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The novel solar cell architecture called silicon homo-heterojunction (HHJ) cell is investigated combining experimental and simulation approaches. This structure intends to overcome the limitations of the silicon heterojunction technology regarding the amorphous/ crystalline silicon interface (p) a-Si:H/(i) a-Si:H /(n) c-Si) by
the addition of a (p+) c-Si layer at the hetero-interface. First, the added (p+) c-Si layer is experimentally investigated using boron implantation through the realization and characterization of symmetric solar cell precursors. An adapted process ﬂow taking into account the (p+) c-Si proﬁle optimization, the annealing eﬀects on
substrate degradation, and the impact on surface passivation, is deeply explored. Then, large area solar cells are
processed and the solar cell performance are discussed in view of the data obtained on precursors and with the
help of realistic numerical simulations. Overall, we observe that the HHJ solar cells exhibit a small performance
improvement compared to reference heterojunction cells. In particular, a gain in the ﬁll factor is observed, which
is shown to be originated from both an improvement in ﬁeld eﬀect and a decrease of the vertical series resistance
from the a-Si:H layers. The experimental data obtained on the processed homo-heterojunction solar cells conﬁrm
that this technology can lead to improved conversion eﬃciencies compared to the high quality reference heterojunction solar cells.

1. Introduction
Amorphous/crystalline silicon (a-Si:H/c-Si) heterojunction solar
cells (SHJ) have already demonstrated to be a promising alternative to
standard homojunction solar cells in terms of eﬃciency but also in
terms of industrial production and cost [1,2]. In 2012, numerous laboratories and companies have strongly improved eﬃciencies and
succeeded obtaining n-type SHJ solar cells with power conversion efﬁciencies above 21% [3–7]. Moreover, results obtained in 2015 and
2016 by Kaneka surpassed the world record for crystalline silicon solar
cells with more than 25% conversion eﬃciency (25.1% [8] and 26.7%
[9,10] on large area regular and back contacted SHJ cells conﬁgurations, respectively) conﬁrming the high potential of such structures for
high eﬃciency cells and modules. The key of the SHJ technology is a
simple and low temperature (< 200 °C) process based on the deposition
of a-Si:H layers onto a c-Si wafer used both to passivate the surface and
to build the front junction and back surface ﬁeld allowing for extremely
high VOC [11].
⁎

However, in today’s SHJ solar cells, the a-Si:H/c-Si interface passivation on the emitter side is identiﬁed as one of the most important
issue [12,13] limiting the SHJ cells performance specially because of
the ﬁll factor (FF)/open-circuit voltage (VOC) compromise. Indeed, the
passivation of the surface (limiting the device VOC) is strongly enhanced
by the use of an intrinsic (i) a-Si:H layer. However, such layer is resistive and impacts negatively the ﬁll factor (FF) increasing vertical
series resistances when increasing the thickness, while also impacting
the short circuit current due to parasitic absorption, especially in the
front emitter conﬁguration. Thus, the (i) and (p) a-Si:H layer thicknesses are optimized for the compromise between passivation (low interface defect density Dit), doping (strong ﬁeld eﬀect) and vertical
conduction. Additionally, the role of the transparent conductive oxide
(TCO) [14,15] is required to collect laterally the charges (to insure low
lateral series resistances) and to achieve an eﬀective Metal/TCO/(i/p)
a-Si:H/c-Si contact (correlated to vertical series resistance) [16].
Diﬀerent approaches have been proposed to improve the passivation/ﬁeld eﬀect compromise, for instance, improving cleaning [13],
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tuning the (i) a-Si:H layers structures and properties [17,18] or band
management modiﬁcations using silicon based amorphous alloys
[19–22].
An alternative option to improve the ﬁeld eﬀect is by the addition of
a thin and highly doped (p+) c-Si region underneath the (i) a-Si:H
passivation layer modifying the crystalline silicon space charge region.
The resulting structure is called a homo-heterojunction (HHJ) for it
combines a homojunction proﬁle to improve band bending and vertical
carrier collection with the amorphous hetero-emitter.
In previous numerical simulation studies [23], it was shown that,
compared to the SHJ cell, the HHJ cell exhibits a higher open-circuit
voltage and is less sensitive to interface defects. These features have
been evidenced to originate from the additional ﬁeld eﬀect passivation
brought by the (p+) c-Si region. Additionally, the HHJ cell ﬁll factor is
also improved and less inﬂuenced by interface defects [23]. Such improvements were also observed by simulations by other authors on similar homo-heterojunction cells with insertion of a highly doped
crystalline layer at the emitter of either n-type or p-type silicon solar
cells [24,25].
Concerning experimental results, the HHJ cells fabricated so far did
not succeed to surpass the performance of SHJ cells because of their
lower VOC due to increased recombination after the (p+) c-Si processing
[26,27]. Such increased recombination could take place in the strongly
doped (p+) c-Si region or could originate from a low (p+) c-Si/(i) aSi:H chemical passivation. They can also appear in the substrate due to
the creation of additional defects related to the high temperature
needed for the (p+) c-Si layer processing (epitaxy, post-implantation
annealing or diﬀusion) [28].
In this work, we use boron implantation to produce the (p+) c-Si
layer. In a ﬁrst part, ion implantation parameters are optimized using
eﬀective lifetime measurements on symmetrical (p+) c-Si/(n) c-Si/(p+)
c-Si samples. Then, in a second part we fabricate HHJ cells and standard
SHJ cells. For the ﬁrst time we were able to obtain HHJ cells exhibiting
slightly improved conversion eﬃciencies compared to the SHJ ones.
Results are discussed and explained in the light of further numerical
simulations.
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Fig. 1. SIMS measurement of the studied boron implantation proﬁles, on polished n-type c-Si substrates.

Table 1
Summary of implantation energy and dose conditions tested in this work, with
measured boron dose and surface concentration from SIMS measurements after
the annealing and the surface cleaning steps, and the corresponding calculated
sheet resistance. These values are valid for polished n-type substrates. For
textured substrates the implantation dose is multiplied by 1.7 in order to obtain
similar sheet resistance from the implanted doped region.
Batch
name

HHJ1
HHJ2
HHJ3
HHJ4
HHJ5

Implantation
energy

Implanted B
dose

Measured B
dose

[B]surface

kV

cm−2

cm−2

cm−3

1
10
1
5
10

1.0
1.0
1.0
5.0
1.0

×
×
×
×
×

1013
1013
1014
1013
1014

1.7
1.0
3.1
3.0
7.3

×
×
×
×
×

1012
1013
1013
1013
1013

Rsh
(Calculated

4.0
7.5
3.0
3.0
5.0

×
×
×
×
×

from SIMS)

Ω /□
1017
1017
1018
1018
1018

1.4
4.2
1.7
1.7
8.5

×
×
×
×
×

104
103
103
103
102

2. Experimental details
– a-Si:H layers deposited at 200 °C by PECVD in a Jusung cluster tool :

2.1 Symmetrical p+np+ samples

o a 18 ± 1 nm thick (i) a-Si:H layer,
o a 20 ± 1 nm thick (i/p) a-Si:H stack,

Symmetrical (p+) c-Si/(n) c-Si/(p+) c-Si samples (p+np+) are ﬁrst
processed by implanting boron (B) with a beam-line Varian VIISta® HCP
implanter in 160–180 µm thick n-type textured Cz pseudo-square 156
× 156 cm2 c-Si substrates with initial resistivity ranging from 3.0 to
4.0 Ω cm. Various energies and doses have been tested to obtain different proﬁles. In particular, c-Si wafers have been taken from the
second quarter of the Cz ingot to avoid strong oxygen and metallic
impurities known to be detrimental for substrate lifetime when high
temperature steps are used during processing [29]. After an HF-O3
cleaning step, boron is activated around 950 °C during 15 min in a nitrogen atmosphere. Such low activation temperature has been chosen
following a previous work in order to limit bulk substrate damages
[28]. By comparing the secondary ion mass spectroscopy (SIMS) results
(Fig. 1) with that of electrochemical capacitance-voltage (ECV) (not
shown here), the boron atoms were checked to be fully active [30].
Implantation parameters, boron dose and boron surface concentration
deduced from SIMS are summarized in Table 1 for ﬁve batches (HHJ1HHJ5), each batch consisting in three wafers.
Subsequent to the annealing step at 950 °C, (p+) c-Si surfaces are
passivated using diﬀerent stacks and layers:

It is already known that thanks to the AlOx negative charges, the
AlOx/SiNx:H stack passivates very eﬃciently B-doped c-Si surfaces [31]
and will serve as our passivation reference. The (i/p) a-Si:H stack is the
same as used in SHJ solar cells at INES [8] and will be used for the
realization of HHJ cells.
For comparison purposes, we also processed two other batches of
symmetrical structures, that we designate as SHJREF and SHJ950 °C in the
following. These are reference samples without any boron implantation
and using the standard cleaning procedure developed at INES for the
fabrication of silicon heterojunction solar cells [8], except that SHJ950 °C
has been submitted to the same annealing step at 950 °C as the HHJs
samples (before deposition of the surface passivation layers) in order to
investigate the eﬀect of such annealing on the wafer properties.
Injection dependent eﬀective minority carrier lifetime curves are
obtained using a WCT-120 Sinton Instrument setup. For an easy and
rapid comparison these curves can be used to extract the eﬀective
lifetime at an injection level of 1015 cm−3 [32] or the implied opencircuit voltage (i-VOC) [33].
For samples with the (i/p) a-Si:H passivation stack, we also deposited top co-planar electrodes made of a bi-layer of indium tin oxide
(ITO) covered with silver, with various interspacing distances. We the
applied the transfer length method (TLM) in order to get insight into

– a 8/72 nm-thick AlOx/SiNx:H stack, deposited by atomic layer deposition (ALD) in a Beneq equipment at room temperature and high
temperature plasma enhanced chemical vapor deposition (PECVD)
in a Centrotherm tool at 450ºC, respectively,
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Fig. 2. Sketch of the HHJ solar cell in the rear emitter conﬁguration.

conduction properties [34,35].
From the SIMS proﬁles of Fig. 1 we calculated the implanted boron
dose and compared it to the nominal dose (see Table 1). One can note
that the two values are not identical, the measured dose being lower
than the nominal one. This diﬀerence can originate from matrix atoms
sputtering due to ion implantation or from the surface etching due to
post-implantation and post-annealing cleaning routines [36].
2.2 Solar cells fabrication
Large area (on 156 mm pseudo square wafers) SHJ and HHJ solar
cells are processed in a rear emitter conﬁguration (see Fig. 2) at INES
pilot line “Labfab” [37] with an industrial process. To ﬁnish the solar
cell, after the amorphous layers processing, ITO is deposited by PVD on
both sides using masks covering the edges to avoid parasitic shunt resistances. Then, solar cells are screen printed with a 4 bus bars bifacial
conﬁguration. Solar cells are characterized using IV measurements
under 1-sun AM1.5 illumination conditions with an Aescusoft solar simulator. In order to get further insight into the new cell features, SunsVOC [38] and photoluminescence (PL) [39] measurements are also
performed. Series resistances are extracted from the comparison between IV and SunsVoc as suggested by [40].

Fig. 3. Eﬀective lifetime as a function of the excess minority carrier density for
all symmetric samples with the diﬀerent B proﬁles for a) the AlOx/SiNx:H, b)
the (i) a-Si:H and c) the (i/p) a-Si:H passivation stacks.

3. Results and discussions

However, from Fig. 3b, the samples with implanted proﬁles (HHJ
samples) have lower eﬀective lifetimes than both reference samples
(SHJREF, SHJ950 °C) when passivated by (i) a-Si: H. This decrease is
observed on the whole injection level range, meaning that the chemical
passivation is decreased for the boron-doped surfaces (i.e. they have
higher Dit).
Using the (i/p) a-Si:H passivation stack (that is used in heterojunction solar cells) we observe an increase in the eﬀective lifetime at
low injection level compared to the samples using only the single (i) aSi:H passivation layer (Fig. 3c), while the increase at high injection is
less pronounced, which is a signature of the ﬁeld eﬀect passivation
[41], indicating that the (p) a-Si:H layer adds a ﬁeld eﬀect with a signiﬁcant contribution to the passivation, although less pronounced than
the one provided by the AlOx/SiNx:H passivation stack. From this
ﬁgure one can already deduce that HHJ1 and HHJ2 exhibit comparable
lifetime values at high injection as the SHJ samples and better values at
low injection. They are thus expected to improve the solar cells FF and
pseudo-FF (pFF) values [42], and will be privileged for the realization
of solar cells which results will be described in Section C.
For a better readability and analysis of the lifetime curves at both
low and high injection conditions, Fig. 4 summarizes the values of effective lifetime at an excess carrier density of 1015 cm−3, τLIL and the
values of implied-open-circuit voltage i-VOC, which are representative

3.1 a-Si:H passivation on boron-doped surfaces
First, the amorphous silicon passivation quality on the (p+) c-Si
layer needs to be evaluated. We aim at obtaining passivations of the
new hetero-interface of at least similar quality as for standard SHJ cells.
This is required in order to beneﬁt from the (p+) c-Si layer addition in
terms of collection while guaranteeing high VOC. The eﬀective lifetime
as a function of excess carrier density of p+np+ samples is plotted in
Fig. 3 for each passivation system and for the ﬁve implantation conditions and the two reference samples.
In Fig. 3a, eﬀective lifetime curves of HHJ samples passivated by the
AlOx/SiNx:H system are found close to those of the reference samples.
The diﬀerence between samples is larger at low injection level,
which can be explained by a diﬀerence in ﬁeld eﬀect whether the AlOx/
SiNx:H stack is deposited directly onto the n-type c-Si wafer or on the
implanted p + region. The diﬀerence is weaker in the intermediate to
high injection level (HIL) range (for excess carrier densities larger than
1015 cm−3), where ﬁeld eﬀect passivation is less prominent. This shows
that all implanted (p+) c-Si bulk regions are lowly defective and do not
strongly intrinsically limit the eﬀective lifetime of the samples.
Therefore, all tested implantation conditions are potentially suitable for
the HHJ application where we can expect high implied-Voc values.
180
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Fig. 4. a) Eﬀective lifetime at excess minority carrier concentration of 1015 cm−3 (low injection level), τLIL, and b) Implied open-circuit voltage (i-VOC) at 1 sun (high
injection level) for diﬀerent passivation stacks.

and AlOx/SiNx: H.).
To our knowledge no study has so far evidenced such a behavior.
This suggests a power law dependence τLIL ~ ([B]Surf)γ. While γ is close
to zero for the AlOx/SiNx:H passivation stack, where ﬁeld eﬀect passivation can make recombination less sensitive to interface defects and
thus to [B]Surf, γ is approximately −0.5 and −1 for the (i/p) a-Si:H and
(i) a-Si:H passivation layers, respectively. The latter indicates that interface defect densities increase proportionnaly to the surface boron
concentration and that (i) a-Si:H provides a limited chemical passivation on strongly boron-doped surfaces.
We have evidenced in this ﬁrst experiment a limited chemical
passivation of a-Si:H on strongly boron-doped surfaces. Interestingly,
Carstens et al. demonstrated that tuning the (i) a-Si:H deposition and
annealing temperature could improve the passivation on boron-doped
c-Si surfaces [47]. The passivation level is maximized when a-Si:H is
deposited at low temperature. Thus, the involved mechanism seems to
be related to as-deposited a-Si:H hydrogen content and H conﬁguration
variation from poly-hydride to mono-hydride conﬁgurations upon annealing [17]. J0e values as low as 30 fAcm−2 for 30 nm thick (i) a-Si:H
passivation on a stronger diﬀused homo-emitter (R□ = 90 Ω/□) have
been reported using a 150 °C deposition temperature and post-deposition annealing of 5 min at 350 °C [47]. Additional post-process annealing steps up to 300 °C have been performed on our samples but no
eﬀective lifetime increase has been observed. This result is likely to
originate from the need of large H content in a-Si:H after deposition in
order to enable passivation improvements upon annealing [17]. Thus
deposition of a-Si:H at lower temperature could be envisaged in the
future for further passivation improvements.

of the low and high injection regimes, respectively.
First of all, by comparing the results of SHJREF and SHJ950 °C we note
that τLIL is slightly increased after annealing whatever the passivation
system. Such improvement probably originates from oxygen-related
phenomena in the c-Si wafer. Dissolution of as-grown thermal donors
(TD) upon annealing has been characterized by a resistivity increase
from 2.5 to 6 Ωcm, corresponding to an initial TD concentration of 5 ×
1014 cm−3. Such phenomenon occurs at temperatures above 600 °C
[43] and is known to suppress recombination-active defects [44].
Complementary tests with very high passivation (i)/(n) stack (not
shown) demonstrate that TD were shown to limit τLIL at 2 ms at the
concentration of 5 × 1014 cm−3 [45]. Therefore, assuming samples to
have the same interface recombination velocities for SHJref and
SHJ950ºC, TD dissolution is likely to explain the eﬀective lifetime increase upon annealing. This also evidences that the bulk lifetime plays a
signiﬁcant role in the device eﬀective lifetime limitation.
Compared to AlOx/SiNx:H, the limited a-Si:H passivation on the
(p+) c-Si surface is a striking result of this experiment. Such eﬀect was
previously evidenced for highly doped homo-emitters obtained from
homojunction-type boron diﬀusion with saturation current densities J0e
above 100 fAcm−2 and sheet resistances lower than 200 Ω/ϒ [46,47].
In our experiments, the boron proﬁles in the HHJ samples are softer,
with J0e values lower than 60 fAcm−2 for the AlOx/SiNx:H passivation
stack. Interestingly, in the tested boron surface concentration ([B]Surf)
range τLIL exhibits a linear dependence on [B]Surf in a log-log plot (see
Fig. 5: Eﬀective lifetime at excess minority carrier concentration of
1015 cm-3 (low injection level), τLIL, as a function of the boron surface
concentration for the various passivation layers: (i) a-Si: H, (i/p) a-Si:H

3.2 Eﬀect of the (p +) c-Si region in conduction issues
TLM measurements have been performed on samples with the (i/p)
a-Si:H stack. From such measurements one can extract a sheet resistance (Rsh) [34], that is related to the lateral current ﬂow between
the two top electrodes, either in the a-Si:H or in the c-Si regions. When
samples have no implanted (p+) c-Si region it was shown that the
measured sheet resistance reﬂects conduction in the strong hole inversion layer at the c-Si surface which is caused by the strong band
bending implied by the top (i/p) a-Si:H stack [48], while lateral conduction in a-Si:H is negligible due to the low carrier mobility and low
eﬀective doping eﬃciency in this material. When a (p+) c-Si region is
processed, both the inversion layer and the (p+) c-Si region can participate to the measured sheet resistance.
Fig. 6 shows that the sheet resistance is decreased approximately
one order of magnitude for HHJ1 and by a factor of about 300 for HHJ2
compared to the reference samples without (p+) c-Si region. This
proves that insertion of the (p+) c-Si region has a strong eﬀect on the

Fig. 5. Eﬀective lifetime at excess minority carrier concentration of 1015 cm−3
(low injection level), τLIL, as a function of the boron surface concentration for
the various passivation layers: (i) a-Si:H, (i/p) a-Si:H and AlOx/SiNx:H.
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Fig. 6. Measured sheet resistance (Rsh), extracted from TLM measurements
compared to sheet resistance calculated from SIMS measurement.

band bending and on the Fermi level position at the c-Si surface.
Moreover, the Rsh values measured from TLM and calculated from SIMS
proﬁles are quite identical. For the latter calculation we ﬁrst determine
the resistivity proﬁle from the measured boron proﬁle (remember that
the boron atoms are known to be fully activated from the comparison of
ECV and SIMS proﬁles), with the doping dependent carriers mobility
being calculated from the Arora’s model [49]. The sheet resistance is
then obtained from the reciprocal of the integrated (p+) c-Si layer
conductivity. We however notice that the sheet resistance of the HHJ2
samples still remains high (by more than one order of magnitude)
compared to the ITO sheet resistance, which is at about 65 Ω/□. Thus
no signiﬁcant lateral current transport improvement is expected in
HHJ1 and HHJ2 solar cells compared to the reference SHJ cells, and the
ITO layer is still mandatory. Only for the strongly implanted HHJ5 the
sheet resistance is decreased to a level of 60 Ω/□ (not shown in this
ﬁgure) equivalent to that of ITO, but, as mentioned above, such a high
implantation level is detrimental regarding passivation issues.

Fig. 7. Photovoltaic performance of SHJ and HHJ cells: open-circuit voltage,
short circuit current density, ﬁll factor, eﬃciency, and series resistance. Error
bars are standard deviations on at least three samples.

measurements on the cell precursors are performed in the center of the
wafer that is less impacted by sample manipulation. It means that we
could reach even higher Voc and FF in the implanted samples if we
suppressed the process induced defectivity by improving sample
handling.

3.3 Solar cells results

3.4 General discussion - numerical simulations

Fig. 7: Photovoltaic performance of SHJ and HHJ cells: open-circuit
voltage, short circuit current density, ﬁll factor, eﬃciency, and series
resistance. Error bars are standard deviations on at least three samples.
This summarizes the photovoltaic output parameters (open-circuit
voltage, short circuit current density, ﬁll factor) of all processed cells
and includes the pFF values extracted from Suns-VOC measurements and
the calculated series resistances.
HHJ and SHJ cells have similar JSC values (variability is linked to
screen printing process). This is consistent with numerical simulations
where no short circuit current loss is expected in rear emitter HHJ cells
compared to the reference SHJ cells [23].
Open-circuit values of SHJREF, SHJ950 °C and HHJ1 samples are very
similar, meaning that the HHJ1 cells do not exhibit increased recombination in the homo-emitter and at the hetero-interface. The HHJ2
cells have a slightly lower VOC because of a lower interface passivation,
as observed in the lifetime curves on the symmetrical cell precursors
(see Fig. 3b).
The ﬁll factor of HHJ1 cells is slightly improved, by 0.9% and 0.6%
abs. as compared to SHJREF and SHJ950 °C cells, respectively. This FF
improvement is explained by both a pFF increase and a series resistance
decrease.
To disregard process induced defectivity issues in FF and Voc values,
PL images have been performed (Fig. 8).
A striking feature of the ﬁgure is that all cells that experienced an
annealing step exhibit dark regions principally at the edges due to increased recombination. This originates from the increased number of
process steps that implies more samples manipulation and leads to
enhanced process induced defectivity. However this is counter balanced
by an improved quality of the c-Si material, which was revealed by the
measurements on the cell precursors (Fig. 3 et 4). Indeed lifetime

In order to gain further insight into the HHJ cells working principle
and to discuss experimental results, numerical simulations of both the
SHJ and HHJ cells are performed.
3.4.1 Simulation models and parameters
Solar cells simulations are performed using Silvaco Atlas. SHJ cell
layer parameters have been taken primarily from Varache’s work [50]
and have then be adapted in order to closely represent experimental
cells as fabricated at INES. They are described in Table 2. The density of
states (DOS) in the doped a-Si:H layers follows the defect-pool model
proposed by Powell and Deane [51]. For the dangling bonds defects,
this leads to Gaussian distributions located at 1.45 eV from the valence
band edge (EV). Because of the statistics for monovalent states used in
the modeling, amphoteric dangling bond states are represented as two
Gaussian distributions of monovalent states shifted by the correlation
energy taken equal to 0.2 eV. Due to the very low thickness of (i) a-Si:H
layers, the Fermi level (EF) position in these layers is much closer from
EV than from the conduction band (EC). Therefore, according to the
defect-pool model the energetic position of localized states originating
from dangling bonds is the same as for the doped adjacent layers.
However, the absolute values of the Gaussian distributions are taken
much lower.
At front and back hetero-interfaces, defects are introduced using a
1 nm thick highly defective c-Si interfacial layer containing two
Gaussian distributions of localized states. The donor-like and the acceptor-like Gaussian distributions have their respective maximum at
0.56 eV and 0.76 eV above EV. Both distributions have a standard deviation of 0.2 eV and electron and holes capture cross sections (σe, σh)
182
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Fig. 8. Photoluminescence images of the processed SHJ and HHJ cells of batch A. The dotted lines represent the active area during the masked IV measurement.

of 1 × 10−14 cm2. The peak values are adjusted to yield targeted
equivalent interface defect densities (Dit in cm−2). Dit and external
resistances were tuned so that the simulated reference SHJ cell displays
performances comparable to that of state-of-the art manufactured cells.
Dit values are set at 5 × 109 and 1 × 109 cm−2 at the front and back
hetero-interface, respectively. External series resistances are set at
0.5 Ω cm2.
In the high quality crystalline substrate (bulk (n) c-Si), recombination centers are modeled with 109 cm−3 neutral defects located at
0.56 eV above EV with capture cross sections of 10−14 cm2.
In the highly doped added layers defects are also located at 0.56 eV
above EV and Shockley-Read-Hall recombination dependence on doping
is taken into account in the capture time constant:

1015 ⎞
τi0high _doping = τi0low doping *⎛
⎝ ND ⎠
⎜

⎟

0.4

,

(1)

The lifetime values obtained with this model are below the ones that
can be found in literature from other models [52,53]. As a consequence
the beneﬁcial eﬀects of the (p+) c-Si layer insertion will not be overestimated.
At high dopant densities (i.e. in the added c-Si layers), the band gap
narrowing (BGN) eﬀect makes the p × n product in equilibrium increase above the value that holds at low dopant densities or undoped
intrinsic material thus modifying the "intrinsic" carrier concentration
following [54] :
app
−(Eg − ∆Egapp) ⎞
2
2
⎛ ∆Eg ⎞⎟ ,
(nieff ) = Nc Nv *exp ⎛⎜
⎟ = ni *exp ⎜
kT
⎝
⎠
⎝ kT ⎠

183

(2)

Solar Energy Materials and Solar Cells 182 (2018) 178–187

T. Carrere et al.

Table 2
Simulated layers parameters. Optical and electrical band gap are considered equal.
Layer parameters

Unit

(p) a-Si:H

(ip) a-Si:H

(n) a-Si:H

(in) a-Si:H

(n) c-Si

(p+) c-Si

Thickness
Band gap
Dopant concentration
Relative dielectric constant
Electronic aﬃnity
Electron (hole) mobility

–
eV
cm−3
–
eV
cm2 V−1 s−1

Equivalent density in CB (VB)

cm−3

Neutral defect (at 0.56 eV) concentration
Electron (hole) capture cross section σe (σh)

cm−3
cm2

10 nm
1.700
6.12 × 1019
11.9
3.824
0.5
(0.5)
1 × 1020
(1 × 1020)
–
–

3 nm
1.700
0
11.9
3.824
0.5
(0.5)
1 × 1020
(1 × 1020)
–
–

25 nm
1.700
1.71 × 1019
11.9
3.824
0.5
(0.5)
1 × 1020
(1 × 1020)
–
–

3 nm
1.700
0
11.9
3.824
0.5
(0.5)
1 × 1020
(1 × 1020)
–
–

149.99 µm
1.124
2.0 × 1015
11.9
4.05
1321
− 461
2.843 × 1019
(2.682 × 1019)
109
Oct-14
(10−14)

0 – 1000 nm
1.074 – 1.124
1 – 50 × 1017
11.9
4.05
225.2 – 1321
(96.39 – 461)
1.08 × 1019
(1.019 × 1019)
1014
Oct-14
(6.3–30 × 10−14)

CB tail (VB tail) density at Ec (Ev)

cm−3 eV−1

CB tail (VB tail) Urbach energy

eV

2 × 1022
(2 × 1022)
0.035
(0.060)
7 × 10−16
7 × 10−16
1.20 × 1020
1.450
(1.250)
0.19
3 × 10−15
(3 × 10−15)
3 × 10−15
(3 × 10−15)

2 × 1022
(2 × 1022)
0.035
(0.050)
7 × 10−16
7 × 10−16
1.00 × 1017
1.450
(1.250)
0.19
3 × 10−15
(3 × 10−15)
3 × 10−15
(3 × 10−15)

2 × 1022
(2 × 1022)
0.035
(0.060)
7 × 10−16
7 × 10−16
2.25 × 1019
0.850
(0.650)
0.19
3 × 10−15
(3 × 10−15)
3 × 10−15
(3 × 10−15)

2 × 1022
(2 × 1022)
0.035
(0.050)
7 × 10−16
7 × 10−16
1.00 × 1017
0.850
(0.650)
0.19
3 × 10−15
(3 × 10−15)
3 × 10−15
(3 × 10−15)

–

–

–
–
–
–

–
–
–
–

–
–

–
–

–

–

σe and σh for CB tail
σe and σh for VB tail
Maximum A- and D-like Gaussian state density
Position of the A-(D-)like Gaussian
from the valence band edges
Standard deviation of the A- and D-like Gaussian
σe (σh) for A-like Gaussian states

cm
cm2
cm−3 eV−1
eV

σe (σh) for D-like Gaussian states

cm2

2

eV
cm2

(here below 1016 cm−3) [40]. Such improvement can be shown on the
simulated lifetime curves of symmetrical SHJ and HHJ precursors
shown in Fig. 10, which exhibit the same trends as observed experimentally (Figs. 3 and 4). The carrier lifetime for voltages lower than
VOC and around the maximum power point of the IV curve is higher in
the HHJ cell. As a result, a higher proportion of carriers is collected,
thus enhancing the FF [41]. Such eﬀect is also conﬁrmed by the improvement in the pFF values experimentally observed in HHJ cells
compared to the SHJ ones.
Simulations can also help explaining the decrease of both the sheet
resistance (from TLM measurements on cells precursors) and the series
resistance (from IV measurements on the cells) between the HHJ and
SHJ cells. Indeed, as can be seen in Fig. 11, in the HHJ cell the Fermi
level lies closer to the valence band in both c-Si and a-Si:H regions due
to the insertion of the (p+) c-Si region, Therefore, the hole sheet density
in c-Si is larger, explaining the lower sheet resistance observed in Fig. 6.
Moreover, the larger hole concentration in a-Si:H also decreases the aSi:H layers resistivity [16].
To quantify the contribution of the change in band bending to the
FF decrease, we used the numerical simulations to calculate the resistance of both (i) a-Si:H and (p) a-Si:H layers under illumination at the
maximum power point; we focus on the a-Si:H layers since they are by
far the most resistive one [16]. As expected from the band diagram of
Fig. 11, the calculated resistances in the a-Si:H layers are lower for the
HHJ cell, 0.43 Ω cm2 for the sum of both (i) and (p) a-Si:H layers,
compared to 0.56 Ω cm2 for the SHJ cell. The series resistance of the
cell, RS Cell, is also lower for the HHJ cell while the FF value is larger.
However the decrease in RS Cell is more pronounced, suggesting that the
resistance of the a-Si:H layers cannot solely explain the decrease in RS
Cell and the increase of FF from the SHJ to the HHJ cell (Table 3).
This is conﬁrmed by the numerical results obtained on the SHJajusted
cell, where we only increased the a-Si:H mobility so as to ajust the aSi:H resistance at the same level as in the HHJ cell (0.43 Ω cm2). Indeed,
for this cell we observe a decrease of RS Cell and an increase of FF
compared to the SHJ cell, but the values are still a bit behind those of
the HHJ cell, suggesting that transport across the interface through
thermoionic eﬀect is also favoured in the HHJ cell and contributes to
the increase in FF.

with nieﬀ the equilibrium intrinsic carrier concentration at high doping
level, ni the equilibrium intrinsic carrier concentration without band
gap narrowing eﬀect (i.e. at low doping level), Nc (Nv) the eﬀective
density of states in the conduction (valence) band.
The band gap narrowing ΔEgapp is modeled following [55] :

NA
⎞ ,
∆Egapp (NA) = 0.014*ln ⎛
⎝ 1.4*1017 ⎠

(3)

Regarding the carrier transport mechanisms, drift-diﬀusion is considered for homo-interfaces (c-Si/c-Si and a-Si:H/a-Si:H) and thermionic emission together with tunneling are considered for hetero-interfaces (a-Si:H/c-Si).
3.4.2 Simulation results and discussion
The solar cell performance parameters extracted from numerical
simulation are plotted in Fig. 9 as a function of the interface defect
density. It is worth noting that these results were obtained for a front
emitter conﬁguration, however we found identical results (within less
than 1%) in the rear emitter conﬁguration (provided one changes the
(n) a-Si:H thickness in order to keep the same short circuit current).
While the short circuit current density is almost the same for SHJ
and HHJ cells (less than 0.05 mA cm−2 diﬀerence) one can see the
advantage of HHJ cells in the open-circuit voltage at high Dit and in the
ﬁll factor.
For Dit above 109 cm−2, the HHJ cell has a higher VOC value than
the SHJ cell. This was evidenced to originate directly from a better ﬁeld
eﬀect passivation that can hinder recombination through interface defects [23]. For Dit below 109 cm−2 recombination at the emitter heterointerface is no longer the limiting recombination path and does not
limit the solar cell performance. This is why both SHJ and HHJ cells
reach the same VOC value and further reduction of Dit does not improve
the solar cell performance.
Regarding the ﬁll factor, an improvement is observed for the HHJ
cell in the whole Dit range. The gain compared to SHJ cells is of 0.8%
abs for Dit values below 5 × 109 cm−2 and slightly less at higher Dit.
This gain can be explained, at least partially, by the better ﬁeld eﬀect
passivation. Indeed, ﬁeld eﬀect improves the minority carrier lifetime
at low and medium injection levels, lower than at 1-sun illumination
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Fig. 9. Simulated SHJ and HHJ solar cells performance, open-circuit voltage (Voc), short circuit current density (JSC), ﬁll factor (FF) and eﬃciency as a function of
interface defect density (Dit) at the emitter side. The vertical blue dashed line marks the reference Dit considered for both the SHJ and HHJ cells.
Table 3
Photovoltaic parameters (open-circuit voltage, short circuit current density, ﬁll
factor and eﬃciency) and resistances extracted from simulations. Ra Si:H is the
resistance of the emitter a-Si:H layers, at the maximum power point under illumination, RS cell is the series resistances of the cell. Values are shown for the
three simulated cells: SHJ, HHJ and SHJadjusted, for which the a-Si:H mobility
has been adjusted so as to have the same Ra Si:H value as in the HHJ cell.

VOC
JSC
FF
Eﬃciency
R a-Si:H
RS Cell

Unit

SHJ

SHJadjusted

HHJ

mV
mA cm−2
%
%
Ω cm2
Ω cm2

725
37.5
80.4
21.9
0.56
1.08

725
37.5
80.9
22.0
0.43
0.94

733
37.5
81.2
22.3
0.43
0.74

Note that simulation results predict that the open-circuit voltage of
HHJ cells should be slightly larger than that of SHJ cells, which is not
observed experimentally. This is because in the simulations the interface defect density was kept at the same value for SHJ and HHJ cells.
Experimentally, although we have improved the quality of the interface
compared to previous work, it is likely that our HHJ cells still have a a
higher defect density at the heterointerface compared to the SHJ cells,
which counterbalances the expected beneﬁt from ﬁeld eﬀect passivation on the open-circuit voltage. Finally, also note that the absolute
values of extracted photovoltaic parameters are slightly diﬀerent in the
simulated and experimental results. Indeed, the FF and eﬃciency improvements predicted from numerical simulation in HHJ cells are less
pronounced in the experimental results. In the simulations, we have
considered a 10 nm thick layer homogeneously doped at 5 × 1018
cm−3
corresponding to a dose of 5 × 1012 cm−2. Experimentally, HHJ1
,
and HHJ2 homo-emitters have doses in the same order of magnitudes
(0.2 and 1 × 1013 cm−2, respectively). However, the dose is distributed
over more than 100 nm. Therefore, the diﬀerence in doping proﬁles is
likely to explain discrepancies between simulations and experiments.

Fig. 10. Simulated injection dependent lifetime curves for HHJ and SHJ cells
(plain lines and dashed lines, respectively).

4. Conclusion

Fig. 11. Equilibrium valence band diagrams of the SHJ and HHJ cells around
the hetero-interface.

The ﬁrst proof of concept of homo-heterojunction (HHJ) solar cells
has been demonstrated. The novel architecture contains an additional
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(p+) c-Si region at the hetero-interface emitter side of an n-type silicon
heterojunction solar cell (SHJ). From lifetime measurements on symmetrical precursors, a limited (i) a-Si:H passivation on the (p+) c-Si
region has been evidenced and found to be directly related to the boron
surface concentration. This phenomenon is critical for the HHJ processing since the lower chemical passivation can counter-balance the
improved ﬁeld eﬀect. Nevertheless, we succeeded in taking beneﬁt
from the enhanced ﬁeld eﬀect to improve the eﬀective carrier lifetime
at low injection levels by considering lowly doped (p+) c-Si regions.
This allowed us to produce n-type HHJ large area solar cells with FF
and eﬃciencies slightly surpassing that of regular SHJ cells. From both
experiments and numerical simulations, the FF improvement has been
correlated to the ﬁeld eﬀect enhancement but also to the series resistance decrease arising from the modiﬁed band bending at the heterointerface.
Although we have observed eﬃciency improvements with the HHJ
architecture as compared to the SHJ one, these are the very ﬁrst results
obtained for HHJ solar cells so there is space for further improvements
in order to maximize the homo-heterojunction beneﬁts. For instance,
there are many optimizations to be done concerning boron proﬁles
management or a-Si:H layers properties tuning. The issue of annealing
damages on the substrates should also be addressed to maximize the
HHJ cells eﬃciency while decreasing its costs before evaluating the
architecture potential to decrease the price of electricity.
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