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In this work, single n-i-p solar cells based on hydrogenated amorphous silicon (a-Si:H) are analyzed us-
ing one dimensional AMPS-1D (Analysis of Microelectronic and Photonic Structures) code. Effect of intro-
ducing a p-layer based on hydrogenated nanocrystalline silicon oxide (p-nc-SiOx:H) as a buffer layer at i/p
interface instead of i-layer based on hydrogenated amorphous silicon carbide (i-a-SiC:H) is analyzed. It is
found that the incorporation of p-nc-SiO.:H buffer layer at i/p interface reduces the band mismatch between
i-a-Si:H absorber layer and p*-nc-SiOx:H window layer and minimizes the defect density near interface. It is
also obtained that the spectral response of the solar cell has improved in the wavelength range from 0.48 to
0.7 um with using p-nc-SiOx:H window/p-nc-SiO.:H buffer dual p-layers. So, an enhancement of the output
solar cell performances with using p-nc-SiO.:H buffer layer has obtained. In this case, the short circuit cur-
rent (Js) increases from 10.18 mA/cm? with i-a-SiC:H buffer layer to 13.44 mA/cm? with p-nc-SiOxH buffer
layer, the open circuit voltage (Voc) improves from 930 mV to 941 mV and the fill factor (FF) increases
from 74.2 % to 76.5 %. As a consequence, the conversion efficiency increases from 7.03 % to 9.67 %.
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1. INTRODUCTION

It is known that the i/p interface is a hetero-
junction with band mismatch between energy bands of
an intrinsic absorber layer and a wide band-gap of a
p-window layer. In the case of devices based on hydro-
genated amorphous silicon (a-Si:H), the solar cell per-
formances depend on the i/p interfacial matching [1].
Previous works reported that a large amount of dan-
gling bonds may exist at the i/p interface which in-
creases the recombination rate [2-4]. In the past and
even nowadays, much attention is paid to the i/p inter-
face in order to accommodate the band mismatch and
understand the different transport mechanisms that
can take place and therefore find the necessary solu-
tions to reduce the recombination rate at this interface.
A common solution is to introduce a buffer layer of a-
SiC:H with graded band gap into the i/p interface [5, 6].
View to their best electrical properties and less parasit-
ic optical absorption, the p-nc-SiOx:H (hydrogenated
nanocrystalline silicon oxide) layer is a good candidate
to replace the p-nc-Si:H and p-a-SiOx:H for using as a
window layer [7, 8]. So, in this work, the numerical
simulation allowed us to understand the reasons of the
improvement in the a-Si:H solar cell output parame-
ters, with n-i-p configuration, like short-circuit current
(Jsc), open circuit voltage (Voc), fill factor (FF) and the
conversion efficiency by incorporating a p-type buffer
layer based on hydrogenated nanocrystalline silicon
oxide (p-nc-SiOx:H) instead of i-a-SiC:H intrinsic buffer
layer. For the simulation, the computer code AMPS-1D
(One-dimensional Analysis of Microelectronic and Pho-
tonic Structures) was used [9].
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2. AMPS-1D MODEL FOR AMORPHOUS
SILICON AND SIMULATED SOLAR CELLS

The numerical simulation of the photovoltaic struc-
ture was carried out using the AMPS-1D software. In
this code, three coupled differential equations; the Pois-
son equation the continuity equations for the electrons
and for the holes are solved simultaneously, at equilibri-
um and out of equilibrium conditions. The simulation
was carried out by taking into account the Shockley-
Read-Hall (SRH) recombination statistics. For the reso-
lution of the coupled differential equations, AMPS-1D
uses the algorithm of Newton Raphson. To simulate the
local state density present in the band gap of the materi-
als which constitute the solar cells, it has been assumed
the existence of two types of states, the acceptor states
and the donor states [9].

3. SIMULATED SOLAR CELLS

For the simulation we considered two solar cells
based on hydrogenated amorphous silicon (a-Si:H). In
the simulated cells and, for the front contact, a trans-
parent conducting oxide (TCO) layer has been deposit-
ed on the p-side. For the back contact, we have used a
metal substrate. The two devices consist of an intrinsic
a-Si:H active layer with a thickness of 300 nm sand-
wiched between a 25 nm thick n-a-Si:H layer and a
15 nm thick p-nc-SiOx:H window layer based on hydro-
genated nanocrystalline silicon oxide. In the first cell,
an intrinsic buffer layer based on hydrogenated amor-
phous silicon carbon (i-a-SiC:H) has been incorporated
between the p-window layer and the active layer
(Fig. 1a). On the other hand, in the second device the
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buffer layer is a p-type layer based on hydrogenated
nanocrystalline silicon oxide (p-nc-SiOx:H) (Fig. 1b).

TCO

p-ne-Si0O«H
Thickness = 15 nm
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Thickness = 3 nm
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Fig. 1 — Schematic diagram of the simulated solar cells with:
i-a-SiC:H buffer layer (a), p-nc-SiO.:H buffer layer (b)

4. ELECTRICAL AND OPTICAL INPUT
PARAMETERS FOR SIMULATION

Our simulations were performed with the computer
code AMPS-1D. The simulation requires two types of
electrical and optical input parameters such as surface
recombination rates, barrier heights, radiation power
density as well as the characteristics of the layers form-
ing the structures. For electron and hole surface recom-
bination velocities, we used the value of 107 cm/s. The
height of the front @ (TCO/p-window layer) and rear
@y, (n layer/metal) contact barriers were set at 1.45 eV
and 0.2 eV, respectively. The absorption coefficients for
the different layers of each structure are integrated in the
AMPS-1D code. The electron affinity (y) is assumed to be
different for the hydrogenated nanocrystalline silicon
oxide (p-nc-SiOx:H) layers and the hydrogenated amor-
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phous silicon (a-Si:H) based layers. AM 1.5 solar radia-
tion with a power density of 100 mW/cm?2, as a source of
illumination, was adopted. The reflection of light at the
front contact (FR) was set at 0.2. For the back contact
and since there is no back reflector, we chose 0 for back
reflection (BR). All other parameters used in the simula-
tion were obtained in our previous works [2, 10-12].

5. RESULTS AND DISCUSSION

To examine the effect of inserting a buffer layer at the
i/lp interface on the external solar cell performances we
have simulated two n-i-p solar cells described above. The
first cell with i-a-SiC:H buffer layer and the second with
p-nc-SiOx:H buffer layer. For a thickness of the buffer
layer equal to 3 nm, the J(V) characteristics at direct bias
and under illumination are presented in Fig. 2. One can
see that the J(V) curves are sensitive to the type of the
incorporated buffer layer at the i/p interface. However, we
can see that there is an amelioration in the output solar
cell performances with using p-nc-SiOx:H buffer layer.
The short circuit current (Jsc) increases from
10.18 mA/cm? with i-a-SiC:H buffer layer to 13.44 mA/cm?
with p-nc-SiOx:H buffer layer. The open circuit voltage
(Voc) changes from 930 mV to 941 mV. The fill factor (FF)
improves from 74.2 % to 76.5 %. As a consequence, the
efficiency increases from 7.03 % to 9.67 %.

To understand and analyze in depth the reasons of
these improvements of the cell external parameters we
have calculated and presented at the i/p interface the
energy band diagrams, the electric field, the free holes
and the generation rate. The spectral response of the
two devices has also been calculated and presented.

Fig. 3 shows the energy band diagram of the two
simulated solar cells generated by AMPS-1D. Experi-
mentally, it is verified that during deposition of i-a-
SiC:H buffer layer, the incorporation of carbon atoms by
introduction of CHs4 makes the band gap increasing
gradually [1, 2]. Notwithstanding, the solar cell perfor-
mances degraded by using an i-a-SiC:H film which con-
tain disordered structural defects causes by the presence
of carbon atoms [14]. However, in the case of p-nc-SiOx:H
window or buffer layer the oxygen is added via the COsz
flux into the deposited gas mixture. The amount of oxy-
gen in the layer is adjusted by varying the COz flux [15].
In numerical analysis, the oxygen incorporation in the
nc-Si:H matrix is modeled by higher and different value
of Eg for p*-window layer and p-buffer layer. On the one
hand, the incorporation of a buffer layer at the i/p inter-
face helps to lessen the band mismatch between i-a-Si:H
absorber layer and p*-nc-SiO«:H window layer, resulting
in the scaling down the defect density near the interface.
On the other hand, the recombination rate of carriers is
lower in the case of structure with p-nc-SiOx:H buffer
layer (Fig. 3a), this is can be attributed to the widened
band gap in the conduction band side and, which can
also help to prevent the back diffusion of thermal or
photo-generated electrons. [1]. The latter idea explains
the high density of free holes at the i/p interface in the
case of a structure with p-nc-SiOx:H buffer layer calcu-
lated and presented in Fig. 4. For the device with
i-a-SiC:H buffer layer, a value of 1.42-10'8 cm~3 is ob-
tained. Insertion of p-nc-SiOxH buffer layer decreases
the defect density near the interface and increases the
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free hole density at i/p to a value of 6.21-1018 cm 3. The
plot of electric field under AM 1.5 illumination, as ob-
tained from the simulation calculations for two different
buffer layers at the i/p interface (Fig.5), explains the
sensitivity of both Voc and FF to the type of buffer layer.
If i-a-SiC:H buffer layer is inserted at the i/p interface, a
large amount of defects are produced due to the presence
of carbon atoms. Compared to structure with p-nc-
Si0x:H buffer layer, the high density of captured holes in
i-a-SiC:H buffer layer intensifies the electric field near
the p*-nc-SiOxH window layer/i-a-SiC:H buffer layer
interface, and the electric field is lowered over both i-a-
SiC:H buffer layer and i-a-Si:H absorber layer.
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Fig. 2 — The J(V) curves of simulated solar cells with a thick-
ness of 3 nm for two different buffer layers

The lowered electric field cannot separate efficacy of
the photogenerated carriers, which reduces the collec-
tions efficiency. All these explain the high values of Voc
and FF obtained in the case of a structure with p-nc-
Si0Ox:H buffer layer. This result agrees with the results
reported by many groups that the Voc is improved by
reducing the recombination at the i/p interface with the
introduction of carbide [16, 17], graded boron [18] and
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Fig. 3 — Schematic diagram of energy band diagram of n-i-p
simulated solar cells with a thickness of 3 nm for two different
buffer layers at thermodynamic equilibrium (a) and valence
band edge versus position (b)
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Fig. 4 -Free holes at the i/p interface for two different buffer
layers

graded boron associated with oxygen content buffer
layers [19]. Some authors reported that a higher value
of the built-in voltage (Vbi) improved Voc [19].

So, 11 mV slight increase in Voc of a-Si:H solar cell
with p-nc-SiOx«:H buffer layer is due to a high value of
Vi1 compared to the value of Veiz in the case of a struc-
ture with i-a-SiC:H buffer layer (Fig. 3b). The high
value of Vi1 probably occurred owing to p-nc-SiOxH
film with high dark conductivity [19].

It can be seen that the value of Jsc (Fig. 2) increases
with using p-nc-SiOx:H buffer layer. However, Jsc in-
creases from 10.18 mA/cm? with i-a-SiC:H buffer layer
to 13.44 mA/em? with p-ne-SiOx:H buffer layer. Know-
ing that, the expression of Jsc is given as follows:

JSC=q [ @(2){1-R(2)}QE(2)dA
®
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Fig. 5 — Electric field at the i/p interface for two different
buffer layers

where QE() is the quantum efficiency; R(1) is the re-
flection coefficient from the top surface; @(1) is the
photon flux incident on the solar cell at wavelength A.
The integration is carried out over the whole range of
wavelengths A of light absorbed by the structure.

From Fig. 6 we can see that the spectral response of
the solar cell has improved in the wavelength range
from 0.48 to 0.7 pm in the case of the structure with
p-nc-SiOx:H buffer layer. However, the increment of JJsc
is obviously due to the improvement of the spectral
response (SR). On the one hand, it is known that in
order to reduce parasitic absorption and enhance the
spectral response of a-Si:H solar cell, a wide band gap
p-type silicon film is used as the window layer [19]. On
the other hand, it was clearly shown that to allow more
light to be absorbed by the absorber layer in the a-Si:H
cells it is preferred to us a p-nc-SiOx:H layer which had
a lower absorption coefficient than the p-a-SiOx:H layer
and than i-a-SiC:H layer [7, 19]. This can be observed
in Fig. 7, when the generation rate is important and
reaches a maximum value of 2.4-1022 cm-3s-! at the
buffer layer/absorber layer interface in the case of a
solar cell with p-nc-SiOx:H buffer layer compared to the
value of 1.2:1022cm-3s-1 for the cell with i-a-SiC:H
buffer layer. Therefore, the dual p-layers with p-nc-
Si0x:H window/p-nc-SiOx:H buffer nanostructure had
properties that were superior to those of the dual layers
with p-nc-SiOx:H window/i-a-SiC:H buffer and became
a good option to improve the performances of single n-i-
p a-Si:H based solar cells.

6. CONCLUSIONS

In this study, we have used AMPS-1D code to exam-
ine by numerical simulation the reasons of the im-
provement of the output parameters (Jsc, Voc, FF and
Efficiency) of n-i-p a-Si:H solar cells when using p-nc-
SiOx:H layer instead of i-a-SiC:H layer as the buffer
layer at the i/p interface. The simulation results showed
that using p-nc-SiOx:H buffer layer FF can improve by
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Fig. 7 - Generation rate at the i/p interface of simulated solar
cells with a thickness of 3 nm for two different buffer layers

reducing the recombination rate at the i/p interface and
enhance the value of Vs which leads to an increment of
the Voc. The presence of p-nc-SiOx:H window/p-nc-
SiOx:H buffer dual layers allowed more light to be ab-
sorbed by the absorber layer and the spectral response
of the solar cell has improved in the wavelength range
from 0.48 to 0.7 um which enhance the generation rate,
and an increase of Jsc was obtained. The improvement
of Jsc, Voc and FF leads automatically to an increase in
the conversion efficiency from 7.03 % for the cell with i-
a-SiC:H buffer layer to 9.67 % for the cell with p-n-
Si0x:H buffer layer.
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IIigBrmeHHs IPOAYKTUBHOCTI COHAYHUX eeMeHTiB a-Si:H miaxom BBenenusa
HAHOCTPYKTYpPOBaHOro oydgepsaoro mapy p-nc-SiOx:H

A. Belfar!, A.J. Garcia-Loureiro2?

L Laboratory of Plasma Physics, Conductor Materials and their Applications, Faculty of Physics, Oran University
of Sciences and Technology Mohamed Boudiaf USTO-MB, BP1505 Oran, Algeria
2 Centro de Investigacion en Tecnoloxias da Informacion (CITIUS), University of Santiago de Compostela,
Santiago de Compostela, Spain

¥V po6oTi BUBUEHO COHSYHI €JIEMEHTH h-i-p Ha OCHOBI TiaporeHizoBaHoro amopduoro kpemsio (a-Si:H) sa
nmoroMoro oguHoBuMipHOro koay AMPS-1D (Anastia MiKpoeJIeKTPOHHMX Ta (POTOHHUX CTPYKTYp). [Ipoanasizo-
BaHO e(eKT BBEIEHHS p-IIapy HA OCHOBI TiIPOreHI30BAHOIO HAHOKPHUCTAJIYHOTO OKCHAY KpeMmHin (p-nc-
Si0.:H) y srocti 6ydepHoro mapy Ha iHTepdeiic i/p 3aMiCTh i-IITapy HA OCHOBI T1IPOreHI30BAHOI0 aMOP(HOro
Kapbiay kpemsio (i-a-SiC:H). Beranosieno, mo BrimiouenHs Oydeproro mapy p-ne-SiOxH mHa inrepdetici i/p
3MeHIIIye CMyTy HEBIAIIOBITHOCTI Mi Imapom morymHadva i-a-Si:H ta mapowm Bikza p*-ne-SiOxH 1 minimiaye ry-
cruHy nedekTiB moomay iHTepdeticy. OTpIMaHO TAKOMK, 10 CIEKTPAIHFHUN BIATYK COHSYHOIO eJIeMEHTY IIOK-
paImBCes B lamas3oHi JoBKUH XBrIb Bix 0,48 o 0,7 MKM IIpy BUKOPUCTAHHI IOBIMHIX OydepHuX p-mapis p-
ne-SiOx:H window/p-nc-SiOxH. Otske, orpuMaHo OKpaIieHy TpOAyKTHBHICTD BUXITHUX COHSYHUX €JIEMEHTIB
i3 Oydepuum 1mapom p-nc-SiO-H. V upomy Bumaary crpym koporkoro 3aMukass (Js) 30LIbIIyeThCS 3
10,18 mA/em? 3 OydpeprnM mapom i-a-SiC:H mo 13,44 mA/em? 3 Gydeprum mapom p-ne-SiOx:H, mampyra xosoc-
toro xoxy (Voc) mokpamryerses Big 930 mB mo 941 mB, a roedimient 3anosuenns (FF) soutbmiyerses 3 74,2 %
10 76,5 %. fAx Hacaimok, KoedilieHT KOpUCHOI il 3pocTae 3 7,03 % mo 9,67 %.

Kmiouosi cimosa: Comsunuit ememenrt, a-Si:H, p-ne-SiOx:H, i-a-SiC:H, Bydepuuit map, MogemoBaHus,
CroexTpaJbHUN BIATYK.
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