the pre-exponential factor J
Eq. (2.5), deduced from the logarithm of the dark current
density versus voltage at different temperatures (JVT)
characteristic as shown in Fig. 3b. The J, of the samples
in the model are the y-intercept value of the linear regres-
sion plot of the Eq. (2.5).

One of the most important parameters that we are
looking for is the activation energy which is strongly af-
fected by the structure and the type of the considered
material.

3.2 Conductivity Activation Energy

The activation energy (E,) determination procedure
is shown in Fig. 4, which represents the log of J, as a
function of 1/KT. The slope of the linear fitting indicates
the E,while the interception with the y axis represent
the pre-exponential factor (Jyo) in Eq. (2.6). This method
was applied to the rest of samples to calculate their cor-
responding activation energies. We found that only one
electronic transport mechanism is dominated for all
samples, Mott variable-range hopping (Mott-VRH) oc-
curs at the temperature range of 270 to 450 K as re-
ported by [43].

10°% | = n30min
i o 10 gsiaagh] 1
& y=10,840-0,
1% 5 R2=0,994
e r
E o0
-
‘-—=’ r
o 10tk
e
- F
10° r
r
10‘2 3
-
r
10-4 1 " 1 " 1 " 1 " 1 " 1
20 40 60 80 100 120
1/KT (eV)

Fig. 4 — An example of n30min sample illustrating fitting pro-
cedure to determine the activation energy of the samples
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3.2.1 Undoped nc-Si:H Samples

The intrinsic samples (undoped) were deposited
without any impurities during 03 min and 30 min and
their activation energies (E,) are simulated and the re-
sults are given in Fig. 5. This latter clearly demonstrates
that both samples have an E, less than 0.13 eV. The
sample 103 min is fully amorphous structure. Its small
activation energy E, = 0.100 eV, simulation value, indi-
cates that the majority of the charge carriers reside in
localized states existing in the band gap and never need
to be excited directly to conduction band. This is often
the case for amorphous materials in this range of tem-
perature [44]. The states localized around the Fermi
level is the dominant process. Experimentally, this small
value can be interpreted by the presence of oxygen atoms
in the films which seem to play an important role in the
electrical conduction mechanism [12]. The deposition
time, 30 min, gave a complex material, nc-Si:H, contain-
ing a nanocrystal embedded in amorphous tissue. This
material type has a 74 % of crystalline fraction and very
important defects located in the amorphous tissue which
is assumed as grain boundaries in our simulation model.
The E, = 0.129 eV is confirmed that the grain boundary
plays an important role in the carrier transport process
in un-doped nc-Si film which can be well described by the
previously proposed model.

F LN
. O\Q\ =— i30min
107 L RN O |=o—i03min
F m Q.
[ \. \O
\_\ “o.
- “m \o
- Y
;:g " E= 0,100 eV
-~ | |
5 e
o 106 - E=0,129eV ANy
5 "
.\
™,
N
]
1 05 1 1 1 1 1 1 1 1 1

28 30 32 34 36 38 40 42 44
1/KT(eV™")

Fig. 5 — Simulated variation of Log J,(T) as a function of the in-
verse of KT, in temperature range 270-400 K obtained for intrin-
sic silicon thin films deposited at 3 min and 30 min 7= 100 °C

It is possible, however, to modify the conductivity of
the semiconductor solar cells over many orders of mag-
nitude. Among conventional methods, doping is a key
factor in improving the performance of semiconductors,
considered as an effective way for the practical use of in-
trinsic ones [45, 46]. To increase the electron density in
our samples an impurity such as phosphorus (P) is sub-
stituted for some of the Si atoms [47]. It was reported
that introducing a great deal of P atoms in the silicon
matrix can be helpful for the formation of four-coordina-
tion, especially after annealing, leading to an increase in
the structural ordering of the samples and in turn pro-
motes crystallization [3].

Similarly, the introduction of trivalent impurity such
as boron B will introduce localized states just above the
valence band called acceptor levels where holes are the
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majority carriers. However, such doping is accompanied
by an increase in the bond-angle and bond-length per-
turbations. The B atoms incorporated in the films cause
the distortion of the short range orderness, which may
produce a slight reduction of crystallinity in B doped
ne-Si:H films [45]. Therefore, study on the properties of
doped nc-Si:H is necessary and important [2, 45].

3.2.2 n-type nc-Si:H Samples

As indicated in the experimental work [12], these
samples were deposited using phosphorus impurities,
during two different periods of time as the intrinsic ones.
The conductivity activation energy of nc-Si:H films pre-
pared at period 30 min is significantly reduced after P
doping compared with those prepared at period 03 min
as illustrated in Fig. 6.

a/ )\‘1&

N 2
O—O0_

0 E,=0,120 eV
N
1)\

~ 10"} O
e = n30min P
2 —0—n03min N
= .
o0 =
-3 - b -

100 E,=0111eV "—g

105 L L 1 L L 1
28 30 32 34 36 38 40

1/KT(eV™")

Fig. 6 — Simulated variation of Log J,(T) as a function of the in-
verse of KT, in temperature range 290-400 K obtained for n doped
nanocrystalline silicon thin films deposited at 3 min and 30 min at
T'=100 °C at a concentration of phosphorus N, = 50 ppm

The majority of carriers, in these samples, are elec-
trons and the curves, in Fig. 6, are well fitted by the Eq.
(2.6). The calculated activation energy, by simulation, of
both samples is around 0.1 eV which strongly means
that doping has a crucial role in effecting the electrical
properties of the films. The comparative study of both n-
doped (n03min, n30min) and intrinsic i30min nc-Si:H
thin films shows a slight decrease of E, values in the
presence of phosphorus impurities. However, according
to [48,49], at certain range, the phosphorus doping ratio
enhances the film conductivity. The decrease in E, sug-
gests that the structure becomes more crystalline with
increasing dopant concentration, as discussed experi-
mentally in [3,45], hence generating electron hole pair
will be easy with small energy. The weak values of E,
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might be due tothe fact that the Fermi level is shifted
near the conduction band by defects in the distorted net-
work at the transition between crystallites and the sur-
rounding amorphous matrix as it suggested by [10].

3.2.3 p-type nc-Si:H Samples

As confirmed in the experimental work [12], these
samples were elaborated using boron impurities, at two
different periods of time as the previous ones. After B
doping, the E, of nc-Si:H films prepared at 30 min is sig-
nificantly increased compared to those prepared at 03
min as shown in Fig. 7.

= a O p30min
- |—®— p03min

2 Ea=0,216 eV

_10F -
(o}
E \ a
< \ ul
>
8 =0,180 eV =
g0 Ea=0,180 ¢ u
= 100k N ‘

28 30 32 34 36 38 40
1/KT(eV")

Fig. 7 — Simulated variation of Log J,(T) as a function of the in-
verse of KT, in temperature range 290-400 K obtained for p
doped nanocrystalline silicon thin films deposited at 3 min and
30 min at 7'= 100 °C with concentration of boron N, = 100 ppm

The linear fit, represented in Fig. 7, reveals that the
activation energy of both samples is around 0.2 eV,
which strongly implies that the doping has an important
effect on the electrical properties of the films, where it
will be easy to generate electron hole pair with small en-
ergy but still bigger than that of P doped nc-Si:H. The
value of E, suggests also that the Fermi level moves from
its intrinsic position towards the top of the valence band
due the doping effect [2]. The E, values of B doped nc-
Si:H is increased compared to those of P doped and in-
trinsic nc-Si:H films. At the end, the crystallinity of the
films decreases when the doping concentration of the Bo-
ron increases. Such behavior could explain that the large
amorphous fraction produces a large disorder material
leading to low dark conductivity [43,49].

Our simulation results are in good agreement with
the previous experimental findings relative to doped and
undoped nc-Si:H [12], as illustrated in the Table 1.

Table 1 — Activation energy comparison between simulation and experiment results

Sample name Thickness (nm) Crystalline fraction X, (%) Siﬁii;:?j;fn Cnerey g;;e[}_%] |
103min 45 00.00 0.100 0.120
130min 450 74.00 0.129 0.180
n03min 45 35.00 0.120 0.120
n30min 450 72.00 0.111 0.140
p03min 45 38.00 0.180 0.110
p30min 450 73.50 0.216 0.200
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From Table 1, it is clear that E, is in the range 0.1-
0.2 eV. These values are clearly different from a typical
recombination diode and must be explained by other
mechanisms [48]. Our samples are considered as a
mixed semiconductor phases. The grain boundaries act
as potential barriers for charge transport and play a piv-
otal role in determining charge transport properties of
nc-Si: H [36].

According to some authors [51, 52], the grain bound-
ary region mainly controls the charge transport at low
temperatures, and the electrons are able to surmount
the lower barrier by tunneling. The logical and reasona-
ble E, values clearly support the hypothesis and suppo-
sition that at the grain boundaries, the carriers
transport (current) is dominated by the tunneling pro-
cess. For this kind of materials, the greatest crystallinity
leads to the thickness of smallest barrier and therefore
to a larger tunnel effect [53]. Mott suggested that at low
temperature the most frequent electron hopping be-
tween localized sites would not be essentially to the
nearest neighbor, because phonons may not have
enough energy for transferring to a nearest neighbor
atom at higher energy level and the charge carrier pos-
sibly hops from a neutral atom to another same one sit-
uated, many inter atomic distance away, with the same
energy level [564]. The tunneling transitions (hopping) of
carriers from occupied to unoccupied localized states,
called variable range hopping (VRH), and one or more
phonons may be involved in the hopping process [54].
Electrons can move by hopping from a localized state to
another one under a weak thermal activation (low acti-
vation energy) which strongly satisfies the Anderson’s
criterion [55].

It has been pointed out that the increase in conduc-
tivity could be due to the increase in the portion of hop-
ping conduction through defect states associated with
the impurities [56]. A special attention has been paid to
the effect of the presence of B and P atoms on the struc-
tural and electrical properties. Table 1, obviously indi-
cates a remarkable comparison of our results obtained
for intrinsic and doped samples deposited at the same
period of time. Introducing P impurities in nc-Si:H leads
to a decrease in E,, which increases in the case of B
doped. The above-mentioned results could be explained
by the importance of grain boundaries (amorphous lay-
ers) that play the role of potential barriers. Therefore,
they impede the motion of free carriers by trapping [35].
Such grain boundaries have a large number of defects
which can trap the carriers and form the electrically
charged states. These latter impede carriers’ motion be-
tween different crystallites thus mobility is reduced.

3.3 Energy Band Diagram

The interfaces between the layers of the solar cell
play a key role due to the electron energy level differ-
ences and their relative alignment. This latter describes
built in electric fields that appear across material junc-
tions which illustrate the drift currents preferred direc-
tion and suggesting potential tunnelling effect. This in-
dicates a clear idea and a deeper understanding to the
workings mechanisms of the device [57].

Considering the present nc-Si:H films surface with
less amorphous components and potential energy
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barriers due the GBs between crystalline regions. De-
pending on the crystallinity, we take into account the
two types of the tunnel junctions created between adja-
cent crystallites and that produced between adjacent
crystallites columns [58]. The difference in energy band
gaps creates valence and conduction band offsets which
act as barriers to carrier transport. The simplified en-
ergy band diagram carried out by simulation is plotted
in Fig. 8, where E; and Ey represent the edge of the con-
duction and valence band, while the E, and Ef, are the
quasi-Fermi levels, Ej, is the potential barrier height.
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Fig. 8 — Band diagram example of model structure

Amorphous regions create a barrier potential GB be-
tween two crystalline regions. The heights of the GB po-
tential barriers of each sample are not constant. The
GBs width vary in the range of 2.5 nm till 7 nm [36, 58].
The barrier heights were different at different interfaces
depending on varying density of defect states at every
GB, as depicted in Fig. 8. Several models have been pre-
sented to comprehensive and rationalize the carriers
transport mechanism happened at the interface between
two materials in order to identify and optimize this con-
tact or activation energy. In terms of classical semicon-
ductor theory, the carriers concentration n, and the con-
ductivity o can be written as [3, 20, 59]:

ng o exp [—(E¢ — Ef)/kT] 3.1)
o = noquty o exp [~ (Ec — Er)/KT]xexp [~Ey/KT]
exp [—(E¢c — Ef + Ep)/KT] (3.2)

Therefore, the activation energy is E, = Ec — Ef + E},
as indicated in Fig. 8. It can be seen from Fig. 8 that the
conduction band offset represents the potential barrier
height E,of the grain boundaries written in the equation
of conductivity. Its value, undoped case, can be well es-
timated from the curve showing in the Fig. 8, E, =
0.08 eV. The energy difference value between the Fermi
level and the top of the potential barrier is approxi-
mately Ec —Er = 0.038 eV. Therefore, the conductivity
activation energy is E;~0.12 eV.

The Table 1 above shows a comparison of the activa-
tion energy estimated from the energy band diagram
and the one estimated from the dark current character-
istics. The samples n03min of (E; = 0.12 eV) and n30min
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of (E, = 0.14 V) clearly indicate that the activation en-
ergy obtained with this structure is nearly constant over
all bias range and these values differ from the actual
conduction band discontinuity 4E.; only by a few orders
of magnitude meV. It is well known that the activation
energy of crystalline silicon and their amorphous silicon
tissue counterparts were considered to be a half of opti-
cal band gap [23].

In previous work [3, 60], these values are the activation
energy which corresponds to the potential energy barrier
height. This later represents the height of the CB disconti-
nuity in an a-Si/c-Si heterostructure. Besides, no experi-
mental verification of the barrier height is available to date.
Usually, The phenomenon of tunneling mechanism
through the interfaces has seldom been introduced in the
simulation of the solar cell [61]. However, there are some
simulation works that take into account the importance of
the tunneling process across contacts [62]. As was stated in
the section 2, wxAMPS version has the capabilities to in-
clude several different tunneling mechanisms. This end
helps to interpret that the tunneling current across the
junction interfaces is much more important in these struc-
tures for low bias as indicated in the Fig. 9a, where the tun-
neling process across the conduction band offset may be a
realistic scenario.
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Fig. 9 — Band line-up of the a-Si/c-Si contact. a) n-type nc-Si:H:
Electrons generated in the ¢-Si can traverse through the barrier
potential (conduction band discontinuity 4E;) by tunnel hop-
ping. b) p-type nc-Si:H: Holes generated in the c¢-Si can traverse
through the Valence band discontinuity AE,, by tunnel hopping
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Table 2 — Different energy levels electrical calculated from en-
ergy band diagram

Sample Ec — Ef (eV) E,(eV) or AE; | Eg(eV)
i03min 0.038 0.08 0.12
n03min ~0.12 ~0.10 0.12
n30min 0.054 0.140 0.14
p03min — — 0.18
p30min — — 0.216

The samples p03min and p30min of activation en-
ergy values E; = 0.18 eV and E, = 0.216 eV respectively
are calculated from the energy band diagrams. These re-
sults also are comparable with the ones calculated from
the dark current characteristics. In the Silicon Hetero-
junction (SHJ), it is well known that the thermionic
emission is considered as the main transport mechanism
used in the simulation studies of silicon heterojunctions
[62]. But the findings reported in the Table 1 above
strongly indicate another transport path. Kanevce and
Metzger discussed the carriers transport process
through the contact between the n-type a-Si:H and
p-type c-Si layers in detail. Their results clearly demon-
strated that an important fraction of the current was de-
rived from tunneling into and tunneling hopping in the
layer of a-Si:H [61]. In contrast, simulations that include
tunnel hopping in a-Si:H, or its alloys show good agree-
ment with the experimental data [12]. In fact, some sim-
ulation works that clearly illustrate a considerable im-
portance to tunneling across the contact or tunnel hop-
ping in valence band tail states in the a-Si:H film as
demonstrated in the Fig. 9b [61, 62]. Although, the exact
understanding of carrier mechanism is still a subject of
discussion and challenge as described by [62].

4. CONCLUSION

In this paper, the dark current mechanisms of nc-Si:
H is theoretically and experimentally studied. A com-
plete dark current model considering tunneling mecha-
nism under low bias is constructed. Intrinsic, B and P
doped nanocrystalline films, with different crystalline
fraction were simulated by assuming them as an alter-
nating of a-Si:H and ¢-Si layers. It generates JVT char-
acteristics of the device which show a good agreement
with the experimental data.

An analysis of the behavior of the dark JVT curve
and the processes involved in the operation of the solar
cells was carried out based on the interpretation of the
main extracted parameter, E,. Its values were found, in
simulation and experimental, in the range of 0.12 to
0.20 eV. According to these values, the electronic
transport mechanism in the films is attributed to the po-
tential barriers that occur at the heterojunction inter-
faces. These results suggest that the nc-Si:H with a wide
range of structure in a given voltage is mainly domi-
nated by a tunneling mechanism: Variable Range Hop-
ping ‘VRH’ type, or Mott’s conductivity instead of the
thermal activation model. The good agreement between
the simulated and experimental findings observed for
different samples confirms the validity of this approach.
Doped nc-Si:H samples show a remarkable difference in
the dark JVT characteristic compared to the intrinsic
ones. P dopant impurities improve further ordered of
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nc-Si:H films and therefore high conductivity but the B
dopant impurities show the opposite trend; low crystal-
linity fraction in nc-Si:H and low conductivity.
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wxAMPS-moaeioBaHHA MeXaHi3My €JIEKTPOHHOIO [IEPEHOCY Y BJIACHUX
Ta JIErOBAHUX HAHOKPHUCTAJIYHUX KPEMHIi€BHX TOHKHUX IUIIBKax
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IIpeacraBiieHo YnCII0BE TOCITIKEHHS TPAHCIOPTHUX BJIACTUBOCTEN Y TOHKHUX ILIIBKAX I/IPOreHi130BAHOIO
HAHOKPHCTAJIIYHOTO KPEMHIIO I COHSTYHMX eJIEMEHTIB 34 JOIIOMOT0I0 IPOrpaMHoro 3abesmeueHas wxAMPS.
MonenvoBani 3pasku Oysu BurorossieHi mpu temmepatypi 100 °C 3a 10momMorono MeToy paioqacToTHOTO Ma-
raeTporHOro posmmwienus (RFMS) 3 moryskHicTio pamiodacTorHoro BumpominoBanus 220 Br, razosoi cymirmi
3 30 % aprony Ta 70 % BomHIO mix 3aranbHuUM THCKOM 3 Ila, a BimcraHp MK MIIIIEHHIO Ta TPEMAaYeM 3pa3Ka,
(ikcoBana Ha piHi 70 MM, MITPUMYBAJIACS IIOCTIMHOK JIJIsI TPHOX KATEropiil BIACHUX ILIIBOK, JIETOBAHUX
dochopom Ta sreroBarmx 60poMm, pu daci ocamkerHsa 3 Ta 30 xBuJiwH. MoJIe/TIOBAHHS, IIPOBEIeHE B IIbOMY
JIOCIIIPKEeHH], 6a3yeTbest Ha Iapl HAHOKPHCTAIIYHOIO KPEMHI0, IKUN OyB 100y0BaHMUM 3 BUKOPUCTAHHSIM
TOCJIIIOBHUX TA aJbTEePHATUBHUX TOHKUX KPUCTATIYHUX TA aMOP(MHUX IIapiB, Je iX 3arajbHa KiJIbKIiCTh 3a-
JICYKUTD Bl TOBIIMHY JOCTIIKYBAHOTO 3pasdka. JIocimxeHo MexXaHi3aM eJIeKTPOHHOI0 TPAHCIIOPTY, 1 pe3yJib-
TATH YITKO ITOKA3aJIH, 110 JIETOBAHI Ta HEeJIEroBaHl 3pa3Kyu MAlOTh PidHy eHeprio akrusaiii (E,), 110 04eBHIHO
1TI0CTpY€E BUpIIIAIBbHY POk JieryBaHHsA. K, menmre 0,2 eB g5 Beix MoeiboBaHUX 3paskiB, 10 YITKO BKA3ye
HA MEXaHI3M TpaHCIopTy 3 Hamien. Il pesyIbTaT IOPIBHANM 3 eKCIePUMEHTAILHIMHY Ta HOIEePEIHIMU POo-

foTamu, e crocrepirajgacsa qo0pa y3roaKeHiCThb.

Kmiouosi cnosa: Hanoxpucramiuamii kpemuiii, [Iporpamue 3abesneuenna wxAMPS, TemuoBa mpoBigHicTb,

Enepria akrusarrii, Crputor, MomemoBauHs.

04029-10


https://doi.org/10.1016/j.solmat.2011.10.010
https://doi.org/10.1016/j.ijleo.2016.06.094
https://doi.org/10.1016/j.solener.2021.09.066
https://doi.org/10.1002/pip.518
https://doi.org/10.1063/1.1593215
https://doi.org/10.1016/S0022-0248(03)01371-X
https://doi.org/10.1016/S0022-0248(03)01371-X
https://doi.org/10.1088/1361-6463/aac1fe
https://doi.org/10.1088/1361-6463/aac1fe
https://doi.org/10.1080/14786437508221667
https://doi.org/10.3103/S1068375519030098
https://doi.org/10.1063/1.2384812
https://doi.org/10.1103/PhysRevB.83.035318
https://doi.org/10.1007/s10854-018-9182-1
https://doi.org/10.1007/s10854-018-9182-1
https://doi.org/10.1063/1.4818512
https://doi.org/10.1016/S0304-3886(00)00027-9
https://doi.org/10.1016/S1567-1739(02)00148-7
https://doi.org/10.1016/S1567-1739(02)00148-7
https://doi.org/10.3389/fchem.2022.920676
https://doi.org/10.1063/1.2828991
https://doi.org/10.7567/APEX.8.061303
https://doi.org/10.1063/1.4733699
https://doi.org/10.1063/1.3106642
https://doi.org/10.1063/1.4926402
https://doi.org/10.1016/j.tsf.2012.03.012
https://orcid.org/0009-0003-8284-8784
https://orcid.org/0000-0002-2515-4474
https://orcid.org/0000-0002-4680-3154

