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This paper describes an investigation, by using numerical simulation, into the impacts of i-nc-Si: H
buffer layer band gap on the photovoltaic parameters of n-i-p hydrogenated nanocrystalline silicon
(nc-Si: H) solar cells. The output external cell parameters, like, the short-circuit current (Jsc), the open
circuit voltage (Voc), the fill factor (FF) and efficiency (Ey) are simulated by varying the mobility band gap
(Eg) of i-nc-Si : H buffer layer. Also, the band diagram of nc-Si: H n-i-p solar cell, the electric field and the
traped hole density at i/p interface, and the external quantum efficiency, with different values of buffer
layer band gap where optimized. The simulation result shows that in valence band and for both interfaces,
the band offsets AEv: at p-nc-Si : H (window layer) / i-nc-Si : H (buffer layer) and AEv: at i-nc-Si : H (buffer
layer) / i-nc-Si: H (absorber layer) can be affected by varying E;. It is obtained that the values efficiency
are 10.89 % and 11.33 % when the value of i-nc-Si : H buffer layer band gap are 1.4 ¢V and 1.55 eV, respec-
tively. However, the i-nc-Si : H buffer layer band gap of 1.55 eV was optimized for obtaining a better effi-
ciency for n-i-p solar cell based on hydrogenated nanocrystalline silicon.

Keywords: Nanocrystalline silicon, Buffer layer, Band gap, Simulation.

DOTI: 10.21272/jnep.8(2).02008

1. INTRODUCTION

Solar cells based on thin-film silicon (TF-Si) have
received much attention due to the raw materials and
the potential for large-area manufacturing. Especially,
for the past few years, hydrogenated amorphous silicon
(a-Si: H) solar cells, have received wide industrial and
scientific attention due to their low temperature deposi-
tion and low production cost [1, 2]. However, a-Si: H
cells have poor stability against the light. Changes in the
light and dark conductivity of a-Si:H material due to
light soaking was reported for the first time by Staebler
and Woronski in 1977 and the metastability of a-Si: H,
since then called the Staebler-Woronski effect [3]. As a
result of this effect, the performance of a-Si:H solar
cells degrades following prolonged illumination [4]. Such
issues have lead to think to make certain modification
in the exiting amorphous material. In 1968, an inter-
esting material called microcrystalline silicon was de-
veloped.  Microcrystalline  hydrogenated  silicon
(uc-Si: H), also called as nanocrystalline silicon
(nc-Si: H) in the literature, has been widely used in
various electronic devices and solar cells [5]. The solar
cell performance is influenced by structural, optical,
and electronic properties of the material. The material
consistes of nanometer-sized crystallites clustered to
form large grains with sizes of submicrometer to mi-
crometers, embded in amorphous silicon matrix [6].

For solar cell applications, not only the electronic
properties of the materials but also the stability of ele-
ctronic properties under prolonged illumination are
important. The nc-Si: H material has received great
attention by many research groups because of its better
optical absorption than crystalline silicon. Also, unlike
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amorphous silicon (a-Si: H), it has stable transport
properties that are not influenced by light induced
degradation [7]. Hydrogenated nanocrystalline silicon
(nc-Si: H) is one promising material for silicon-based
thin film solar cells, particularly as the bottom cell
material in tandem solar cells [8,9]. Therefore, the
optimization of single-junction nc-Si: H solar cells is
needed to obtain tandem cells with higher efficiency. In
the optimization of single-junction nc-Si: H solar cell,
research on the p/i interface is important since p/i in-
terface has a significant impact on the solar cell per-
formance when the i-layer quality is very good [10, 11].

In this study, we report the results of a systematic
study of the effects of the hydrogenated nanocrystalline
(i-nc-Si : H) buffer layer, incorporaed at p/i interface, on
nc-Si: H solar cells performance by using device simu-
lations. The obtained results show that cell perfor-
mance is closely affected by band gap variations of this
buffer layer.

2. STRUCTURE OF THE SIMULATED SOLAR
CELL AND SIMULATION MODEL

The structure of the simulated hydrogenated
nannocrystalline silicon (nc-Si: H) solar cell was
contain a 15 nm thick front p-doped layer of nc-
Si: H, a 10 nm thick back n-doped layer of nc-Si: H,
and an intrinsic nc-Si:H with a thickness of
1800 nm was used as absorber layer. An intrinsic nc-
Si : H buffer layer with a thickness of 5 nm, has been
incorporated between the p-layer and the absorber i-
layer. For the front contact, we have used an ITO
layer as a TCO (Transparent Conducting Oxide)
deposited on the p-side. The structure was consid-
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ered deposited on a metal (stainless steel) substrate
which functions as a back contact (Fig. 1).

Sun light

IR

p-nc-Si: H

buffer layer i-nc-Si: H

i-nc-Si: H

n-nc-Si: H

Substrat

Fig. 1 — Shematic view of nc-Si : H simulated structure

The simulation study was carried out using AMPS-
1D (One Dimensional Analysis of Microelectronic and
Photonic structures) simulator. AMPS-1D program
simulates and analyses the properties of hetero-
junction solar cells through solving the one-
dimensional Poisson equation and the electron and hole
continuity equations, based on Shockley-Read-Hall
recombination statistics, by using the method of finite
differences and the Newton-Raphson technique
[12, 13]. We studied how the band gap of i-nc-Si: H
buffer-layer affect the performance of n-i-p solar cell
based on hydrogenated nanocrystalline silicon.

A model of the continuous density of states (DOS)
was applied, in this simulation. For the density of local-
ized states in the mobility gap of different layers, it has
been assumed that there were both donor-like states
and acceptor-like states. Both of these donor and accep-
tor-like states consisted of tail states and midgap defect
states (dangling bonds). The tail states were approxi-
mated by exponential distribution. Whereas the
midgap defects were modeled using tow Gaussian dis-
tributions and are usually given as follows:

_{ Npg (E - Epg)?
9pc(E) = (mobc> exp < 720_])62 ) (€))

_ Ny _ (E - EAG)2>
9ac(E) = <maAa) “xp < 20462 @

In these equations Npc and Nag are the total num-
ber of states in the Gaussian (cm ~3), Ep¢ and Eac are
the energy position (in eV) of the peak of the Gaussi-
ans, and op; and gy; are the standard energy devia-
tions (also in eV). AMPS-1D assumes that midgap
states can be modeled using a donor level to represent
the D*/D° dangling-bond configuration and an acceptor
level to represent the D% D- configuration [12, 13].

The simulation requires input parameters such as
surface recombination velocities, barrier heights, power
density of the radiation and characteristics of the lay-
ers forming the structure to simulate. The main pa-
rameters used in the calculation are shown in Table 1.

J. NANO- ELECTRON. PHYS. 8, 02008 (2016)

In this calculation, we assumed that the front con-
tact barrier height gro (TCO/p-layer) was 1.40 eV and
the back contact barrier height gsz (n layer/metal) is
chosen equal to 0.21 eV. The surface recombination
speeds of electrons and holes were both 1 x 107 cm/s. As
a source of illumination, an AM 1.5 solar radiation with
a power density of 100 mW/ecm? was used. The light
absorption coefficient, for the different layers was al-
ready incorporated in the AMPS-1D program. We also
assumed that the back contact has a reflection (RB)
coefficient of 0.60. However, the reflection of light at
the front face (RF) was set at 0.2. In this simulation
p-layer and n-layer were assumed to be highly doped,
which is the same as experimental data, thus the ac-
ceptor and donor concentration were assumed to be
high 3 x 1919 cm -3 and 1 x 1019 cm —3, respectively.

3. RESULTS AND DISCUSSION

In order to reduce the effect of band offset at the
p-ne-Si: H window layer/i-nc-Si: H layer heterojunc-
tion interface, we have introduced a thin (5 nm) i-nc-
Si: H buffer-layer at this interface. During the optimi-
zation of i-nc-Si: H buffer-layer bandgap the values of
p-nc-Si : H window layer, i-nc-Si : H absorber layer and
n-nc-Si: H layer band gaps where kept as 1.65¢eV,
1.50 eV and 1.60 eV, respectively. The thicknesses of
p-layer, absorber layer and n layer were kept as 15 nm,
1800 nm and 10 nm, respectively. For this, we varying
the band gap of i-nc-Si : H buffer layer from 1.40 eV to
1.60 eV. Fig. 2a-d shows the variations of Jsc, Voc, FF
and efficiency with variations of i-nc-Si : H buffer-layer
band gap. From Fig. 2a, we can see that Jsc is slowly
affected by i-nc-Si : H buffer layer band gap variations.
However, Jsc increase from 20.92 mA/cm? to
21.10 mA/cm? with increasing the i-nc-Si:H buffer
layer band gap from 1.40eV to 1.55eV. Beyond
1.55 eV, value of Jsc was found to decrease very slowly.

The variations of Voc with i-nc-Si: H buffer-layer
band gap where presented in Fig. 2b. From this figure,
we can see, when the buffer layer band gap value range
between 1.40 eV and 1.55 eV the Voc increased from
744 mV to 762 mV, there has been an improvement of
18 mV. However, when i-nc-Si: H buffer layer band
gap increased from 1.55 eV to 1.60 eV the values of Voc
were maintained constant. The variations of FF with
i-nc-Si: H buffer-layer band gap where presented in
Fig. 2(c). Initially, the value of FF increase from 70 %
to 70.30 % when the band gap value increase from 1.40
eVito 1.46 eV.

The simulated results of efficiency where showed in
Fig. 2(d). The efficiency was found to gradually increase
from 10.89 % to 11.33 % with increasing i-nc-Si: H
buffer layer band gap from 1.40 eV to 1.55 eV. Howev-
er, beyond 1.55 eV the value of efficiency remains con-
stant. Hence, i-nc-Si:H buffer-layer band gap of
1.55 eV was optimized for obtaining high efficiency for
n-i-p nanocrystalline silicon solar cell.

In order to understand, in depth, the solar cell’s
output parameters variations with increasing the i-nc-
Si: H buffer layer band gap, we have shown the band
diagrams of n-i-p solar cell at thermodynamic equilibri-
um in Fig. 3(a)-(d). The band offset AEc causes a barrier
in the conduction band (Fig. 2a) which acts as a mirror
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Fig. 2 — Variations of (a) Jsc, (b) Voc, (c) FF and (d) efficiency with i-nc-Si : H buffer layer band gap for n-i-p solar cell

Table 1 — Material parameters used for AMPS-1D simulations at room temperature

Parameters p-nc-Si: H tampon i-nc-Si: H i-nc-Si: H n-nc-Si: H

&r 11,9 11,9 11,9 11,9

L (nm) 15 5 1800 10

x (V) 3,9 4,00 4,00 4,00

E; (eV) 1.65 variable 1.5 1,60
Nc(cm~-3) 1x10% 2 x 1020 2 x 1020 2 x 1020
Nv (em-?) 1 x 1021 2 x 1020 2 x 1020 2 x 1020
He- (cm2V -1g-1) 100 32 32 10

Hn+ (cm2V -1s-1) 25 8 8 4

N (cm~3) 3 x 1019 0 0 0

Np (cm-3) 0 0 0 1 x 101
Gpo/Gao (cm-3 eV-1) 1 x 1022 4 x 102 2 x 102 4 x 1021
Ep/Ea4 (eV) 0,02 /0,01 0,02/0,01 0,02 /0,01 0,05 /0,03
ote (cm?) (Tails) 4x10-16 1x10-15 1x10-1 1x10-15
oun (cm2) (Tails) 2x10-17 1x10-17 1x10-16 1x10-17
Gae (cm?) (Tails) 2x10-17 1x10-17 1x10-16 1x10-17
oan (cm2) (Tails) 4x10-16 1x10-15 1x10-1 1x10-15
Npe (cm~3) 1 x 107 2 x 101 2 x 1015 5 x 1018
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Nac (cm~—3)
Epc/Eac (eV)

ode (cm?) (Gauss.)
oan (cm?) (Gauss.)
e (cm?2) (Gauss.)

oan (cm?) (Gauss.)

1 x 1017

1,25/ 1,15
1x10-14
1x10-16
1x10-16

1x10-14

2 x 101

1,13/0,15
1x10-14
1x10-16
1x10-16

1x10-14

2 x 1015

1,08 /0,98
1x10-15
1x10-16
1x10-16

1x10-15

5x 1018

1,05/0,96
1x10-1
1x10-16
1x10-16

1x10-15

The abbreviations used in this table are the following: & relative dielectric permittivity, L: film thickness, y: electron affin-
ity, Eg: energy band gap, t, wn: mobility of electrons and holes, Np, Na: doping donor and acceptor, Nc¢, Nv: effective densities of
states in the conduction and valence bands, Npa, Nag: Gaussian densities for donor and acceptor states, Gpo, Gao: exponential
prefactors of donor-like or acceptor-like tail states, Ep, Ea: characteristic energy of the donor-like/acceptor-like tail states, Epc/Eac:
donor and acceptor Gaussian peak energy position. oue, oun :Capture cross-section for donor states, e, & and oue, can: Capture cross-

section for acceptor states e, h.
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Fig. 3 — Energy band diagram of simulated n-i-p solar cells based on nc-Si: H when i-nc-Si: H buffer-layer band gap is (a)

E;,=1.4¢V, (b) E;=1.46¢V, (c) Es=1.55¢eV, (d) E;=1.60 eV

for electrons and this is benificial to improve the solar
cell performance. For the band offset AEv, and when i-
ne-Si:H buffer layer band gap range from 1.40 eV to
1.46 eV the band offsets in valence band, for both inter-
faces are high, AEv1 at p-nc-Si : H (window layer) / i-nc-
Si: H (buffer layer) and AEve at i-nc-Si: H (buffer lay-
er) / i-nc-Si : H (absorber layer), which explains the low
values of the cell’s output parameteres at the beginning
in Fig. 2(a)-(b). To better interpret these results, we
have calculated and presented in Fig. 4 the electric
field at p/i inteface for two different values of i-nc-Si: H
buffer layer band gap. The electric field intensity is
equal to 5.5 x 105 V/em when the gap of the buffer layer
is 1.40 eV. However, when the value of the gap increas-

es to 1.55 eV the intensity of the electric field decreases
and becomes 2 x 105 V/ecm. So, this result explain clear-
ly why the quantity of photoge-nerated holes traped at
i/p interface presented in Fig. 5 is higher and equal to
2 x 1019 cm ~1, when the value of band gap buffer layer
is 1.4 eV (Fig. 5). But, with a i-nc-Si: H buffer layer
which has a band gap equal to 1.55 eV, the traped hole
density decrease drastically and a value of 5 x 1018 cm —
3 is obtained (Fig. 5). Therfore, the presence of the i-nc-
Si: H buffer layer leads to smaller values of valence
band offsets. However, when the junction field sepa-
rates the photogenerated e-h pairs, electrons have to
move towards n-side through conduction band and
holes have to move easily towards p-side through va-
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lence band [14]. In addition, the incorporation of the i-
nc-Si: H buffer layer, with a value band gap equal to
1.55 eV, between the p-nc-Si: H window layer and the
i-nc-Si: H absorber layer reduce the recombination
rate, near the p-window/i-absorber interface [15]. Also,
an improvement of the external quantum efficiency can
be obviously observed in our calculated curves present-
ed in Fig. 6. It is known, the short circuit current Jsc is
given by [16]:

Where QE(1) is the quantum efficiency ; R(4) is the
reflection coefficient frome the top surface; @(1) is the
photon flux incident on the solar cell at wavelength A.
The integration is carried out over all the range of
wavelenght A of light absorbed by the structure. We can
see from Fig. 6, that the presence of the i-nc-Si:H
buffer layer, with a value band gap equal to 1.55 eV can
improve the quantum efficiency in short range of spec-
trum wavelength from 350 nm to 600 nm. According to
the Eq. (3), this will lead to an improvement of short
circuit current Jsc presented in Fig. 2(a). This result
has been obtained by several authors [15, 17, 18].

2x10° T T
—=&— buffer bandgap = 1.40 eV

—e— buffer bandgap = 1.55 eV|

1x10°

0
Ax10°
2x10°

-3x10°

Electric Field (V/cm)

4x10°

-5x10° - w buffer b
prlayer # jayer ;"|3Yef

6x10° L i i L
0,005 0,010 0,015 0,020 0,025 0,030

Position (um)

Fig. 4 — Electric field at i/p interface under illumination for
two different values of i-nc-Si : H buffer layer band gap
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Fig. 5 — Trapped hole densities at i/p interface for two differ-
ent values of i-nc-Si : H buffer layer band gap
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Our calulated values of efficiency where presented in
Fig. 2(d). The value of efficiency increased from 10.89 %
to 11.33 %, when the band gap value increase from
1.40 eV to 1.55 eV. However, beyond 1.56 €V the value
of efficiency decreased very slowly. This is can be at-
tributed to the gradually increases of band offset AEvz
at i-nc-Si : H (buffer layer) / i-nc-Si : H (absorber layer)
interface presented in Fig. 3(d), which causes a barrier
for photogenerated holes that are trying to move to-
wards the front contact through valence band. Thus,
the i-nc-Si: H buffer layer band gap of 1.55eV was
optimized for obtaining a better efficieny for n-i-p solar
cell based on hydrogenated nanocrystalline silicon.
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o
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Fig. 6 — External quantum efficiency for n-i-p hydrogenated
nanocrystalline silicon solar cell for two different values of
i-nc-Si : H buffer layer band gap

4. CONCLUSION

In this work, by using AMPS-1D software code, we
carried out a simulation study to optimize the band gap
of i-nc-Si: H buffer layer and its effects on the output
performances of n-i-p hydogenated nanocrystalline
silicon solar cells. For this, we have varied the values of
buffer layer in the range of 1.4 eV-1.60 eV. From the
obtained simulations results, we oserved that the pres-
ence of i-nc-Si: H buffer layer, at i/p interface, can
reduce the electric field intensity from 5.5 x 105 V/em to
2 x 105 V/em when the gap of the buffer layer increases
from 1.4 eV to 1.55 eV. However, the density of photo-
generated holes traped at i/p interface decreases from
2x10¥cem~-1! to 5 x 108 cm 3, when the buffer layer
band gap increases from 1.40eV to 1.55¢eV. Conse-
quently, the value of efficiency increases from 10.89 %
to 11.33 %.
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