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Silicon heterojunction solar cell with interdigitated
back contacts for a photoconversion e�ciency
over 26%
Kunta Yoshikawa*, Hayato Kawasaki, Wataru Yoshida, Toru Irie, Katsunori Konishi, Kunihiro Nakano,
Toshihiko Uto, Daisuke Adachi, Masanori Kanematsu, Hisashi Uzu and Kenji Yamamoto

Improving the photoconversion e�ciency of silicon solar cells is crucial to further the deployment of renewable electricity.
Essential device properties such as lifetime, series resistance and optical properties must be improved simultaneously to
reduce recombination, resistive and optical losses. Here, we use industrially compatible processes to fabricate large-area
silicon solar cells combining interdigitated back contacts and an amorphous silicon/crystalline silicon heterojunction. The
photoconversion e�ciency is over 26% with a 180.4 cm2 designated area, which is an improvement of 2.7% relative to the
previous record e�ciency of 25.6%. The cell was analysed to characterize lifetime, quantum e�ciency, and series resistance,
which are essential elements for conversion e�ciency. Finally, a loss analysis pinpoints a path to approach the theoretical
conversion e�ciency limit of Si solar cells, 29.1%.

Today’s energy production strongly depends on fossil fuels
such as oil, natural gas and coal with limited minable years1,
while the world energy demand is predicted to increase in

the future2. As a renewable energy source, solar cells are one of
the most widely used technologies utilizing sunlight to generate
electricity, demonstratedwith strong growth of photovoltaicmodule
installation3, and grid parity has already been achieved in many
countries4. According to several scenarios, by the year 2050,
photovoltaic electricity should cover more than a 20% share of
the global primary energy demands5. Indeed, the performance
of industrial solar cells has improved continuously together with
the cost and reliability6. Such progress indicates the remarkable
maturation of the technology.

Silicon has a nearly optimum bandgap for sunlight absorption
and silicon solar cells reach a high photoconversion efficiency
due to the good material quality and widespread technological
know-how. Moreover, Si solar cells have several strong advantages
essential for photovoltaics, such as abundant raw material supply,
low toxicity, low cost and scalable technologies for cell and module
fabrication. These advantages are at the origin of the sharp increase
in the number of photovoltaic installations in the world, and most
probably the same trend will continue in the future. Improving the
efficiency of Si solar cells is key to further reduce area-related costs
and to ascertain the position of photovoltaics as a renewable source
of electricity.

In the last years, several high conversion efficiencies have been
reported7,8. There are mainly two technologies responsible for
this progress: first, the passivated contact technology including
heterojunctions (HJ); and second, the interdigitated back contact
(IBC) technology. The HJ technology using an amorphous Si (a-Si)
layer to passivate the crystalline Si (c-Si) surfacewas first reported by
Sanyo (now Panasonic) and following work was reported in 20009.
The very origin of the IBC design was first suggested in 197710 and
an efficient solar cell was reported in 198411.

Recently, in 2014, the highest efficiency in a Si solar cell of 25.6%
(144 cm2: designated area) obtained by a HJ back contact cell was
reported12. An IBC solar cell with passivated contact exhibited an
efficiency of 25.2% (153 cm2: total area), with the potential to reach
0.26%higher efficiencywith designated area, according to their edge
loss analysis13. Finally, we have reported a 25.1% efficiency top/rear
contacted HJ cell (152 cm2: aperture area) using a Cu electrode14.
The definitions of the various measurement areas are given
in ref. 15.

In this paper, we demonstrate an efficiency over 26% using a
large-area (180 cm2 designated area) c-Si solar cell with an IBC
structure combined with an a-Si/c-Si Si HJ, prepared by industrially
feasible technologies. With this architecture, by integrating both P+

andN+ HJ contacts to the rear side, it is possible to have good optical
and passivation properties at the front side of the cell, which receives
light. We compare the high-efficiency technologies for Si solar cells
in the literature, and discuss the advantages of the technologies used
to prepare our record efficiency cell. Finally, a loss analysis pinpoints
a path to approach the theoretical conversion efficiency limit16,17 of
Si solar cells, 29.1%.

High conversion e�ciency over 26% by the HJ-IBC
Here, we developed a HJ-IBC solar cell with a conversion efficiency
of 26.3%, which is a record-breaking efficiency for a Si solar
cell. As shown in Fig. 1a, the p-type amorphous Si (p:a-Si) layer
and n-type amorphous Si (n:a-Si) layer are patterned to collect
holes and electrons, respectively. The front side is covered by an
a-Si passivation layer and a dielectric anti-reflection (AR) layer.
The incident light generates carriers, which are collected by the
patterned a-Si layers and electrodes. The HJ-IBC cell was fabricated
using a Czochralski Si wafer with a thickness of 165 µm with
resistivity of ∼3� cm. The current–voltage (IV) characteristic
shown in Fig. 1b was certified by the Fraunhofer Institute for Solar
Energy Systems (ISE) with designated area (180 cm2) measurement
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Figure 1 | Schematic image and IV curve of the HJ-IBC cell. a, Cross-section schematic image of the HJ-IBC cell. b, Current–voltage (IV) curve and
power–voltage (PV) curve of the record HJ-IBC cell (180 cm2 designated area) with conversion e�ciency of 26.3%. The measurement was performed at
the Fraunhofer Institute of Solar Energy as a certified measurement by an independent laboratory under standard test conditions. The IV parameters were
Vmeas

OC = 0.744 V, Jmeas
SC = 42.3 mA cm−2 and FFmeas = 83.8% respectively.

Table 1 |Comparison of our HJ-IBC with recent cells from the literature.

Cell type VOC (V) JSC (mA cm−2) FF% E�% Area (cm2) W (µm) Article

HJ-IBC 0.744 42.3 83.8 26.3± 0.5 180.4 (da) 165 This paper
HJ-IBC 0.740 41.8 82.7 25.6± 0.5 143.7 (da) 150 Ref. 12
IBC 0.737 41.3 82.7 25.2± 0.5 153.5 (ta) 130 Ref. 13
Top and rear contacted HJ 0.738 40.8 83.5 25.1± 0.5 151.9 (ap) 160 Ref. 14
Top and rear contacted HJ 0.750 39.5 83.2 24.7± 0.5 101.8 (ta) 100 Ref. 18

Comparison of the IV parameters of the 26.33% HJ-IBC cell and recent high-e�ciency cells with HJ architecture12,14,18 and an IBC cell13 . The absolute uncertainty of the conversion e�ciency and
measurement area definition (da, designated area; ap, aperture area; ta, total area) were taken from ref. 15. Designated area: a portion of the cell area from which some cell- or module-contacting
components are excluded. Aperture area: the portion of the total cell area that includes all essential components, including active material, busbars, fingers and interconnects. Total area: the total
projected area of the cell.

under standard test conditions (25 ◦C and an illumination of AM1.5
spectrum and 100mWcm−2). The measured short-circuit current
density (J SC) in the IV measurement is consistent to the J SC
calculated from the spectral response measurement also performed
at the Fraunhofer ISE. The IV measurement was performed with
both sweep directions (J SC to open circuit voltage (VOC), VOC
to J SC) to take the mean value and there was no hysteresis
observed (<0.1%). Importantly, the solar cell was fabricated using
an industrially applicable capacitively coupled RF plasma-enhanced
chemical vapour deposition (PECVD) deposition tool to form an
a-Si layer on a standard Czochralski n-type c-Si wafer.

In Table 1, the IV parameters and the wafer thickness (W ) of
recent high efficiency works that contain HJ technology in the
cell architecture12,14,18 are compared with the HJ-IBC cell of this
work. Although the IBC cell reported in ref. 13 is not an HJ using
a a-Si layer, their ‘SunPower X-series technology’ exhibits similar
IV properties to those of our HJ-IBC cells; hence, it is listed for
comparison. Due to optically optimized front side architecture, the
IBC cells show higher J SC compared with top and rear contacted
HJ cells. The fill factor (FF), which is mainly affected by effective
lifetime and resistance tends to be higher in top and rear contacted
HJ cells compared with IBC cells, while the HJ-IBC cells of this
work reached 83.8%. Comparing the VOC, which is affected by
effective lifetime, photocurrent density and wafer thickness, the
HJ-IBC cell of this work and the top and rear contacted HJ cell
reported in ref. 18 seem to have a relatively higher combination of
higher effective lifetime with respect to the wafer thickness and/or
higher photo/dark current ratio than other devices. Overall, except
for the very highVOC (0.750V) using a thin Si wafer with a thickness

of ∼100 µm (ref. 18), the IV parameters of the HJ-IBC from this
work have shown the highest values.

In the Si solar cell field, because of its long development
history and the numbers of players, many types of device structure
have been developed aiming for high efficiency. Figure 2 outlines
the cross-sectional schematic profiles together with the record
efficiency of typical mono-crystalline Si solar cells categorized by
type of junction (homo- or heterojunction) and in type of contact
(top and rear contacted or IBC). In general, the front side of the
substrate has textured pyramid structures with Si (111) surface
processed by anisotropic etching of mono-crystalline Si substrate,
which is omitted in the Fig. 2.

The HJ technology using a-Si as the passivation layer is known as
one of the strongest technologies to obtain high-efficiency Si solar
cell by means of reduced carrier recombination loss at the surfaces
of Si wafer12,14,18–22. Also, the IBC structure is known as themost ideal
structure for high-efficiency solar cells by means of reduced optical
loss due to the lack of a front side electrode10,11,13,23.

In general, the HJ cells have a tendency to show a higher open
circuit voltage (VOC) of 0.730 ∼ 0.750V compared with that of
the homojunction type due to the high-quality passivation and
passivated contact structure12,14,15,19–22. The core of theHJ technology
is to form a very thin hydrogenated a-Si layer on the crystalline Si
surface by a PECVD method or hot-wire CVD method.

On the other hand, passivation layers used in homojunction
devices such as thermal oxidation or Al2O3 passivation can achieve
a similar effective lifetime to that of HJ24. As these layers are
dielectric and do not permit carrier transport, local openings
should be made for contacting. However, once such a direct metal

2

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE ENERGY 2, 17032 (2017) | DOI: 10.1038/nenergy.2017.32 | www.nature.com/natureenergy

http://dx.doi.org/10.1038/nenergy.2017.32
www.nature.com/natureenergy


NATURE ENERGY ARTICLES
Homojunction Heterojunction

To
p 

an
d 

re
ar

 c
on

ta
ct

In
te

rd
ig

ita
te

d 
ba

ck
 c

on
ta

ct AR
Front passivation

n:c-Si

i:a-Si
p:a-Si and n:a-Si pattern
Rear electrodes

Front electrode
AR
N+ diffusion

p:c-Si

Hole contact
Rear passivation
Rear electrode

AR
Front surface field

n:c-Si
Diffused P+ and
N+ pattern
Rear passivation
Rear electrodes

Eff. 25.1%14

Eff. 24.7%18
(PERC) Eff. 22.6%19,20

(PERL) Eff. 25%20

This paper
Eff. 26.3%

Eff. 24.4%26

Front electrode
TCO
p:a-Si
i:a-Si
n:c-Si

i:a-Si
n:a-Si
Rear electrode
with TCO

X-series
Eff. 25.2%13

a b

c d

Previous record
Eff. 25.6%12

Rear TOPCon
Eff. 25.3%21

Figure 2 | Schematic images of typical c-Si solar cells and record e�ciencies. a, A top/rear contacted homojunction solar cell. The cell architecture that
contains a top/rear contacted cell structure that has a di�used region or Al-BSF (back surface field) in the crystalline Si substrate directly contacted by a
metal electrode. Passivated emitter and rear cell (PERC)25,26 and passivated emitter with rear locally di�used (PERL)26 architecture are categorized here.
The architecture reported in ref. 28 has a passivated N+ contact at the rear side, which is di�erent from this category definition; TOPCon cell e�ciency
record is also described here. b, A top/rear contacted HJ solar cell. The P+ HJ layer stack (i:a-Si followed by p:a-Si) and N+ HJ layer stack are formed on the
front and rear side of the crystalline Si substrate respectively. On these HJ layer stacks, P+ and N+ electrodes including a TCO (transparent conductive
oxide) layers are formed. c, A homojunction IBC solar cell that has interdigitated P+ and N+ di�used regions in the Si substrate directly contacted by hole
and electron contacts respectively. d, A HJ-IBC cell that has interdigitated P+ and N+ HJ layer stacks contacted by P+ and N+ electrodes respectively. As the
IBC cell reported in ref. 13 is di�cult to categorize here, it is described as ‘X-series’ according their report13.

contact is formed at the diffused region in the Si substrate, a high
recombination velocity at the contact points dominates the entire
cell effective lifetime and VOC would be limited to 0.640 ∼ 0.71V
(refs 24–27). An efficiency of 25.3% with VOC of 0.718V was
reported in a top and rear contacted solar cell using a homojunction
P+ contact for the front side and a N+ thin oxide passivated contact
(TOPCon) architecture for the rear side of n-type mono-crystalline
Si substrate28. This cell, which is a hybrid of direct contact and
passivated contact, currently has the highest efficiency for a top and
rear contacted Si solar cell.

The advantage of the back contact structure is shown in Fig. 2b,c:
all of the electrical collection regions and contacts for both holes and
electrons are formed at the rear side of the device. The front side of
IBC solar cells can be optimized focusing on optical and passivation
properties while that of top and rear contacted solar cells requires
additionally carrier collection functionality on the front side.

Several groups have worked to develop HJ-IBC solar cells12,29–35.
In addition to these works, our result strongly indicates that the
device structure of HJ-IBC is the optimal structure to achieve high
conversion efficiency in the present Si solar cell technology.

Theoretical e�ciency limit
There have been many theoretical studies on the conversion eff-
iciency limit of Si solar cells. The calculation of efficiency limit
previously carried out in ref. 16 was recently updated in ref. 17. The
theoretical limit was calculated considering the intrinsic limitation
from the c-Si wafer with no surface or defect-related recombina-
tion of photo-generated carriers16,17. This theoretical model relies
on the assumption of a perfect Lambertian light trapping scheme.
As a consequence, the highest theoretical efficiency is predicted
to be ηtheo,undoped = 29.4% for a Si solar cell with a 110-µm-thick

undoped Si wafer17 and IV parameters of V theo,undoped
OC = 0.761V,

J theo,undopedSC = 43.3mA cm−2 and FFtheo,undoped = 89.3%.

Theoretical e�ciency limit for our doped substrate
In a real solar cell, the effective lifetime is also limited by the surface
recombination due to surface states and the Shockley–Read–Hall
(SRH) recombination due to defects in the Si wafer. To passivate
the surface states of c-Si, various passivation techniques have been
developed in the photovoltaic field36. In real solar cells, it is also
difficult to have ideal optical properties (that is, zero reflection at
the front side and 100% Lambertian reflection at the rear side)
throughout the entire Si device wavelength range, 300–1,200 nm.
The optical properties are limited by the choice of the process
techniques such as the optical properties of the passivation layers,
electrodes and the AR layers37. Moreover, there are power losses due
to series resistance during the current collection. Series resistance
exists in all resistive material along the carrier collection path.
Many solutions to reduce the series resistance in different parts
in the carrier collection passes have been proposed38–40, but it is
difficult to fabricate a solar cell with a low series resistance with
completely undoped Si wafer. Using the substrate thickness and
resistivity (165 µm, 3� cm2) obtained in this work, the theoretical
limit becomes ηtheo = 29.1% (V theo

OC = 0.752V, J theoSC = 43.7mA cm−2,
FFtheo = 88.5%) (ref. 17). This is slightly lower than the theoretical
limit with optimum substrate selection (undoped, 110 µm). Unless
otherwise noted, the theoretical limit value obtained for our
substrate parameters is used in this paper.

Loss analysis relative to the theoretical e�ciency limit
In this section, we investigate the 9.5% difference between the
theoretical limit for the doped substrate of ηtheo = 29.1% and
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the actual efficiency of ηmeas = 26.3% obtained in our HJ-IBC
by examining in detail the device parameters obtained from IV
measurements (VOC, J SC, EQE, FF and ideality factor) and discussing
recombinations and other loss pathways.

Firstly, for the Vmeas
OC value of 0.744V, in comparison with the

theoretical limit of V theo
OC = 0.752V, there is room to improve 1.1%

(8mV). The difference can be attributed to the lower effective
lifetime in the HJ-IBC cell due to the existence of surface and SRH
recombination. The VOC difference can also be due to a lower Jmeas

SC
compared with J theoSC , but this effect is expected to be smaller than
that of lower effective lifetimes.

The Jmeas
SC value of 42.25mA cm−2 is one of the highest values

obtained in a c-Si solar cell for a thickness of 165 µm and is
3.4% lower than the theoretical limit J theosc = 43.7mA cm−2. To
narrow down the origin of this 3.4% J SC loss, external quantum
efficiency (EQE) measurements of the HJ-IBC solar cell were
performed. In Fig. 3, the EQE spectra (EQEtheo) of the HJ-IBC
solar cell measured by the Fraunhofer ISE are compared with the
calculated ideal EQE (EQEtheo) spectra used for the theoretical limit
calculation17. The integrated current density calculated from the
EQEmeas is 42.34mA cm−2, which is consistent with Jmeas

sc from IV
measurements, considering the uncertainty of both measurements.
The internal quantum efficiency (IQE) spectra of the HJ-IBC cell is
calculated using IQE = EQE/(1−R%), where R% is reflectivity from
reflection spectra measured in-house.

The comparison of the EQEmeas and EQEtheo indicates that∼1.7%
loss is coming from the wavelength range of 300 nm to 900 nm,
while another ∼1.7% loss is from 900 to 1,200 nm. Since the
penetration depth of light in most of the short wavelength range
(300–900 nm) is shorter than the thickness of the Si wafer, almost
all J SC loss in this wavelength range can be related to the front
surface of the HJ-IBC cell. This loss in the short wavelength part
can be separated into front surface reflection loss of 0.6% and
another 1.1% loss such as parasitic absorption most probably in
the front a-Si passivation layer and recombination loss at the front
surface or bulk recombination during the lateral carrier transport.
It should be noted that the uncertainty of the EQE measurement
is ∼10% in the 300–400 nm range and 2 ∼ 3% in the 400–900 nm
range; therefore, the detailed quantification is open to question.
The J SC loss in the long wavelength range can be separated into
small front surface reflection loss (∼0.1%) and other main losses
(∼1.6%) from the rear side such as poor light trapping of theHJ-IBC
compared with Lambertian light trapping, parasitic absorption of
the a-Si layer and electrodes compared with perfect optics in the
theoretical limit and transmission losses. Parasitic absorption can
be decreased simply by reducing the thickness or by modifying the
optical property of the absorber layer. However, such approaches
to improve the optical properties of the cell contain the risk to
degrade the electrical properties such as passivation or contact
resistivity. The transmission losses are due to the IBC architecture,
in which the P+ and N+ electrodes must be electrically isolated. In
most cases, electrical insulation is achieved by separating the P+

and N+ electrodes laterally, and light only partially passes through
this separation region. This transmission loss can be reduced by
narrowing the separation region or depositing insulating reflection
material to this region. We think such insulating reflection material
could be, for example, a nanoparticle layer of transparent material
in the infrared region such as TiO2, ZnO and Al2O3. The maximum
J SC improvement of 0.15mA cm−2 is expected by reducing this
transmittance loss.

The cell FFmeas of 83.8% is probably one of the highest values
observed in Si solar cells; however, it has the largest loss of 5.3%
with respect to the theoretical limit FFtheo = 88.5% compared with
the VOC loss (1.1% loss) and the J SC loss (3.4% loss). Suns-VOC
measurements of the HJ-IBC cell were performed in-house to
analyse the FF loss. The Suns-VOC pseudo IV curve, constructed
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Figure 3 | Quantum e�ciency and reflection spectra. External quantum
e�ciency (EQEmeas) measured by the Fraunhofer ISE (blue circles),
reflection spectra measured in-house (red line) and internal quantum
e�ciency (IQE, green line) of the 26.3% HJ-IBC cell. The theoretical limit
EQEtheo (dotted line) calculated in ref. 18 is shown for comparison. EQE
indicates the ratio of electrons provided to the external circuit per photon
incident on the device. The EQEtheo was calculated for the same wafer
thickness as the HJ-IBC cell (165 µm) assuming ‘100% IQE’, ‘no front side
reflection’ and Lambertian light trapping. The free carrier absorption is
neglected in this calculation.

fromVOC measurements at different incident light intensities (Suns),
is unaffected by the voltage drop due to series resistance (RS)
(ref. 41). The pseudo IV curve from Suns-VOC measurements shown
in Fig. 4a indicates a diode characteristic free from RS. The pseudo
FF (pFF: FF excludingRS power loss) of 85.6% and pseudo efficiency
(efficiency excluding RS power loss) of 26.9% are estimated. From
the difference between FFmeas = 83.8% and pFF = 85.6%, the resistive
loss relative to the theoretical limit is estimated to be 2.0% by
(pFF–FFmeas)/FFtheo = (85.6%− 83.8%)/88.5%. By fitting the pseudo
IV curve to the real IV curve, RS is estimated to be ∼0.32� cm2,
which should be the cause of this 2.0% resistive loss. Another 3.3%
loss can be attributed to the lower effective lifetime of the HJ-IBC
affected by SRH and surface recombination.

To evaluate the impact of additional recombination pathways
in the HJ-IBC cell, we calculated the effective lifetime from the
HJ-IBC Suns-VOC data, following ref. 41. The equations used to fit
the effective lifetime are described in the Methods. Here we use
intrinsic lifetime (τ intr) (ref. 42), constant lifetime (τ const) and J 0 to
fit the effective lifetime, where τ const includes τ SRH and front surface
recombination, and J 0 is the saturation current density from the rear
side surface with a doped a-Si layer43.

Together with τ intr (ref. 42), τ const and J 0 are estimated to be 8.8ms
and 3.0 fA cm−2 respectively, which should be the origin of the 3.3%
FF loss relative to the theoretical limit.

The ideality factors from the Suns-VOC measurement and
modelled curve are shown in Fig. 4b. Both curves peak at ∼1.2
around the maximum power point (V = 0.667V) and decrease at
the high voltage region. This is due to the increasing role of Auger
recombination, which is expected to lead to an ideality factor of
0.66 in the very high voltage region (>1.0V). Thus, the ideality
factor lower than unity at the high voltage region (>0.7V) can
be attributed to Auger recombination, coupled with a transition
from low to high injection level. The difference in the ideality
factors between the measured data and the modelled curve at the
high voltage region can also be seen in the Suns-VOC plot shown
in Fig. 4c.

The VOC of the HJ-IBC above 1 sun illumination is slightly lower
(∼3mV at 3 sun illumination) compared with the modelled curve.
Such VOC decrease observed at higher intensity can be ascribed
either to a higher Auger recombination rate than in the model, or
to a voltage decrease due to a partial Schottky contact41,44, or to the
existence of a barrier at the c-Si/a-Si interface45, or a combination
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Figure 4 | Extraction of series resistance and ideality factor using Suns-VOC. a, Pseudo IV curve (blue circles) from Suns-VOC and the real IV curve (red
circles) of the 26.3% HJ-IBC cell. The pseudo IV curve is constructed by a VOC-JSC (suns) plot at di�erent intensity. The illumination intensity is monitored
by a calibrated reference cell. The JSC values of Suns-VOC are calibrated using Jmeas

SC = 42.3 mA cm−2 from the IV measurement41. By fitting the pseudo IV
curve to the real IV curve (black crosses), RS of the HJ-IBC cell is estimated to be 0.32� cm2. b, Ideality factor calculated from the Suns-VOC curve (blue
circles) and lifetime fitted curve (dashed line). c, The Suns-VOC plot of the HJ-IBC cell (green circles) and lifetime fit using equations (1)–(5) in Methods
(solid line).

of these possibilities. To investigate this issue with more accu-
racy, Suns-VOC measurement at higher illumination (>10 suns)
(refs 41,44,45) and detailed analysis of the contact property would
be required.

Practical e�ciency limit for a highly passivated sample
The practical efficiency limit of the HJ-IBC cell is estimated by
applying our best quality HJ passivation. A passivated sample is
fabricated using a Si wafer selected from the neighbour position
of the same Si ingot as used in the 26.3% HJ-IBC cell to obtain
equivalent bulk properties such as resistivity and τ SRH. As shown
in the cross-section schematic image in Fig. 5a, the front surface
is covered by an a-Si passivation layer followed by a dielectric AR
layer, while the rear surface is covered by an i:a-Si passivation layer
followed by patterned p:a-Si and n:a-Si layers. The process before
passivation is carefully controlled to have substantially identical
substrate thickness, surface morphology and bulk properties to
those of the HJ-IBC cell. These wafer selection and process controls
are designed to exclude the influence of the above factors from the
comparison of effective lifetimes between the HJ-IBC cell and the
passivated sample.

Figure 5b shows the effective lifetime in the best passivated sam-
ple measured by a quasi-steady-state photoconductance method.
By modelling the effective lifetime of the passivated sample using
the intrinsic lifetime42, τ const of 14.9ms and J 0 of 0.9 fA cm−2 are
estimated respectively, resulting in τ extr of 11.2ms at the maximum
power point.

The implied IV curve shown in Fig. 5c is constructed from this
effective lifetime using equations (1) and (2) by applying the J calcSC
of 42.4mA cm−2, which includes the 0.15mA cm−2 improvement

expected from a reduced rear side transmittance. The implied
efficiency calculated from the effective lifetime of the passivated
sample is found to be 27.5%. The modelled lifetime curve is also
transformed to a implied IV curve with an implied VOC value of
0.748, implied FF of 86.6% and the same implied efficiency as the
passivated sample.

Using the anticipated RS value of 0.25� cm2, a FF of 85.3% and
an efficiency of ηpract = 27.1% can be calculated. We think this
reduction of RS is possible by improving the interface resistance
that exists in the rear side architecture. Although this efficiency is
derived from the effective lifetime of the passivated sample without
electrode contact, we recognize this as the practical limit that could
be achieved. Depending on the balance of τ surface and τ SRH, which is
not determined in this study, this practical limit could be pushed to
a slightly higher value by wafer selection.

Furthermore, in Fig. 6 the cell efficiency and absolute efficiency
losses with respect to the theoretical limit (ηtheo = 29.1%) (ref. 17)
are compared with our HJ-IBC cell result (ηmeas = 26.3%) and the
practical limit (ηpract = 27.1%).

In the practical limit case, the optical loss is improved by ∼0.1%
absolute to the loss in ourHJ-IBC cell by reducing the transmittance
loss at the rear side, leading to a 0.15mA cm−2 improvement in
J SC. Similarly, the extrinsic recombination loss is reduced by∼0.4%
relative to our HJ-IBC cell, with τ extr at the maximum power point
improved to 11.2ms (τ const = 14.9ms, J 0 = 0.9 fA cm−2) in the
passivated sample from 5.6ms (τ const = 8.8ms, J 0 = 3.0 fA cm−2) in
the HJ-IBC.

Finally, the resistive loss in the practical limit case is reduced by
0.1% relative to the HJ-IBC cell by improving the series resistance
RS from 0.32� cm2 to 0.25� cm2.
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Figure 6 | Summary of loss elements. Summary of loss elements for the
26.3% HJ-IBC cell and the practical limit. The values shown here are
absolute conversion e�ciency and absolute e�ciency loss from the
theoretical limit17. For both the practical limit and the HJ-IBC cell case,
intrinsic and extrinsic recombination is estimated using the intrinsic
lifetime equation from ref. 42.

In 2005, a practically achievable efficiency of 26% was estimated,
corresponding to an intrinsic efficiency of 26.7% (the intrinsic
efficiency neglects resistive loss and lateral transport losses)46. It
was predicted that IBC cells will closely approach this intrinsic
efficiency (26.7%) (ref. 46). Considering the change in standard
solar spectrum in 200826, this estimation can now be scaled to
an intrinsic efficiency of ∼27.0% and a practically achievable
efficiency of ∼26.3% respectively. These scaled values show good
agreement with the pseudo efficiency of 26.9% and the efficiency
of ηmeas = 26.3% achieved here by the HJ-IBC cell. Thus, these
predictions are demonstrated to be quite correct.

Conclusion
In this paper we have demonstrated a high efficiency of 26.3% by
developing the HJ-IBC solar cell by means of high-quality thin-
film HJ passivation technology and low-resistance electrodes. The
high Jmeas

SC , Vmeas
OC and FFmeas was possible by dedicating the front side

architecture to collect the light with small current loss, while the
rear side architecture was optimized to collect the photo-generated
carriers with very low power loss.

Suns-VOC, EQE and reflection measurements were performed
on the HJ-IBC cell to characterize the essential elements (effective
lifetime, RS, optical properties) that allowed this record efficiency.
By comparison of these measured cell data and the theoretical limit
ηtheo = 29.1% (ref. 17), it became clear that the largest losses in FF
are due to an extrinsic lifetime τ extr = 5.6ms at the maximum power
point (τ const = 8.8ms, J 0 = 3.0 fA cm−2) and to series resistance RS of
0.32� cm2. Additionally, we have shown that a passivated sample
with the estimated τ extr = 11.2ms at the maximum power point
(τ const = 14.9ms, J 0 = 0.9 fA cm−2) allows one to expect a practical
photoconversion efficiency limit at ηpract ∼ 27.1% using our device
design and fabrication process. We think this practical limit can be
approached by maintaining the high-quality HJ passivation during
the electrode contact.

In addition, after submission of this paper, we have obtained
26.6% efficiency using the HJ-IBC architecture. This result was
certified by Fraunhofer ISE, and this new efficiency is shown in the
NREL efficiency chart7.

Finally, it is noteworthy that the HJ-IBC cell presented here is
the first to exceed 26% conversion efficiency. This result confirms
the strong potential of silicon photovoltaics and in particular of this
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HJ-IBC device architecture to closely approach a photoconversion
efficiency of 27%.

Methods
The HJ-IBC solar cell. The HJ-IBC solar cell was fabricated using an n-type
Czochralski crystalline 6 inch Si wafer with a size of 239 cm2, a thickness of about
165 µm, and a resistivity of ∼3� cm. The front wafer surface was textured by
anisotropic etching to minimize the light reflection. From the weight
measurement before the metallization process, we clarify the thickness of the
wafer to be 165 µm. Rear side passivation is done by a P+ HJ layer stack
(i:a-Si layer deposition followed by p:a-Si layer deposition) and a N+ HJ layer
stack (i:a-Si layer deposition followed by n-type thin-film Si layer deposition) by
using a capacitively coupled RF PECVD tool. The front passivation is done by the
a-Si layer followed by the first dielectric AR layer deposition using the same
PECVD tool as used for the rear side. Additionally, a second dielectric AR layer is
deposited on the first dielectric layer to minimize the reflection at the front
surface of the HJ-IBC cell in air. The P+ and N+ HJ layer stacks are patterned into
an interdigitated design on the rear surface. The rear interdigitated pattern is
optimized to minimize the series resistance and the recombination. The
electrodes are formed on both p:a-Si and n:a-Si layers to form good ohmic
contact. There are no high-temperature (<500◦) diffusion nor annealing
processes performed in the process flow. The deposition temperature of a-Si was
kept under 260◦.

The designated area is designed to be a square area of 180 cm2 that is
centred to the wafer centre. The electrodes that collect current from each finger
electrode are extended to outside of the wafer and then probed from the front
side. Due to this electrode structure that lay outside of the aperture area, the
measurement area is defined as the designated area according to the definition
in ref. 15.

Passivated sample. The passivated sample is fabricated using a Si wafer selected
from the same position of the same Si ingot as used in the HJ-IBC cell to have
equal bulk properties such as resistivity and τ SRH. The front surface is covered by
an a-Si passivation layer followed by the first dielectric AR layer, while the rear
surface is covered by an i:a-Si passivation layer followed by a patterned
p:a-Si and n:a-Si layer. The deposition temperature of a-Si was kept
under 260◦.

The process before passivation is carefully controlled to have substantially
identical substrate thickness, surface morphology and bulk properties to that of
the HJ-IBC cell. All of the layers were controlled to have similar thickness
(<10%) as deposited on the HJ-IBC cell. The rear side interdigitated pattern
design of the doped a-Si layers is also the same as the HJ-IBC cell. There are no
high-temperature (<500◦) diffusion nor annealing processes performed in the
process flow.

Lifetime calculation. We calculated the effective lifetime from the HJ-IBC
Suns-VOC data, following ref. 41. The relation between the minority carrier
density (1n) and the cell VOC can be calculated by the following formula, where
ND is the doping density of the substrate (=1.5 × 1015 cm−3), ni is the intrinsic
carrier density, k is Boltzmann’s constant, T is thermodynamic temperature and q
is elemental charge41.

1n [ND+1n]=n2
i exp

(
VOC

kT/q

)
(1)

The effective lifetime (τ eff) can be directly written as a function of the measured
VOC and the corresponding photocurrent density (J ph) by the incident
light intensity41.

τeff=
n2
i exp

(
VOC
kT/q

)
Jph [ND+1n]/qW

(2)

The intrinsic lifetime (τ intr) from the Si substrate, which contains lifetime
components due to Auger recombination and radiative recombination, is
calculated using the simplified model (equation (20) in ref. 42). The effective
lifetime can be described as the reciprocal sum of the lifetimes from the different
recombination mechanisms:

1
τeff
=

1
τintr
+

1
τextr
=

1
τintr
+

1
τSRH
+

1
τsurface

(3)

where the extrinsic lifetime (τ extr) is the reciprocal sum of τ SRH and τ surface,
which can be calculated from equation (3) using the measured τ eff and
calculated τ intr.

τ surface is expressed by following equation (4) where S is the surface
recombination velocity of the front surface, W is the thickness of the Si substrate
and J 0 is the surface saturation current density of the rear surface. To fit the
Suns-VOC effective lifetime curve of the HJ-IBC, which has different surfaces for

the front and rear sides, we use both constant terms and injection-dependent
terms to characterize the surface recombination43.

1
τsurface

=
S
W
+ J0

ND+1n
qn2

iW
(4)

As the low carrier density part (<2.0 × 1015 cm−3) of the Suns-VOC lifetime curve
is almost constant, we assume τ SRH to be constant. Since we do not have a clear
value of τ SRH nor S, both are lumped into a constant lifetime (τ const) and used
together with J 0 to characterize the extrinsic lifetime (τ extr).

1
τextr
=

1
τSRH
+

S
W
+ J0

ND+1n
qn2

iW
=

1
τconst
+ J0

ND+1n
qn2

iW
(5)

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author on
reasonable request.
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