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In this article, we did a comparative study on two different types of high efficiency HIT (Heterojunc-
tions with Intrinsic Thin layers) solar cells: ITO/p-a-Si:H/i-pm-Si:H/n-c-Si/Al and ITO/n-a-Si:H/i-pm-Si:H/p-
c-Si/Al. The aim is to study the influence of the valence band tail width (characteristic energy Ep) and the
conduction band tail width (characteristic energy Ea) of hydrogenated amorphous silicon present as emit-
ter of these solar cells. Our investigations allowed us to conclude that in order to obtain good quality pho-
tovoltaic cells, it is important to adjust the different parameters that influence the hydrogenated amor-
phous silicon distortions used for the development of the HIT cell emitter. On HIT n-c-Si solar cell (ITO/p-
a-Si:H/i-pm-Si:H/n-c-Si/Al), a decrease in Ep reduces the recombination rate of the holes in the p-a-Si:H
layer and thus increases the efficiency of the studied cells. The modification of E4 of the conduction band
does not influence the quality of the cells. For HIT p-c-Si solar cell ITO/n-a-Si:H/i-pm-Si:H/p-c-Si/Al), the
opposite phenomenon occurs. Indeed, a decrease in E4 decreases the recombination rate of electrons in the
n-a-Si:H layer and thus increases the efficiency of the studied cells. The modification of the characteristic
energy Ep of the valence band does not influence the performance of this type of cells.
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1. INTRODUCTION

Efficient and inexpensive solar cells are needed to-
day to meet economic and environmental needs. For
this, it 1s necessary to choose the right photovoltaic
devices to improve photovoltaic efficiency [1] and re-
duce the production costs of these systems. Today, sig-
nificant scientific and technological progress has been
made on silicon HIT (Heterojunction with Intrinsic
Thin layer) solar cells because they are a good candi-
date to increase photovoltaic efficiency and reduce pro-
duction costs due to the combination of low tempera-
ture deposition technology of hydrogenated amorphous
silicon a-Si:H and high stable efficiency of crystalline
silicon ¢-Si [2, 3]. The HIT c-Si solar cells are designed
from a crystalline silicon substrate ¢-Si which acts as
an active layer on which very thin layers of hydrogen-
ated amorphous silicon (a-Si:H) are deposited.

Hydrogenated amorphous silicon (a-Si:H) is a disor-
dered and defective material. However, an intrinsic
a-Si:H layer placed between the emitter and the active
layer (a-Si:H/c-Si interface) reduces the unsatisfied
bonds on the surface of the absorber (active layer) and
then decreases the recombination rate of charge carri-
ers. On the other hand, most of the recombination rate
is generated at the emitter, and it is these recombina-
tions which are responsible for the reduction in the
current density-voltage (J-V) characteristic produced
by the cell.

In this article, we have chosen to study the influ-
ence of the valence and conduction band tail widths
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(characteristic energies Ep and Ea) of hydrogenated
amorphous silicon present as emitter in the HIT p-c-Si
solar cell ITO/n-a-Si:H/i-a-Si:H/p-c-Si/Al) (Fig. 1).
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Fig. 1 - Density of states of a-Si:H and c¢-Si. The characteristic
energy Ep represents the valence band tail width and the
characteristic energy Ea represents the conduction band tail
width of hydrogenated amorphous silicon

D-/DY represents the acceptor-like gap states per
unit volume. These states are concentrated in the up-
per half of the gap of amorphous materials. They gain
electrons from the conduction band. It is the number of
electrons trapped per unit volume. D*/D° represents
donor-like gap states per unit of volume. These states
are concentrated in the lower half of the gap of amor-
phous materials. They lose their electrons in the va-
lence band. So, it is the number of holes trapped per
unit volume [4]. Experimentally, the E4 and Ep values
are adjusted during the a-Si:H deposition phase on the
crystalline silicon substrate.
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Our objective is to make a comparative study with a
previous study which showed that a decrease in the
characteristic energy of the valence band tail Ep reduc-
es the recombination rate of the holes in p-a-Si:H layer
on HIT n-type c-Si solar cell (ITO/p-a-Si:H/i-pm-Si:H/
n-c-Si/Al) and thus increases the efficiency of the stud-
ied cells. It has been also shown that the modification
of the characteristic energy Ea of the conduction band
does not influence the quality of the cells [5]. To carry
out our research, we have chosen to use the ASDMP
software.

2. INPUT PARAMETERS OF THE STUDIED
HIT p-c-Si SOLAR CELL

In this article, the studied solar cell is illustrated in
Fig. 2 and has the following structure: indium tin oxide
(ITO)/hydrogenated n-doped amorphous silicon (n-a-Si:H)/
hydrogenated intrinsic polymorphous silicon (i-pm-Si:H)/
p-doped crystalline silicon (p-c-Si)/aluminium (Al).

The parameters of each layer are selected from the
literature [6] and summarized in Table 1. All our simu-
lations have been performed under illumination AM 1.5
and at a temperature of 25 °C.
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Fig. 2 — Schematic diagram of the HIT p-c-Si solar cell

Table 1 - Principal input parameters of HIT n-c-Si solar cell

Parameters p-a-Si:tH  1-pm-Si:H  n-c-Si
d (um) 0.011 0.003 300

7 (eV) 4 3.95 4.22
E, (eV) 1.80 1.96 1.12
Npror, Naror (cm —3) 1019 1014 3.1011
Ep (eV) 0.01-0.09 0.030 0.003
Ea (eV) 0.01-0.09 0.030 0.003
Gpo, Gao (cm —3eV -1) 4.1021 4.1021 1.1020
Hn (cm?/V s) 20 30 1000
Hp (cm?2/V g) 4 12 450
@vo (eV) 0.12

oL (eV) 1.06

3. SIMULATION MODEL

The different results were obtained using the
ASDMP software (Amorphous Semiconductor Device
Modeling Program) developed by Professor Parsathi
Chatterjee [7-9] and validated experimentally by Pro-
fessor Roca's group at Ecole polytechnique de Paris,
France. The ASDMP software examines the perfor-
mance of p-i-n and HIT solar cells with data from solar
cell performance [10, 11] by solving simultaneously
Poisson’s equation and the continuity equations for free
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electrons and free holes using finite differences and
Newton-Raphson method. These equations are [12]:
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where W(x) is the electrostatic potential, p(x) is the
space charge density in the semiconductor, &(x) is the
dielectric permittivity of the semiconductor, JJx(x) is the
electron current, Jp(x) is the hole current, g is the elec-
tron charge, G(x) is the net optical generation of free
electron-hole pairs per unit volume, R(x) is the net
recombination of free carriers per unit volume. Equa-
tions (3.5)-(3.8) mentioned below represent four bound-
ary conditions for holes and electrons continuity equa-
tions:

J,(0)=S,0[n(0) -1, (0)], (3.5)
J,(0)=aS,0[P(0)-p,(0)], (3.6)
J,(L)=aS,.[n(L)=ny(L)]. (3.7
J,(L)=4S,.[p(L)-py(L)]. (3.8)

All the equations and approximations were taken
from the literature [4, 13-16]. Jx(0), Jn(L) and J»(0),
Jp(L) represent electron and hole current densities,
respectively, at x =0 (TCO/n) and x = L (p/metal). Sno,
Spo, Snz and Spr are the surface recombination rates for
electrons and holes at these interfaces; n(0) and p(0)
represent the densities of electrons and holes at x = 0;
n(L) and p(L) represent the densities of electrons and
holes at x = L. At x =0 and x = L, no(0), po(0) and no(L),
po(L) represent the densities of electrons and holes at
thermodynamic equilibrium. To simulate the dangling
bond states, the gap-state distributions used in ASDMP
model consist of U-shaped model and two Gaussian
distribution functions. The Urbach tails (or band tails)
of the donor and acceptor states are modelled by equa-
tions (3.9) and (3.10):

8pr (E) =Gy exp[—E/ ED:I’
8ar(E) =G gexp|-E'/E, ],

(3.9)

(3.10)

where E is measured from Ev, E' is measured from Ec,
g represents the density of states (DOS, cm —3eV - 1),

In the Gaussian model, the distribution of the DOS
in the mid-gap is modelled using two Gaussian distri-
butions given by equations (3.11) and (3.12) [4]:
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Esc and Epc represent two Gaussian peak positions,
oa¢ and opc represent the standard deviation of two
Gaussians, the energies E” and E'" are measured, re-
spectively, from the peaks Eac and Epg.

In ASDMP model, both specular interference effects
and diffused reflectances and transmittances due to
interface roughness are taken into account. The front
contact barrier height ¢ro between ITO/n-a-Si:H at x =0
is taken equal to 0.12 eV and at the back contact, the
barrier height ¢r between p-c-Si/Al is taken equal to
1.06 eV [6].

4. RESULTS AND DISCUSSION

In this article, we will study HIT p-c-Si solar cells
with the following structure: ITO/hydrogenated n-doped
amorphous silicon (n-a-Si:H)/hydrogenated intrinsic
polymorphous silicon (i-pm-Si:H)/p-doped crystalline
silicon (p-c-Si)/aluminium (Al). Our goal is to study the
effect of the J =f(V) characteristic under illumination
on the conduction and valence band tail widths (charac-
teristic energies Ea and Ep) of hydrogenated amor-
phous silicon and then compare the obtained results
with the results found with HIT n-c-Si solar cells.

Fig. 3 represents the photovoltaic outputs (short-
circuit current density JJsc, open-circuit voltage Voc, fill
factor FF and efficiency 7) of the ITO/n-a-Si:H/i-pm-
Si:H/p-c-Si/Al structure as functions of the conduction
band tail width (characteristic energy Ea).

The short-circuit current density Jsc is not affected
by the variation of the characteristic energy Ea, since it
is mainly dependent on the density of illumination and
not on the material used.

Fig. 4 represents the built-in-potential Vi; as a func-
tion of Ea. Vi measures the potential difference be-
tween p region and n region [2]. We can notice a slight
decrease in Vi when we increase Ea, that is why the
open-circuit voltage Voc decreases slightly with the
growth of Ea. However, it is the fill factor FF which is
the most sensitive to the variation of Ea, thus causing
the variation of the efficiency which decreases from
17.44 % for Ea=0.01eV to 17.24 % for Ea=0.09 eV.
The fill factor is an important parameter used to quali-
fy the quality of a solar cell. The FF expresses the
number of carriers collected. Its decrease implies a low
collection of photogenerated carriers which can be ex-
plained by a high recombination rate.

Unlike in HIT n-c-Si solar cells, where Ea does not
affect the performance of the cell, in the case of HIT p-
¢-Si solar cells, an increase in E4 in the n-a-Si:H win-
dow layer increases the acceptor-like gap states per
unit volume that will have a considerable effect on the
quality of the emitter of the studied cells. Indeed, an
increase in E4 increases the recombination of electrons
of the n-a-Si:H layer (the number of electrons trapped).
To confirm the results obtained, we plotted the varia-
tion of the recombination rate as a function of the posi-
tion in the cell for the two extreme values of the char-
acteristic energy Ea (0.01 eV and 0.09 eV).
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We can notice from Fig. 5 that the recombination
rate increases at the solar cell emitter. It goes from
2.35-1020 cm —3s~ ! for Ea=0.01eV to 2.01-1021 cm—3s~!
for Ea=0.09 eV. This confirms the interpretation given
above since the efficiency dropped from 17.44 to 17.24 %.
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Fig. 3 — Plot of the short-circuit current density Jsc (a), open-
circuit voltage Voc (b), fill factor FF (c), and efficiency 7 (d) of
HIT p-c-Si solar cell as a function of Ea
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¥ craTTi MH TPOBEJIH TOPIBHAIBHE JOCIIIPKEHHS JTBOX PI3HUX THUITNB BUCOKOE(PEKTUBHUX COHIYHUX eJIe-
menTiB 3 HIT (rerepomepexin 3 Bnacaum toukum Imapom): 1TO/p-a-Si:H/i-pm-Si:H/n-c-Si/Al ta ITO/n-a-
Si:H/i-pm-Si:H/p-c-Si/Al. Metoo poGoTy € BUBUEHHS BIUIMBY IIMPUHM XBOCTA BAJIEHTHOI 30HM (XapakTepHA
enepria Ep) Ta mmpuHA XBOCTA 30HU MPOBIMHOCTI (XapakTepHa eHepris i) riapo-reHi30BaHOTO aMOPQHOTO
KPEMHI0, IPUCYTHHOTO IK BUIIPOMIHIOBAYA ITUX COHIYHHUX ejeMeHTIB. Hamr mocimiiskeH s T03BOIUIH 3PO-
OUTH BHCHOBOK, IO JIJIsSI OTPUMAHHS AKICHUX (POTOEJIEMEHTIB BAyKJIMBO PETYJIOBATH Pi3HI mapamMerpH, skl
BIUTUBAIOTH HA CIIOTBOPEHHS T1IPOTeHI30BAHOT0 aMOP(MHOr0 KPEMHII0, 110 BUKOPUCTOBYETHCS JJIST POIPOOKH
pumnpominoBava esiemeHTiB 3 HIT. Ha comstunux enemenrax n-c-Si 3 HIT (ITO/p-a-Si:H/i-pm-Si:H/n-c-Si/Al)
ameHureHHs1 Ep 3HMKye MIBUIKICTE peKoMOIHAINI Aipok y mapi p-a-Si:H 1 tTum camum minBuinye edexrus-
HICTB JTOCJIIPKYBAHUX eJieMeHTiB. Moaudikaiiisa edeprii E4 30HM IIPOBIAHOCTI He BILIUBAE HA AKICTH eJIeMe-
HTiB. Jna cousaunux emementi p-c-Si 3 HIT (ITO/n-a-Si:H/i-pm-Si:H/p-c-Si/Al) BinOyBaeTbcst IMIpOTHIIEKHE
siputre. JlificHo, amenIenus K4 3MeHIIye MIBUAKICTH peKoMOIHAI] eseKTpoHIB y mapi n-a-Si:H 1, taxkum
YHHOM, 30LIIBIINye e)eKTHUBHICTE JOCIIIKYBAaHUX ejieMeHTiB. Moaudikalris xapaxkTepsoi eHeprii Ep Basient-
HOI 30HM He BIIJINBAE HA MIPOJAYKTHUBHICTH €JIEMEHTIB I[bOT0 THILY.

Kmiouosi cnosa: Comsuni enmementu, HIT, INgporenizoBanuit amopdHuil KpemHii, XapaKkTepHi eHeprii,
ASDMP, J-V xapakrepucruka.
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