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In this study we have presented an investigation, by using numerical simulation, the simultaneous
impacts of the p nc-SiOx:H window layer band gap (E,) and the back reflection (RB) on the photovoltaic
performances of hydrogenated amorphous silicon (a-Si:H) solar cells. For simulation, we have used the
AMPS-1D (One Dimensional Analysis of Microelectronic and Photonic structures) code. The modeling was
carried out on two configurations of the studied cell, one without rear reflector (RB = 0) and the other with
rear reflector (RB = 0.8). The simulated results showed that the best output parameters of the cell were ob-
tained in the case of the structure with rear reflector and when the value of the p-window layer band gap
lies in the range from 2.05 eV to 2.10 eV. On the one hand, the values of the band diagram discontinuities
on the conduction band levels AEc: and AEc2 and on the valence band levels AEv: (interface between the
window layer and the buffer layer) and AEvz (interface between the buffer layer and the active layer) are
investigated to better understand the efficiency (Ex) variations as a function of the window layer Eg. On the
other hand, it is also obtained that the spectral response (SR) is very sensitive to the window layer band
gap variations in the wavelength range from 0.35 to 0.55 um for both cases. However, the spectral response
decreases with the increase of Eg. Finally, the solar cell spectral response has improved in the wavelength
range from 0.55 to 0.7 um, and the best efficiency value (Ex=11.43 %) was obtained in the case of the
structure with rear reflector.
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1. INTRODUCTION

Hydrogenated amorphous silicon (a-Si:H) is an at-
tractive material for photovoltaic (PV) solar energy
applications. Due to the nature of the thin film and the
capacity of the large area substrates, the solar cell
based on a-Si:H has been considered as one of the low-
cost photovoltaic technologies. It has attracted many
studies and continued a long and difficult road between
initial laboratory study [1], industrial research and
development production of PV modules [2-4]. Neverthe-
less, the low efficiency of the solar cell based on a-Si:H
is mainly due to the poor transport of load carriers with
a low mobility factor and lifetime (u7) [5, 6], in particu-
lar, for the holes. However, the efficiency of the stable
cell reaches the maximum at a much thinner i layer
than the initial efficiency, and then decreases with the
thickness of the same layer because the light-induced
generation of defects leads to a high recombination rate
[7]. Optically, it is necessary to increase the thickness
of the 1 layer for a sufficient absorption of the light to
generate a high density photocurrent, but electrically it
is necessary to keep the 1 layer thin enough to ensure a
high internal electric field to collect the photogenerated
carriers and to avoid a serious degradation of the effi-
ciency induced by the light. Therefore, optimization of
the efficiency of solar cells a-Si:H was confronted with a
contradicted case. Therefore, to solve the optical and
electrical contradictions, the use of a p-type window or
buffer layer based on B-doped hydrogenated nanocrys-
talline silicon oxide (p-nc-SiOx:H) seems a good solu-
tion. The latter is characterized by a suitable refractive
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index and a wide band gap to reduce reflection in the
front and minimize absorption in the p-layer, which is
extremely important for ultra-thin solar cells [8].

The study carried out in this work was conducted on
two solar cells of substrate type (n-i-p), one without
rear reflector (RB = 0) and the other with rear reflector
(RB=0.8). The two cells are based on two materials,
namely hydrogenated amorphous silicon (a-Si:H) and
hydrogenated nanocrystalline silicon oxide (nc-SiOx:H).
The simulation is focused on the investigation of the
simultaneous effect of the p nc-SiOx:H window layer
band gap (E,) and the back reflection (RB) on the per-
formances of the solar cell.

2. THE SIMULATED STRUCTURE AND
SIMULATION MODEL

Our simulated solar cell is considered deposited on
a metal substrate that plays the role of back contact.
For the front contact, a TCO (Transparent Conducting
Oxide) layer has been deposited on the p window layer
side. The structure consists of an intrinsic a-Si:H layer
with a thickness of 300 nm sandwiched between a n-
Si:H layer with a thickness of 25 nm and a p-window
layer based on hydrogenated nanocrystalline silicon
oxide (p-nc-SiOx:H) with a thickness of 10 nm (Fig. 1).

A p-nc-Si0x:H buffer layer with a thickness of 5 nm
was incorporated between the p-window layer and the
i-a-Si:H active layer.

The AMPS-1D (One Dimensional Analysis of Micro-
electronic and Photonic structures) calculation code
was used to simulate our solar cells. This software is
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based on the simultaneous resolution of the Poisson
equation coupled to the continuity equations of elec-
trons and holes at each position in the simulated struc-
ture. This resolution is performed by finite difference
and Newton-Raphson methods.

This code simulates the operation of the device tak-
ing into account the Shockley-Read-Hall (SRH) recom-
bination statistics. Numerical simulation also requires
a model for the density of trapped states in the struc-
ture [9-12].

Sun light

p-nc-SiOx:H

p-nc-SiOx:H

i-a-Si:H

n-a-Si:H

Substrate

Fig. 1 — Schematic diagram of the simulated structure

For the local state density present in the gap of
amorphous silicon and hydrogenated nanocrystalline
silicon oxide, the AMPS-1D code assumes the existence
of two types of states, the acceptor states and the donor
states. Both these donor and acceptor-like states con-
sisted of tail states and midgap defect states (dangling
bonds). The tail states were approximated by the expo-
nential distribution. Whereas the midgap defects were
modeled using two Gaussian distributions and are
usually given as follows:
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In these equations, Npc and Nac are the total num-
ber of states in the Gaussian (cm -3), Epc and Eag are
the energy position (in eV) of the Gaussian peaks, and
ope and gy are the standard energy deviations (also in
eV). AMPS-1D assumes that midgap states can be
modeled using a donor level to represent the D*/DO
dangling-bond configuration and an acceptor level to
represent the D% D- configuration [12, 13].

The AMPS-1D code requires two types of input pa-
rameters, electrical and optical.

Electrical input parameters

e Barrier height. The barrier heights of the front
contact ®Ppo (TCO/p-window layer) and back con-
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tact ®@pL (n layer/metal) were set at 1.45 eV and
0.2 eV, respectively.

e Electronic affinity (y). x is assumed to be differ-
ent for hydrogenated nanocrystalline silicon ox-
ide layers (p-nc-SiOx:H) and for layers based on
hydrogenated amorphous silicon (a-Si:H).

e Surface recombination velocities. The surface re-
combination velocities of electrons and holes
were both equal to 1107 cm/s.

e Energies of the donor and acceptor states. For
the p-nc-SiOxH layers, we used the values of
0.06 eV and 0.03 eV for the first p layer (win-
dow), and for the second p layer (buffer) the val-
ues of 0.05 eV and 0.02 eV were used as charac-
teristic energies for the donor and the acceptor
states, respectively.

All electrical parameters used in this simulation are

shown in Table 1.

Optical input parameters

As a source of illumination, an AM 1.5 solar radia-
tion with a power density of 100 mW/cm?2 was used. The
light absorption coefficient, for the different layers was
already incorporated in the AMPS-1D program.

For the light reflection, the value of 0.2 was chosen
for the front contact. For the back contact, two values
were used: RB = 0 for the structure without rear reflec-
tor and RB = 0.80 for the structure with rear reflector.

3. RESULTS AND DISCUSSION

Study of the cell performances as a function of
the p-nc-SiOx:H window layer band gap and the
back reflection

To investigate the effect of the p-nc-SiOx:H window
layer band gap (Eg) on the performance of our solar cell
described previously, we have varied the values of Eg
between 1.90 eV and 2.25eV. This simulation was
conducted for two different values of the back reflec-
tion; RB =0 (absence of a rear reflector) and RB=0.8
(presence of a rear reflector).

The simulation results are shown in Fig. 2. In the
latter we have illustrated the variations of the four cell
output parameters, namely, the short-circuit current
(Jsc), the open circuit voltage (Voc), the fill factor (FF)
and the conversion efficiency (Ex).

It can be seen that the value of Jsc (Fig. 2a) de-
creases with the increase of the window layer band gap.
However, the presence of the rear reflector (RB = 0.8)
improves the value of the short-circuit current J/sc. This
improvement of Jsc is obviously due to the presence of
a rear reflector, which leads to the improvement of the
spectral response (SR) presented in the Fig. 3. Knowing
that, the expression of JJsc is given as follows:

where QE(4) 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.
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From Fig. 3, we can see that the spectral response is
less stable in the wavelength range of 0.35 um up to
0.55 um for both cases. It is also clear that in this wave-
length range the spectral response is very sensitive to
variations of the window layer band gap (Ey). However,
the spectral response decreases with the increase of E.
We can also see that the spectral response of the solar
cell has improved in the wavelength range from 0.55 to
0.7 um in the case of the structure with a rear reflector.

The open-circuit voltage (Voc) variations are shown
in Fig. 2b. In both cases, the value of Voc increases
from 0.905 V to 0.945 V when the value of Eg increases
from 1.90 eV to 2.10 eV. Beyond 2.10 eV, the Voc de-
creases gradually. However, the Voc is very little af-
fected by the presence or not of a rear reflector.

The fill factor (FF) presented in Fig. 2¢ is also very
little affected by the gap variations of the window layer.

The efficiency (Efx) variations as a function of Eg of
the window layer are also illustrated in Fig. 2d. It is
clear that the efficiency has a better value for a window
layer band gap ranging from 2.05 eV to 2.10 eV. Beyond
2.10 eV, the value of the efficiency starts to decrease
with increasing Fg of the window layer.
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To better understand the reasons for improving the
cell efficiency as a function of Eg; of the window layer for
values ranging from 2.05 to 2.10 eV, we have plotted
the energy band diagrams in Fig. 4. From the latter, we
calculated and grouped in Table 2 the values of the
band diagram discontinuities on the conduction band
levels AEc1 and AEcz and on the valence band levels
AEv: (interface between the window layer and the buff-
er layer) and AEvz (interface between the buffer layer
and the active layer).

From Table 2 it is clear that the values of AEc: and
AEcs are invariable and they serve as beneficial mirrors
for the reflection of the electrons that move towards the
front contact. However, AEv2 (interface between the
buffer layer and the active layer) has a low value and
invariable. On the other hand, AEv: (interface between
the window layer and the buffer layer) is variable, de-
pends on the window layer band gap (Fg) and takes a
very low value of 0.02 eV for an Eg equal to 2.05 eV,
snce AEv: and AEvz are barriers for holes which move
towards the front contact. However, these low values
promote and facilitate the collection of photogenerated
holes at the front contact; this explains why the effi-
ciency of the cell is better for Eg equal to 2.05 eV.
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Fig. 2 — Variations of the Jsc (a), Voc (b), FF (c) and efficiency with p-nc-SiOx:H window layer band gap (Eg) (d)
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The abbreviations used in this Table are the following: & is
the relative dielectric permittivity, L is the film thickness, y is
the electron affinity, E; is the energy band gap, g, ur are the
mobilities of electrons and holes; Np, Na are the doping donors
and acceptors; Nc, Nv are the effective densities of states in
the conduction and valence bands; Npg, Nac are the Gaussian
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Fig. 4 — Energy band diagram of the simulated solar cells when
the p-ne-SiOx:H window layer band gap is Eg;=1.9 eV (a),
E;=2.05¢V (b), E; = 2.20 eV (c)

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

Parameters SI:OrchH SI:OT;CH i-a-Si: H | n-a-Si:H
er 11.9 11.9 11.9 11.9
L (nm) 10 05 300 25
X (eV) 3.76 3.78 3.80 3.80
Eg (eV) Variable 2.05 1.72 1.72
Nc (cm-3) 1023 1023 2.5:1020 |2.5-1020
Nv (cm-3) 1023 1023 2.5:1020 |2.5-1020
e (cm2V-15-1) 5 7 20 10
4n (cm2V-15-1) 0.5 0.7 2 1
Na (cm) 21019 5x1018 0 0
Np (cm-?) 0 0 0 1019
Gpo/Gaolem-3eV-3) [1022 1022 21021 21021
Ep/Ex (eV) 0.06/0.03 0.05/0.02 0.04/0.02 10.05/0.03

densities for donor and acceptor states; Gpo, Gao are the expo-
nential pre-factors of donor-like and acceptor-like tail states;
Ep, Ex are the characteristic energy of the donor-like/acceptor-
like tail states [14-16].
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Table 2 - Band discontinuities extracted from the energy and
diagram of the simulated structure at thermodynamic equilibrium

E; (eV), AEc:, AEcs, AEv:, AEvz,
window layer (eV) (eV) (eV) (V)
1.90 0.1 0.17 0.1 0.01
2.05 0.1 0.17 0.02 0.01
2.20 0.1 0.18 0.2 0.01

4. CONCLUSIONS

The study carried out in this work was conducted on
two solar cells of substrate type (n-i-p), one without a
rear reflector (RB = 0) and the other with a rear reflec-
tor (RB=0.8). For this, we have used the AMPS-1D
code to investigate by numerical simulation the simul-
taneous effect of the p-window layer (based on hydro-
genated nanocrystalline silicon oxide) band gap (Ey),
and the presence of a rear reflector, in the structure, on
the solar cell performances. The simulation results
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OaHouYacHUI BIUIUB IIUPUHA 3a00POHEHO0] 30HU BikoHHOr0 mapy p-nc-SiOx:H Tta asoporHoro
BiOUTTA HA XapPaKTEePUCTUKN COHAYHUX €JIeMEeHTIiB Ha ocHOBI a-Si:H

Abbas Belfar, Mohammed Belmekki, Ferroudja Hammour, Hocine Ait-Kaci

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

¥V pobGoTi mpeacTaBieHl pe3yJIbTATH YHUCEJIBHOTO MOJIEIOBAHHS OJHOYACHOTO BILIMBY IIUPHHE 3a00pO-
HeHOI 30HU BikoHHOTO mapy p-nc-SiOx:H (Eg) 1 sBoporroro BimourTta (RB) Ha doToranssaniuni xapakrepuc-
THKHW COHAYHHUX eJIEMEHTIB 3 TiAporeHizoBanoro amopgHoro kpemuio (a-Si:H). Jlysa MogemoBaHHA MU BUKO-
pucranu rox AMPS-1D (omHoMipHMIT aHaJ3 MIKPOEJIEKTPOHHHMX 1 (POTOHHHX CTPYKTYP). MomesoBaHHSA
HPOBOJIUIOCA HA JBOX KOHQITypaIlifxX JOCIIIKYyBAHOTO eJIeMeHTy, oaHa 0e3 3amuboro Bimousaua (RB =0), a
imma 13 3aguiM Bimbueavem (RB = 0.8). Peaynbratu MomesoBaHHS ITOKA3aJiu, 110 HAWKpAaIl BUXIAHI Hapa-
MeTpH eJIeMeHTY OyJIM OTPUMAaHI y BUIIAIKY CTPYKTYPHU 3 3aJHIM BiIOMBaYeM 1 KOJIM 3HAYEHHS IIMPUHU 3a-
6OpPOHEHOI 30HM p-BiKHA JIeKUTD B giamasoHi Big 2.05 eB mo 2.10 eB. 3 ogroro 60Ky, 3HaueHHsA pO3PUBIB Ha
30HHI# aiarpami piBHiB 30HH nposinHocti AEc: and AEcz 1 piBHiB BasenTHOL 30Hu AEv: (Meska momiay Misxk
BiKOHHUM mIapom i Oydepuum mapom) i AEve (Meska mojiny Mizk OydepHUM mIapoM 1 AKTUBHUM LIAPOM) J0-
CIIIPKEH] 71 Kpalmoro po3yMminHs Bapiamiii edexrusrocti (Ei) six dyHrmii g BikonHOrO mapy. 3 iHImoro
OOKy, OTPMMAHO, IO CIIEKTpaJibHa xaparkTepucTuia (SR) myske dyTiamBa 10 KOJIMBAHD IIUPUHU 3a00POHEHOI
30HM BIKOHHOTO IIIapy B JTiamas3oHi T0B:KuUH XBHJIB Big 0.35 mo0 0.55 MM 11 060x Bumnankis. [Ipore criekrpa-
JIbHA XapaKTepHUCTHKA 3MEHIIYyeThbCs 31 301yblneHHsAM Fg. Hapermiri, cnekrpasbHa XapaKTEePUCTUKA COHSY-
HUX eJIEMEHTIB IIOKPAIIUJIAcsa B Jlanas3oHi JOBKHUH XBUJIb Bix 0.55 g0 0.7 MKM, a HaMKpale 3HAaYeHHs ede-
rruBHOCTL Efr = 11.43 % OyJs10 oTpEMAaHO y BUIIAAKY CTPYKTYPH 3 3aJHIM BigOuBadem.

Knrouosi ciosa: Consunuii esiemenT, ['inporeHisoBannii HAHOKPUCTAIYHAN OKCHl KPEMHIi0, 3BOPOTHE Bij-

6ourTs1, 3ab0poHeHa 30HA BIKOHHOTO IIapy.
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