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ABSTRACT: Amorphoug/crystalline silicon heterojunction solar cells are investigated by means of numerical
computer simulations. The paper compares the p/n-type structure, aSi:H(p)/c-Si(n), with the inverse n/p-type
structure, a-Si:H(n)/c-Si(p), in order to clarify which of the two structures has a higher efficiency potential and what
might be the intrinsic advantage of one type or the other. It is the main result of the simulations that there are
inherent advantages of the p/n-type structure. This is due to mainly three reasons: (1) The higher band offset in the
minority carrier band (valence band offset DE,;,) of about 400-500 meV in case of the p/n-type structure compared to
the lower conduction band offset DE, of about 50-150 meV in case of the n/p-type structure, leading to a more
efficient suppression of interface recombination. (2) The lower mobility of the minority carriers within the
crystalline absorber when using the p/n-type structure (U, =450 cm? V'1s?) instead of the n/p-type structure
(Me = 1350 cm? V! %), leading to a higher open circuit voltage. (3) The higher mohility of the minority carriers
within the amorphous emitter when using the p/n-type structure (1. » 15 cm? V! s1) instead of the n/p-type structure
(U » 5om? Vs, leading to a higher short-circuit current. However, using the p/n-type structure and assuming a
valence band offset which is too high (approximately DE,, > 500 meV), these advantages are overcompensated by a

significant lossin the fill factor.
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1. INTRODUCTION

Amorphous/crystalline  silicon (aSi/c-Si) hetero-
junction solar cells gain increasing interest as a low cost
aternative to crystalline silicon solar cells with diffused
pn-junctions. Processing is comparatively simple and does
not require high temperature steps. High efficiency
aSi/c-Si solar cells have been successfully demonstrated
and industrial production has aready been announced [1].

Basically, aSi/c-Si solar cells consist of a thin film of
highly doped amorphous hydrogenated silicon (a Si:H, the
solar cell emitter), which is deposited on top of a
moderately doped, monocrystalline silicon wafer (c-Si, the
solar cell absorber). The moderate sheet resistivity of the
doped aSi:H requires the further use of a transparent,
conductive layer (TCO) on top of the amorphous emitter.
This minimises resistive losses in current flow to the metal
front grid as well as reflective losses of the incident photon
flux.
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Figure 1: structure of an aSi/cSi heterojunction solar cell.

Additionally, high efficiency features, such as the use
of a back surface field, surface texturing, and the
incorporation of a thin intrinsic aSi:H layer between the
emitter and the absorber of the solar cell may be used. The
high potential of such a technology was recently
demonstrated by the Sanyo Group, reaching an
independently confirmed efficiency of 20.7 % [2].

A proper engineering of the crystalline / amorphous
heterojunction interface is of crucia importance in order to
achieve good & Si/c-Si solar cell efficiencies. The surface-
treatment of the crystalline silicon wafer prior to the
emitter deposition is till a matter of debate. In previous
work, we obtained the best results on flat and hydrogen-
terminated surfaces [3], with surface state densities below
of N =102cm?. The incorporation of a thin, intrinsic
aSi:H layer (HIT-structure) has also been reported to
enhance the solar cell efficiency [1]. It has been argued that
this reduces the density of statesin the aS N3S' close to
the aSi/c-Si interface, as the defect density of intrinsic
aSi:H is about three orders of magnitude lower than that of
doped a-Si:H.

It is still discussed which might be the preferred
structure, a-Si:H(n)/c-Si(p) or aSi:H(p)/c-Si(n). These two
heterostructures have distinctively different electronic
properties: Considering minority carrier transport across
the interface, the low conduction band offset has to be
compared with the high valence band offset using p-doped
or n-doped c-Si wafers respectively. While the Sanyo
group uses a p/n-type structure, aSi:H(p)/c-Si(n) [1,2],
most other groups investigate the inverse n/p-type
structure, a-Si:H(n)/c-Si(p) [4]. It is still a matter of debate
which of the two types has a higher efficiency potential and
what might be the intrinsic advantage of one type or the
other. We addressed this question by means of numerical
computer simulations, investigating the influence of the
corresponding band offsets, interface recombination and
the different minority carrier mobilities on the solar cell
performance for both types of structure.

2. MODELLING

One-dimensional, fully numerical simulations of the
I-V curves and the spectral response have been performed.
Poisson’s equation and the continuity eguations within the
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aS and ¢-Si layers are solved for a given defect state
distribution, using Shockley-Read-Hall recombination
statistics. In a first approximation, the TCO-layer is
modelled by assuming an ohmic metal/a-Si front contact.
Light trapping effects (i.e. due to surface texturing) are not
considered.

For c-Si, a doping level of N§&, =10cm® and a
constant defect state distribution of DS =102cm2ev ! was
assumed. This corresponds to a minimum minority carrier
lifetime of t°S=02ms and a minority carrier diffusion
length of LcS =g40m (p-doped) or LES =430mm (n-doped)
respectively. In this case of a high quality absorber, LS5, is
always larger than the absorber length (250 pm). The
spectral absorption coefficient a*() was taken from
literature [5].

For &S, a bandgap of ES=18ev, a doping level of
N33 =10"%em 3 and an effective density of conduction band
[/ valence band states of N35, =102°cm™ 2 was assumed. The
spectral absorption coefficient a*() was taken from
literature [6]. The defect-state distributions within the

bandgap are exponential band tail states and Gaussian
dangling bond states, also taken from literature [7], i.e.

dangling bond states: N$,=10%m=, s, =015ev, tal
states: N@L =10*cm3/ev, ER'=008ev ,Ef'=017ev, See
figure2. This corresponds to an energetic distance from the
Fermi level to the magjority-band of E2S=0.48ev .
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Figure 2: Sketch of the acceptor-like (A) and donor-like
(D) defect-state distributions of n-doped a-Si. The energetic
distribution of p-doped &Si is assumed to be symmetrical

ton-doped &Si,i.e. EY’=0.6eV , EY =14eV .

All the simulations presented in this paper accord to the
aSi parameters given above. Depending on the preparation
conditions, the properties of the aS layers may vary
considerably, i.e. 02evEE2S£05ev. We aso performed
simulations using very different a&Si parameter, i.e. leading
to E2S=0.25ev . Quadlitatively, this didn't have a strong
influence on the main trends to be discussed in this paper.

Table 1 lists the main differences in the parameters of
the two possible structures aSi:H(n)/c-Si(p) and
aSi:H(p)/c-Si(n). In c-Si as well as in aSi, the electron
mobilities are generaly larger than the hole mobilities.
Thus the minority carrier mobilities differ when using a
p/n-type or a n/p-type structure, see table 1. Assuming an
electron affinity of ESY =-4.05ev, -390ev£EZYP £-395ev,
-396ev £E2YMW £-4.00ev [7], [8], and applying Anderson’s
rue, a low conduction band offset e, and a
correspondingly high valence band offset De,, is expected
(DE, +DE, =EZS - ESY). This is in accordance with
literature, where the observed conduction band offset is
between 50meV £DE, £200mev and  150meV £ DEy, £ 250eV
using an n/p- or an p/n-type structure respectively [8].
Considering minority carrier transport across the aSi/c-Si
heterojunction, a low conduction band offset in case of the

n/p-type structure has to be compared with a high valence
band offset in case of the p/n-type structure, see table 1.
Thus the band offset in the c-Si minority carrier band is of
decisive importance. This is the conduction band offset
DE,, in case of a n/p-type structure and the valence band

offset bE,, in case of ap/n-type structure.

n/p-type p/n-type
c-Si minority carrier Low High
band offset 50meV £ DEy, £150eV 400 meV £ DE,, £500 eV
c-Si minority carrier High Low
mobility meS =1350cm?V-1s L S = 450cm2V -1st
aSi minority carrier Low High
mobility M =[L.5cnfV-ist  mpS=[10.20]cnfV ts*

Table 1: main differences of the electronic properties of
n/p- or p/n-type a-Si/c-Si solar cell structures.

3. BAND DIAGRAMSAND |-V CHARACTERISTICS

The resulting band diagrams for a p/n- and a n/p-type
structure are shown in figure 3, with ac-Si minority carrier
band offset of DE,=450mev  and DEg =100meV
respectively. The higher ¢c-Si minority band offset in the
p/n-type structure results in larger band bending and thusin
a higher built-in voltage in the crystalline absorber
(v =67mv compared to v =47mv ). Therefore the ¢c-S
majority carrier density at the a-Si/c-Si interface will be
much more reduced in case of the p/n-type structure
(n& »10"cm 3 compared to  n% »10°cm™®  under open-
circuit conditions).
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Figure 3: Band diagrams of a p/n- and a n/p-type aS/c-Si

heterojunction solar cell.

The resultant 1-V curves are shown in figure 4,
assuming an illumination according to the AM1.5 solar
spectrum. Furthermore interface recombination at the
aSi/c-Si heterojunction has been considered by introducing
a constant surface state density of p$¥ =10'2cm2 evt at the
crystalline interface. The 1-V curves neglecting additional
surface states (D =10° cm2ev ! @D, ) are compared to the
I-V curves assuming additional surface states. The main
influence of introducing additional surface states at the
crystalline interface is a loss in the open-circuit voltage
V,. . Four characteristic features are observed: (1) The loss

in v, due to interface recombination is lower using the
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p/n-type structure, (2) the open-circuit voltage is higher
using the p/n-type structure, (3) the short-circuit current is
higher using the p/n-type structure, but (4) the fill factor is
lower using the p/n-type structure. The physical origin of
these features will now be examined in more detail.
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Figure 4: 1-V curves of p/n-type (dark lines) and n/p-type

(bright lines) a-Si/c-S heterojunction solar cells, assuming

(triangles) and neglecting (sguares) additional surface

states at the crystalline interface.

4. INFLUENCE OF BAND OFFSETS

In order to study the influence of the band offsets on
the solar cell performance, we first hypothetically assume
equal carrier mobilities for a-Si as well as for ¢-S (i.e
mg§ =e00cen?v-ist, mgS=10emev-ist). In this case, the c¢-S

minority carrier band offset remains the only difference
using a n/p- or a p/ntype structure. The additiona
influence of the different magnitude of the minority carrier
mobilities is explicitly considered below. It does not
change the genera tendency, that a higher ¢c-Si minority
carrier band offset leads to a more effective suppression of
interface recombination at the aSi/c-Si heterojunction.
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Figure 5: Dependence of the aSi/c-Si solar cell efficiency
on the band offset in the c-Si minority carrier band,
assuming (straight line) and neglecting (dotted line)
additional surface states at the crystaline interface. The
loss in efficiency due to the enhanced interface
recombination is highlighted for a n/p- and a p/n-type
structure (shaded area).

Neglecting additional surface states at the crystalline
interface (DS =10° cm2ev - @D, ), the solar cell efficiency
(open-circuit voltage, short-circuit current and filling
factor) is more or less independent of the c-Si minority
carrier band offset. This behaviour arises from the fact, that
a change in the band offset does not lead to a change of the
barrier for the c-Si minority carriers to overcome the
heterojunction. This means that the distance of the minority
carrier quasi-Fermi energy to the minority band plus band
offset remains approximately constant. A higher band
offset is compensated by a stronger band bending in the
crystalline absorber. However, if the band offset exceeds a
value of about 500 meV, it can no longer be compensated,
since the minority band approaches the minority carrier

quasi-Fermi energy. This results in a strong loss in the fill
factor and thus in solar cell efficiency, see figure 5. The
critical value for the band offset depends substantially on
the properties of the amorphous emitter.

The situation changes significantly if additional surface
states a the crystaline interface are considered

(D$¥ =102ecm2 evt). This leads to an additional interface
recombination at the aSi/c-Si heterojunction. The solar cell
efficiency will be reduced, basically due to a loss in the
open-circuit voltage compared to the case, where the
additional surface state density of the crystalline wafer had
been neglected, see figure 5 and figure 6. Indeed, additional
interface recombination cannot be neglected, since there is
experimental evidence, that a low surface state density of
the crystalline wafer is of crucial importance [3]. It
becomes obvious that the ¢-Si minority carrier band offset
has a strong influence on the effectiveness of this
additional recombination channel. As is shown in figure 5
(figure 6) the cell efficiency (the open-circuit voltage) is
less strongly reduced in case of the p/n-type structure,
where the band offset is high. In case of a high band offset
(p/n-type structure) the inverted surface at the crystalline
interface is able to suppress interface recombination, since
only few magjority carriers are available for recombination.
The open-circuit voltage and consequently the solar cell
efficiency istherefore not severely diminished.
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Figure 6: open-circuit voltage of aSi/c-Si solar cell as a
function of the c-Si minority carrier band offset, assuming
(straight line) and neglecting (dotted line) additional

surface states at the crystalline interface.

In figure 6, we additionally included the influence of
the different carrier mobilities (i.e. nf¥ =1350cm?v-'s?,
mfS =450cm?V?tst, mS=15cm?Vist, npS=5cm?Vis?).
Neglecting additional surface states at the crystalline
interface, a higher open-circuit voltage is observed, using
the p/n- instead of the n/p-type structure (indicated as Dv,,
in figure 6). This effect is not related with the higher c-Si
minority band offset of the p/n-type structure. It results
from the different minority carrier mobilities in the
crystalline absorber as will be further outlined.

5. INFLUENCE OF
ABSORBER MINORITY CARRIER MOBILITY

In the following, additional surface states at the
crystaline interface are neglected. Figure 7 shows the
dependence of the maximum achievable open-circuit
voltage for the p/n- and the n/p-type structure on the
absorber quality (the defect density in the crystaline
wafer). The resultant minority carrier diffusion length due
to the different minority carrier mobilities are indicated for
both types of structure. The open-circuit voltage v, of a
p/n-type solar cell (exhibiting a lower minority carrier
mobility of nf* =450cm2v*st) is always higher compared

Page3 of 4



17" European PV Conference, Munich, Oct.2001

to a n/p-type solar cell (exhibiting a higher minority carrier
mobility of nf¥ =1350cm?v-*st). The difference Dv,,
depends on the quality of the absorber, with pv,, £30mv,
seefigure 7.
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Figure 7: open-circuit voltage of a p/n- and a n/p-type
aSi/c-Si heterojunction solar cell as a function of the
absorber quality (c-Si defect density and minority carrier
diffusion length), neglecting additional surface states at the
crystaline interface.

Under open-circuit conditions a significant part of
minority carriers will recombine a the metal/c-Si back
contact of the solar cell. A lower minority carrier mobility
reduces this effect. The splitting of the quasi-Fermi
energies within the crystalline absorber and thus the open-
circuit voltage will then be enhanced. A good passivation
of the back contact of the solar cell (i.e. by means of a back
surface field), will not only enhance the achievable v, ,
but also reduce the difference Dv,, between the p/n- and
the n/p-type structure.

Contrary, under short-circuit conditions, assuming
equal emitter qualities, a lower ¢S minority carrier
mobility leads to a smaller short-circuit current, if the
absorber quality is poor. However, this effect
(D, £1mAcm?) is by far overcompensated by the different

emitter quality due to the different aSi minority carrier
mobilities, as will be further outlined.

6. INFLUENCE OF
EMITTER MINORITY CARRIER MOBILITY

The minority carrier lifetime t in the aS emitter
(estimated from the net recombination rate u and the
minority excess carrier concentration Dn to t=Dn/U)
amounts approximately to t »1510*?s. This corresponds
to a minority carrier diffusion length of L* »8nm
(p-doped) or L2 »4nm (n-doped). These values are smaller
than the emitter thickness (20 nm). Thus most of the
minority carriers, which are created within the amorphous
emitter, will recombine.
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Figure 8: Internal quantum efficiency (IQE) of a p/n- and a
n/p-type aSi/c-Si heterojunction solar cell, neglecting
additional surface states at the crystalline interface.

A higher minority carrier mobility within the
amorphous emitter therefore directly contributes to the
short-circuit current: The amount of minority carriers,
which are created in the emitter and are able to pass the
aS/c-S heterojunction is enhanced. This results in a
higher short-circuit current when using a p/n-type structure,
independent of the quality of the crystalline absorber. This
effect is also clearly visible comparing the interna
quantum efficiency (IQE) for both types of aS/c-Si solar
cells (figure 8). In the spectral range, where a significant
part of photon absorption takes place in the emitter
(300nm£ | £ 600nm ), the p/n-type structure clearly has the
higher 1QE.

7. CONCLUSION

Our model calculation showed that there are intrinsic
advantages of a p/n-type structure with respect to a
n/p-type structure for aS/c-S heterojunction solar cells:
(1) Interface recombination at the aSi/c-S heterojunction
will be suppressed more efficiently due to the higher band
offset in the ¢c-Si minority carrier band; (2) higher open-
circuit voltages can be reached due to the smaller c-S
minority carrier mobility; (3) higher short-circuit currents
can be obtained due to the higher aSi minority carrier
mobility. However, in case of the p/n-type structure, if the
band offset De, is too large, al these effects are
overcompensated by a strong loss in the fill factor and thus
in solar cell efficiency.

Furthermore, it must be stated that this simple
simulation study neglects some technological aspects.
Besides of the minority carrier mobility, equal emitter
qualities have been assumed. In the comparison of the two
structures therefore differences in the absorption spectra,
band gaps and defect state densities regarding p-doped &S
with respect to n-doped aSi have not been considered.
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