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ABSTRACT

The key constituent of silicon heterojunction solar cells, the amorphous silicon/crystalline silicon hetero-
junction (a-Si:H/c-Si), offers a high open-circuit voltage (V,) potential providing that both the interface
defect passivation and the band bending in the c-Si absorber are sufficient. We detail here analytical
calculations of the equilibrium band bending in c-Si (¥..s;) in Transparent Conductive Oxide (TCO)/a-
Si:H emitter/c-Si absorber structures. We studied the variation of some electronic parameters (density of
states, work function) according to relevant experimental values. This study introduces a discussion on
the optimization of the doped emitter layer in relation with the work function of the TCO. In particular,
we argue on the advantage of having a highly defective (p)a-Si:H emitter layer that maximizes v.s; and

Emitter reduces the influence of the TCO on V..

Defects
Solar cells

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Amorphous silicon/crystalline silicon (a-Si:H/c-Si) heterojunc-
tion solar cells have been intensively studied over the past decade.
Indeed, they are good candidates to provide low cost and highly
efficient devices based on silicon technology. A power conversion
efficiency of 23.7% has been achieved [1], and several research
groups demonstrated efficiencies close to or above 20% [2,3], even
on large surfaces [4]. Among the key steps in device optimization,
the lowering of the interface defect density through the insertion of
an (i)a-Si:H buffer layer has been applied successfully and has led
to an increase of the open-circuit voltage V.. Values above 730 mV
have been achieved [3,4] and a V. as high as 745mV has been
reached by Sanyo [1]. Now, more and more efforts are devoted to
increasing the short circuit current Jsc by reducing the absorption
losses in the front transparent conductive oxide (TCO) and/or in
the amorphous silicon layers [5], as well as to understand the dif-
ferences in charge carrier transport and the resulting differences
in the fill factor between hetero- and conventional homojunction
cells [6]. However, to our knowledge, the required electronic prop-
erties of the doped emitter layer to reach high power conversion
efficiency have rarely been studied. Centurioni commented on the
importance of having a high front contact work function in order
to maximize the built-in voltage [7], but did not argue on which
properties the a-Si:H emitter should have to complete an efficient
charge separation and transport.
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In this paper, we present a discussion on the influence of the
band bending in c-Si on silicon heterojunction solar cells perfor-
mance. Our procedure was the following:

(I) Simulations of a-Si:H/c-Si solar cells with the software AFORS-
HET enlighten a correlation between the equilibrium band
bending in c-Si and the open-circuit voltage. This is described
in Section 2.

(II) In order to maximize the equilibrium band bending for a Vj,
optimization, an analytical model has been developed. The
influence on the band bending of some parameters such as the
density of states and the thickness of the a-Si:H emitter could
be studied. This is developed in Section 3.

(IIl) To confirm one of the main tendencies of step (II), namely thata
high density of states in the a-Si:H emitter is beneficial for solar
cells performance, we performed full numerical simulations
of solar cells with AFORS-HET. This discussion is presented in
Section 4.

2. Simulation of solar cells
2.1. Cell structures

The influence of some material parameters on a-Si:H/c-Si cell
performance was studied through 1D numerical simulations using
the software AFORS-HET [8]. The complete TCO/(p)a-Si:H/(i)a-
Si:H/(n)c-Si/(n*)a-Si:H structure was modeled. The (n)c-Si absorber

Please cite this article in press as: R. Varache, et al., Mater. Sci. Eng. B (2012), http://dx.doi.org/10.1016/j.mseb.2012.11.011



dx.doi.org/10.1016/j.mseb.2012.11.011
dx.doi.org/10.1016/j.mseb.2012.11.011
http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
dx.doi.org/10.1016/j.mseb.2012.11.011

GModel
MSB-13263; No.of Pages6

2 R. Varache et al. / Materials Science and Engineering B xxx (2012) Xxx—xXX

Table I

Parameters of the a-Si:H layers in a (p)a-Si:H/(n)c-Si solar cells for the simulation software AFORS-HET: characteristics of the density of states (DOS), position of the Fermi
level (Ef), doping density and thickness. The DOS of the a-Si:H layers is determined by the conduction band tail and the valence band tail that are characterized by their
respective characteristic temperatures T, and T¢; the distribution of dangling bonds (DB) is given by two Gaussian distributions with a maximum of the DOS distribution

Dmax at an energy position Enqy referred to the valence band edge.

Parameter Emitter (p)a-Si:H Buffer layer (i)a-Si:H BSF (n*)a-Si:H
T,[T. (K) 700/400 500/400 700/400

Dinax (cm~3 eV-1) 1.19 x 1020 1.36 x 1016 1.54 x 1019
Emax (donor/acceptor) (eV) 1.05/1.25 1.05/1.25 0.45/0.65

Er (closest band) (eV) 0.35 (valence)
Doping density (type) (cm~3) 6.12 x 10" (acceptor)
Thickness (nm) 10

0.7 (conduction) 0.2 (conduction)
5 x 10'3 (acceptor) 1.7 x 10" (donor)
3 20

is standard 300 pm thick c-Si, with a donor density of
2 x 101> cm~3. It is characterized by a single acceptor-type defect
centered at mid-gap with a density of 10°cm™3 and the cap-
ture cross section for electrons (0y,) and for holes (0}) is equal to
104 cm?, leading to a bulk minority carrier lifetime of 10ms at
an excess carrier density of 10'> cm~3. Band-to-band and Auger
recombination are taken into account according to Kerr’s and
Cuevas’ parameterization [9]. For all the a-Si:H layers in the cell,
the band gap was set to 1.7 eV and the density of states (DOS) was
described according to the defect pool model (DPM)[10]. The defect
distribution calculated using the defect pool model is shown in
Fig. 1 for two values of the valence band tail characteristic temper-
ature T,.. The deep defects, even if they are known to be amphoteric,
were modeled by two Gaussian distributions of monovalent states
[11-13], ie., one donor-like with o =10 x 6 =3 x 1014 cm? and
one acceptor-like with oy, = 10 x 0p =3 x 10~14 cm?. The two Gauss-
ian distributions are 0.2eV separated, which is the correlation
energy in the case of true amphoteric defects (see an example
of the DOS introduced in AFORS-HET for (p)a-Si:H: dashed lines
in Fig. 1). The standard deviation of the Gaussian distributions
was set equal to 0.19 eV; the maximum DOS values (Dpqy) at the
energy position Epqx (referred to the valence band edge) are given
inTableIfor all the a-Si:H layers in the cell. The valence and conduc-
tion band tails states were modeled by two exponential band tails
with characteristic temperature T, and T, respectively, reported in
Table I. Recombination was accounted for by the Shockley-Read-
Hall model [14]. The defect density at the Fermi level in (p)a-Si:H
(N(EF)) is varied by changing the valence band tail parameter T,
(see Fig. 1), which is the relevant parameter describing the density
of states in a-Si:H [10,15]. In order to counterbalance the charge
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Fig. 1. Distribution of gap defects in (p)a-Si:H as calculated from the defect pool
model. The DOS is calculated for T, = 700 K (black solid line) and T, = 900 K (red dots),
keeping the Fermi level position constant at 0.35 eV above the valence band edge.
The band tails and Gaussian distributions fitting the DOS and inserted in AFORS-HET
are shown for T, = 700 K (black dashed lines). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

variation in the valence band tail defects, the doping density is
adjusted to keep the Fermi level position constant.

The emitter/absorber interface defects were simulated by
introducing a 1nm-thick, highly defective (n)c-Si layer at the
(i)a-Si:H/(n)c-Si interface [16]. Two Gaussian distributions with
a standard deviation of 0.19eV were introduced: the donor-like
Gaussian is centered at mid-gap (0.56eV) and the acceptor-like
Gaussian is 0.2 eV higher (0.76 eV). Their height was adjusted to
yield an equivalent 10'% cm~2 interface defect density. The valence
and conduction band offsets were set equal to 0.35eV and 0.23 eV,
respectively. Thermionic emission and tunneling through the con-
duction or valence band spike at a-Si:H/c-Si interfaces were taken
into account according to Yang’s model [17]. The front Schottky
contact includes reflection and absorption in the TCO according to
experimental values measured on ZnO:Al layers deposited on glass
in our institute. Reflection and parasitic absorption losses have an
effect only on the short circuit current and are not discussed here.
Only the work function of the TCO at the front contact is modi-
fied, which is a way to vary the equilibrium band bending in c-Si
(¥c_si) without modifying strongly the a-Si:H/c-Si sub-structure [7].
Indeed, modifying the emitter doping density or interface prop-
erties like the band offsets would have an impact on the carrier
transport and recombination at the interface and it would be dif-
ficult to isolate the contribution of V¥ ._g; on the cell performance.
Thus, our study relies on variations of the work function of the TCO.
The band bending v_s; was extracted from structures simulated at
equilibrium (no illumination, no applied voltage). Current-Voltage
characteristics under AM1.5 illumination were calculated to extract
solar cell performances: the open-circuit voltage V., the short-
circuit current density Js, the fill factor FF and the power conversion
efficiency 7.

2.2. Simulation results

In Fig. 2 we plotted ¥ ._s; and V, as determined by AFORS-HET
simulations versus AWF for different defect densities in the bulk of
the (p)a-Si:H layer (Fig. 2a) and at the a-Si:H/c-Si interface (Fig. 2b).
AWEF is the difference between the TCO and (p)a-Si:H work func-
tions (AWF=WFyco — WF_si.4)- As outlined in Ref. [7], a variation
of WFrco leads to a variation of the band bending in c-Si. More pre-
cisely, an increase of WF¢o leads to an increase of ¥._¢; and Vo as
observed in both Fig. 2a and b. Indeed, a change of WF¢o strongly
modifies the band diagram in a-Si:H and thus influences the charge
ina-Si:H (Qgsi:n)- Considering the charge neutrality (Eq. (9), see fur-
ther), the charge in crystalline silicon, Q__g; is therefore influenced.
With the standard set of parameters used here, the work function of
a-Si:His WF,_sj.;y =5.17 eV. Only a few materials (e.g. platinum with
WF=5.3eV) would lead to AWF>1eV and values of AWF greater
than 0.1 eV are not realistic for TCO. However, WF,_s;.; could vary
by several 0.1 eV around 5.17 eV depending on the a-Si:H band gap
and doping density. It can be observed in Fig. 2a that there is a
strong correlation between the evolutions of V. and ¥ ._; for the
considered set of (p)a-Si:H bulk DOS. Indeed, in solar cells, the V,¢
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