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Efficient silicon solar cells with dopant-free
asymmetric heterocontacts

James Bullock?3#, Mark Hettick?3, Jonas Geissbiihler®, Alison J. Ong"?3, Thomas Allen?,
Carolin M. Sutter-Fella"?3, Teresa Chen®, Hiroki Ota"?3, Ethan W. Schaler', Stefaan De Wolf°,
Christophe Ballif>, Andrés Cuevas®* and Ali Javey"?3*

A salient characteristic of solar cells is their ability to subject photo-generated electrons and holes to pathways of
asymmetrical conductivity—'assisting’ them towards their respective contacts. All commercially available crystalline silicon
(c-Si) solar cells achieve this by making use of doping in either near-surface regions or overlying silicon-based films. Despite
being commonplace, this approach is hindered by several optoelectronic losses and technological limitations specific to
doped silicon. A progressive approach to circumvent these issues involves the replacement of doped-silicon contacts with
alternative materials which can also form ‘carrier-selective’ interfaces on c-Si. Here we successfully develop and implement
dopant-free electron and hole carrier-selective heterocontacts using alkali metal fluorides and metal oxides, respectively, in
combination with passivating intrinsic amorphous silicon interlayers, resulting in power conversion efficiencies approaching
20%. Furthermore, the simplified architectures inherent to this approach allow cell fabrication in only seven low-temperature
(<200 °QC), lithography-free steps. This is a marked improvement on conventional doped-silicon high-efficiency processes,

and highlights potential improvements on both sides of the cost-to-performance ratio for c-Si photovoltaics.

research laboratories make use of doped homojunctions to
separate photo-generated electrons and holes. Researchers
tasked with optimizing these doped homojunctions are faced
with a myriad of interrelated optical, carrier transport and
recombination based losses, most notably parasitic absorption’,
Auger recombination and other heavy doping effects>® (for details
see Supplementary Table 1). In addition, technological complexities
associated with doping, such as high processing temperatures
(>800°C, with a concomitant necessity for cleanliness), small
contact fractions (<0.5%), dopant glass removal and junction
isolation must be considered*®. These issues can be partially
alleviated by switching to architectures which instead use a
set of asymmetric carrier-selective heterocontacts—a strategy
that has long been considered a crucial technological step to
attaining the intrinsic efficiency limit of c-Si (ref. 6). Carrier-
selective heterocontacts provide a negligible resistance to the
collected carrier (synonymous with a low contact resistivity) whilst
simultaneously ‘blocking’ the other carrier (equivalent to low
contact recombination). This can be achieved through a number
of possible mechanisms at the heterocontact—for example using
surface passivating layers or stacks which provide conductivity
asymmetry through band offsets, tunnelling probabilities or band
bending when applied to c-Si (ref. 7).
In recent years, the benefits of the asymmetric heterocontact
concept have been realized, perhaps most famously by the
silicon heterojunction cell architecture (SHJ, sometimes called HIT,

_|_he majority of c-Si solar cells within both industry and

‘heterojunction with intrinsic thin layer’), which has now overtaken
its homojunction counterpart in terms of efficiency, claiming the
world record for c-Si in 2014 (ref. 8). Nonetheless, thus far,
all competitive demonstrations of asymmetric heterocontacts®",
including the SHJ technology, still rely on doped-silicon layers,
which introduce complex deposition optimizations and parasitic
optical losses'*™*. A further advancement of the asymmetric carrier-
selective heterocontact concept is to completely replace doped-
silicon layers with alternative materials which do not incur the
same fundamental limitations and practical difficulties, as has been
realized on amorphous silicon absorber cells previously®. Several
such carrier-selective materials have now been demonstrated on
¢-Si, including transition metal oxides'*™", organic films** and
metal-insulator structures (used in metal-insulator-semiconductor
inversion layer solar cells)*, many of which were previously
implemented in other absorber-type solar cells'®****. In contrast
to the limitations of doped-silicon regions and layers, the use
of different carrier-selective materials opens a wider optical and
electrical parameter space, decoupling the optimization of different
solar cell components. Furthermore, they can generally be deposited
using simpler techniques (evaporation, spin coating, spray pyrolysis
and so on), at low temperatures—potentially reducing the cost
and complexity of fabrication. Nevertheless, as it stands, c-Si solar
cells implementing a set of dopant-free asymmetric heterocontacts
(DASH cells) have been limited to efficiencies less than 14%
(refs 29-32), hindered mostly by carrier recombination losses
at the heterointerface with c¢-Si. This paper demonstrates a

TDepartment of Electrical Engineering and Computer Sciences, University of California, Berkeley, California 94720, USA. 2Berkeley Sensor and Actuator
Center, University of California, Berkeley, California 94720, USA. 3Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley,

California 94720, USA. #Research School of Engineering, The Australian National University (ANU), Canberra, Australian Capital Territory 0200, Australia.
5Ecole Polytechnique Fédérale de Lausanne (EPFL), Institute of Micro Engineering (IMT), Photovoltaics and Thin Film Electronic Laboratory (PVLab),
Maladiere 71b, CH-200 Neuchatel, Switzerland. ©The Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA.

*e-mail: ajavey@eecs.berkeley.edu

NATURE ENERGY | www.nature.com/natureenergy

© 2016 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nenergy.2015.31
mailto:ajavey@eecs.berkeley.edu
www.nature.com/natureenergy

ARTICLES

NATURE ENERGY 0poi: 10.1038/NENERGY.2015.31

Passivating layer
amorphous silicon
(a-Si:H)

a Random pyramid
textured crystalline
silicon (c-Si)

AN AAA AV

VNV VY NAAY

b DASH cell

Front grid

Front conductive
and antireflection
coating (ARC)

A
VW

Rear contact
and reflector

Hole-selective
material molybdenum
oxide (MoO,)

Electron-selective
material lithium fluoride (LiF,)

Pyramid textured c-Si
Metal finger

Figure 1| Conceptual structure of the DASH solar cell. a, Cross-section of the DASH cell structure showing the incremental addition of layers. Of notable
benefit is the inherent simplicity of the approach, requiring no lithography or high-temperature processing. b, 3D representation showing the metal grid and

texture of the front (sunward) side of the DASH cell.

marked improvement on the state-of-the-art DASH cell, facilitated
by dopant-free heterocontacts which implement thin passivating
interlayers, the electron contact of which is presented for the first
time here. By addressing surface recombination using passivating
interlayers, proof-of-concept cells with open-circuit voltages in
excess of 700mV and conversion efficiencies close to 20% have
been demonstrated. These developments promote the DASH cell
approach into the realm of competitive c-Si cell architectures.

DASH cell concept

Figure 1 outlines the conceptual structure of the DASH c-Si
solar cell explored in this work. In this instance, as in the SHJ
cell, thin passivating intrinsic hydrogenated amorphous silicon
a-Si:H(i) films are implemented on both sides of the wafer. Unlike
doped a-Si:H films, which result in 100% parasitic absorption,
these less-defective intrinsic thin films contribute some current
to the solar cell”. More importantly these layers greatly reduce
the carrier recombination rate at the c-Si surface, enabling a high
excess carrier concentration under illumination, essential for a high
solar cell operating voltage. Such layers must be kept sufficiently
thin to avoid excessive resistance and absorption losses'?. We
note these a-Si:H(i) films are not integral to the DASH concept
and could be replaced in the future with other non-absorbing
or higher-lifetime organic or inorganic passivating films. On top
of the thin passivating layer electron-selective and hole-selective
materials are deposited on opposite wafer surfaces. In contrast to
the SHJ process, rather than using doped a-Si:H films, in this study
transparent materials with extreme work-function values are chosen
to achieve carrier selectivity. Ideally, when a material with a very
low work function is applied to lightly doped c-Si, accumulation
of electrons (and repulsion of holes) occurs near the surface. This

high concentration of surface electrons reduces the heterocontact
resistivity and the corresponding low hole surface concentration
reduces the probability of Shockley-Read-Hall recombination at
the heterocontact interface. The corollary holds for holes and
high-work-function materials. In this manner, by placing materials
with an extreme work-function difference on either side of a
c-Si wafer, efficient separation of photo-generated carriers can be
achieved. Finally, the remaining supporting structures (transparent
conductive oxide and metal contacts) are deposited—enabling
optimal light coupling into the cell and low resistive losses for photo-
generated carriers en route to the external circuit.

Central to the DASH cell concept is the functionality of the
carrier-selective heterocontacts. For the hole-selective side, we
previously developed an a-Si:H(i)/molybdenum oxide MoO,-based
contact to c-Si which owes its hole selectivity to the very large
work function of MoO, (refs 17,33). Such a structure has recently
been demonstrated to be compatible with efficiencies above 22%
(ref. 34). However, a dopant-free electron-selective heterocontact
with an equivalent level of performance has yet to be demonstrated.
A group of proven electron-selective materials, frequently used in
organic devices, is that formed by the alkali and alkaline earth
metal salts. These materials consist of a metal cation from groups 1
or 2 of the periodic table ionically bonded to different anions,
such as carbonate®, acetate® or halogens*. Although there still
exists some contention as to the mechanism of the high electron
conductivity across this interface®®*, most studies attribute the
formation of a low-work-function electrode as the most important
consequence. Of particular interest within this group of materials
are the alkali metal fluorides (AMFs). Thermally evaporated AMFs
are explored here as a novel component, complementary to MoO,,,
for c-Si solar cells. Such a combination has been implemented on
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Figure 2 | Optoelectronic properties of carrier-selective layers. a, Secondary electron cutoff spectrum yielding low work function values @ for
electron-selective contacts measured at the LiF,/Al, KF,/Al and CsF,/Al interfaces. A spectrum for the high-work-function hole-selective material MoO,,
developed previously, is also included. The shaded area represents the band position of c-Si. b, Tauc plot of carrier-selective materials LiFy, KF,, CsF, and
MoOy. As a reference the AM 1.5G spectrum (which represents the Sun's irradiance on Earth) is included. These are compared with the highly absorbing
phosphorus and boron-doped a-Si:H films used in SHJ cells. ¢, Core level and valence band spectra for LiF, and MoOy films, fitted with multiple Voigt peaks
(shaded areas) to quantify the contribution of different oxidation states. The estimated stoichiometry of the two materials of the two films is also included.

other absorber materials previously. Three representative AMFs
(LiF,, KF, and CsF,) are studied to identify which presents the best
contact properties to c-Si.

Optoelectronic properties of carrier-selective materials

As discussed above, the work function of the carrier-selective
materials can play a crucial role in the efficacy of the DASH
cell approach. The X-ray photoelectron spectroscopy (XPS)
secondary electron cutoff analysis presented in Fig. 2a shows very
low work-function values of the LiF,/Al, KF,/Al and CsF,/Al
interfaces, measured to be 2.86, 2.46 and 2.61eV, respectively.
Provided in the same plot is the previously measured value of
~5.7eV for the high-work-function material MoO, (ref. 17),
demonstrating the desired extreme work-function separation as
discussed above.

A unique advantage of dopant-free heterocontacts is the ability
to separately tune their optical and electronic impact on the solar
cell. A Tauc plot for LiF,, KF,, CsF, and MoO,, films is provided
in Fig. 2b, alongside the AM 1.5G spectrum, to evaluate the
significance of their absorption. Also included in this Tauc plot are
trends for phosphorus- and boron-doped a-Si:H, which are typically
implemented as ~10 nm films in standard doped-silicon SHJ cells®.

NATURE ENERGY | www.nature.com/natureenergy

It can be seen that the MoO, and AMF films exhibit higher
transparency across the spectrum than the conventional doped
a-Si:H layers. The Tauc energy gap Er,. of the AMFs is greater
than the measurement range (>6.8eV), resulting in negligible
absorption, whereas MoO, films exhibitan E,,, of ~3.3 eV, resulting
in minor absorption of high-energy light (where the Sun’s irradiance
is relatively low). Ray tracing simulations reveal that compared to
the SHJ cell's doped-silicon heterocontacts, a reduction in front-
film parasitic absorption of ~1mA cm™ could be achieved by
switching to an optimized dopant-free heterocontact cell design
(see Supplementary Note 1 and Fig. 1). In addition, core level and
valence band XPS analyses of LiF, and MoO, films are shown in
Fig. 2¢c. The valence band of the LiF, is measured to be ~6.6eV
from the Fermi energy and shows no clear sub-band features despite
the reduced component suggested by the shape of the Li 1s peaks.
The MoO, valence band and core levels are in alignment with
those previously measured for evaporated films, showing the clear
formation of a sub-band peak originating from a reduced MoO,
state that has demonstrated importance for its carrier-selective
function'. Extractions of the film stoichiometry based on core level
peak areas also support a slightly reduced cation oxidation state for
both LiF, and MoO, films.
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Figure 3 | Contact-level analysis of electron-selective contacts. a,b, Contact resistivity of LiF,/Al (blue), KF,/Al (red) and CsF,/Al (orange) contacts made
to n-type silicon as a function of the AMF interlayer thickness (a) and exposure time to air (filled) and argon (open) ambient (b). The dotted horizontal line
in a represents the estimated resolution of the p. extraction technique (see Supplementary Note 2). ¢, Evolution of p. against LiFy thickness for
heterocontacts with TiOx (purple) and a-Si:H(i) (green) interlayers. d, Schematics of the direct AMF/Al contact as well as heterocontacts implementing
TiOyx and a-Si:H(i) interlayers. The implied open-circuit voltages iV ¢ of the two passivating layers are also included. Error bars are based on the measured
spread in data or estimated error in the measurement (whichever is largest). Lines provide a guide to the eyes only.

Electron heterocontact development
Whereas the electrical contact properties of MoO,-based hole-
selective heterocontacts on c-Si have previously been character-
ized and shown to be promising for c-Si solar cells'~'**** the
application of AMF/Al electron-selective contacts in c-Si solar cells
remains relatively unexplored®*'. Figure 3a shows that the contact
resistivity p. for LiF,/Al (blue), KF,/Al (red) and CsF,/Al (orange)
to moderately doped n-type (N4 ~ 5 x 10" cm™?) ¢-Si has a strong
dependence on the AMF interlayer thickness, with all three mate-
rials producing the lowest p. values in the 0.5-1.5nm range. The
lowest extracted values of ~1 m$ cm? for the LiF,/Al and CsF, /Al
contacts are at the limit of the measurement resolution, representing
an upper limit p. (for details see Supplementary Note 2). Such values
are exceptionally low, given the well-known difficulties of con-
tacting moderate resistivity n-type c-Si—an issue associated with
Fermi level pinning and the position of silicon’s charge neutrality
level close to the valence band*. This introduces the possibility
of previously unattainable cell architectures—for example, n-type
undiffused partial rear contact cells. The measured stability of these
electron-selective contacts in both air (filled markers) and argon
(open markers) is provided in Fig. 3b. An increase in p. for CsF,-
based and KF,-based contacts is seen within the first 24 h of air
exposure. This increase is slowed by more than an order of mag-
nitude as a result of storing the samples in argon ambient. The LiF,
electron-selective contact, however, exhibits exceptional longevity,
with negligible degradation over 1,000 h in both environments, and
is therefore used in the DASH cells presented in this work.

A high rate of recombination at the c-Si/LiF, interface precludes
the direct implementation of full-area LiF,/Al electron-selective

4

contacts into solar cells (for details see Supplementary Note 2).
This issue can be amended by the addition of a thin passivating
interlayer between the c-Si and LiF,/Al stack. As shown in
Fig. 3d, two potential candidates for passivating the c-Si surface are
hydrogenated amorphous silicon a-Si:H(i) (as used in the SHJ cell)
and titanium oxide TiO, (refs 16,30). Both of these films greatly
reduce the c-Si surface recombination rate, allowing a high implied
open-circuit voltage V.. around 700 mV; in line with state-of-the-art
surface passivation (for details see Supplementary Note 2). Figure 3¢
shows the dependence of p. on LiF, thickness for n-type wafers
passivated with ~6nm TiO, (purple) or a-Si:H(i) (green) films.
Clear improvements in electron selectivity seen with the addition
of the LiF,/Al contact for these disparate passivation strategies
highlight the versatility of this approach. Optimum p. values of 500
and 7 mQ cm? are found for the TiO,/LiF, /Al and a-Si:H(i)/LiF, /Al
heterocontacts, respectively, both with a LiF, interlayer thickness
of ~1nm. These two values fall at the upper and lower ends
of an equivalent p. range reported in the literature for doped-
silicon-based heterocontacts**!. Simulating these contacts within
an idealized solar cell indicates that both systems could be effectively
applied as full-area electron heterocontacts and that devices
implementing a-Si:H(7) interlayers will produce higher efficiencies
(for details see Supplementary Note 3 and Supplementary Fig. 4).

High-efficiency proof-of-concept DASH cells

Finally, high-efficiency DASH cells implementing a-Si:H(#)/LiF, /Al
and a-Si:H(i)/MoQO, heterocontacts were fabricated. Cross-sectional
scanning electron micrographs of the top and bottom random
pyramidal textured surfaces of the DASH cell are included in Fig. 4a.
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Figure 4 | DASH cell level results. a, Cross-sectional scanning electron micrographs of the textured front (top images) and back surfaces (bottom images)
of the DASH cell. The expanded views on the right are false coloured to highlight the different films on each surface. Scale bars, Tum (left); 100 nm (right).
b, Light J-V behaviour and cell characteristics of the DASH cell measured under standard 1 sun conditions. ¢, External (black) and internal (purple)
quantum efficiencies alongside the measured reflectance (blue) for the DASH cells. The Jsc obtained from the external quantum efficiency, shown above a
photograph of the DASH cell, agrees well with that measured from the light J-V analysis.

Texturing is employed to enhance both the amount of light coupled
into the cell and the path length of that light once inside the cell. Of
notable benefit in this cell architecture is the fabrication procedure,
requiring just seven low-temperature steps without the use of
complex alignment or photolithography. This offers a significant
simplification over dopant-diffused high-efficiency architectures,
which involve ~20 steps and a high thermal budget®. The simple,
room-temperature deposition of dopant-free selective layers also
potentially introduces benefits over doped a-Si:H layers, used in SHJ
cells, which are typically deposited at ~200 °C using toxic gases and
require precise condition control to balance trade-offs between J .,
V.. and fill factor based losses'? .

Light -V measurements provided in Fig. 4b show that power
conversion efficiencies n of up to 19.4% have been achieved in
the early stages of this DASH cell development, enabled by V.,
J« and fill factor values of 716 mV, 37.07mA cm~2 and 73.15%,
respectively. The statistics of the champion cell batch reveal a tight
spread in results, with an average efficiency above 19%, a testament
to the reproducibility of this DASH cell design (see Supplementary
Table 2). An accompanying spectral response analysis, shown in
Fig. 4c, reveals a high quantum collection efficiency over most of the
AML.5G spectrum (see Supplementary Fig. 5 and Supplementary
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Note 4 for further DASH cell characterization). An enhancement in
the rear-side reflection and a reduction in the series resistance of the
DASH cell are identified as the two most likely paths towards higher
efficiency for this design. An improvement in J,. of ~1 mA cm™
could arise by replacing Al with Ag (or possibly ITO), and a
boost in the fill factor above 79% could occur by further reducing
the resistive loses, as detailed in the Supplementary Note 4. It is
envisaged that future iterations of this DASH approach could be
combined with even lower thermal budget processing—integrating
amorphous transparent conductive oxides**, plating metalliza-
tion® and low-cost, low-temperature back-end processing®.

Conclusions

In this work we have demonstrated the DASH cell concept—a
simple, low-temperature c-Si solar cell featuring dopant-free
heterocontacts—with high power conversion efficiency. A key
enabling factor is the development of a novel c-Si/a-Si:H(i)/LiF, /Al
electron-selective heterocontact to complement the recently
developed a-Si:H(i)/MoO, hole-selective heterocontact. Proof-of-
concept device efficiencies approaching 20% have been achieved,
supported by a high V, and low contact resistance at both
heterocontacts. This represents a significant improvement on

5

© 2016 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nenergy.2015.31
www.nature.com/natureenergy

A RT | C L ES NATURE ENERGY Dpol: 10.1038/NENERGY.2015.31

the state of the art for this approach (from 1 of ~14 to ~20%),
bringing the DASH architecture into the competitive realm of
industrially applicable technologies, including doped-silicon SHJ
and conventional dopant-diffused architectures. The versatility
and simplicity of the DASH approach can also potentially benefit
more advanced solar cell architectures. In particular, dopant-free
interdigitated back contact or dopant-free bifacial (using, for
example, LiF,/transparent conductive oxide contacts) solar cells
are both logical extensions of this work. The advancement past
the limitations of single-junction c-Si cells could also be facilitated
using dopant-free carrier-selective contacts for a c-Si bottom cell
in a monolithic tandem-cell structure. Put simply, the above-
developed DASH system can effectively be viewed as a toolbox for
a wide range of c-Si solar cell architectures, providing opportunities
for facile fabrication of high-efficiency device structures at
low temperatures.

Methods

Carrier-selective materials (LiF,, KF,, CsF,, MoO,) used in this study were
deposited by vacuum thermal evaporation from powder sources (>3 N purity).
Controlled deposition rates of 0.25-1 As™! (as monitored by a crystal oscillator)
were used at a base pressure of <5 x 10° mbar.

Materials characterization. For XPS characterization, thin films of LiF,, KF,,
CsF,, MoO, or Al (or combinations thereof) were deposited on polished ¢-Si
wafers. A Kratos AXIS Ultra DLD system with a monochromatic Al Ka X-ray
source and a hemispherical analyser was used for the measurements. Secondary
electron cutoff and valence band measurements were performed using X-ray
excitation, with an added bias to extract the cutoff edge. Linear fits from the
respective edges were used to extract numerical values for E; — E, (at the valence
band edge) and the work functions of the AMF/Al interfaces. For the valence
band measurements, thin layers of the final implemented contact materials
(MoO, and LiF,) were characterized directly on as-evaporated c-Si substrates to
reveal the electronic structure near the valence band edge. Work functions were
extracted from evaporated AMF/Al bilayers, with the Al thinned down to <5nm
by Ar ion milling (4kV) in situ to observe the work-function modification of the
Al contact overlayer by the different AMFs. A Au reference work function at
5.2 eV was measured in the same measurement session, confirming the accuracy
of measurements. The core level spectra were fitted using the commonly applied
Voigtian peak shapes and Shirley background correction to extract the
stoichiometry of the contact layers by the ratio of scaled peak areas. Peak areas
were extracted from the background corrected Voigt fits of Li s, F 1s, Mo 3d and
O 1s spectra presented in Fig. 2, and scaled by their relative atomic sensitivity
factors* (normalized to F 1s). As expected, owing to the decomposition of these
materials during the evaporation process, the MoO, contact layer achieves a
value of x approximately 2.87 (after accounting for the carbon-related oxygen
contaminant peak commonly seen in O 1s levels for MoO, films™), and the LiF,
contact layer is measured to have an x value of approximately 0.91, representing
slightly sub-stoichiometric films in both cases. For the LiF, material, a
sub-stoichiometric film is observed due to the presence of a reduced Li(0) peak,
also observed in previous XPS measurements on LiF, (ref. 51). The MoO, Mo 3d
level indicates both the 6" and 5" oxidation states as in previous explorations of
evaporated films', a feature attributed to the formation of the defect band in
as-evaporated MoO; films.

Absorbance measurements were performed on transparent substrates
with thin films of LiF,, KF,, CsF, and MoO, on one side (CaF, substrates
were used for the AMFs and quartz was used for the MoO, ). Measurements
were taken using a N,-purged spectrophotometer (Cary 5000
UV-Vis-NIR spectrophotometer).

Contact structure and measurement. The c-Si(n)/AMF/Al electron-selective
contacts were fabricated on planar, n-type (Ng ~ 5 x 10" cm™), float zone (FZ),
c-Si wafers with a thickness of ~200 um. These were subjected to a dilute HF dip
before evaporation of the contact structures. A full-area stack consisting of
~1.5nm of AMF and ~250 nm of Al was evaporated on the rear side of the
contact structures without breaking vacuum. An array of different diameter
circles was evaporated on the front of the test structures by means of a shadow
mask. These circles were deposited as a stack of variable thicknesses of AMF
capped with ~250 nm of Al, and p. was extracted as described in Supplementary
Note 2 and Supplementary Fig. 2.

For the interlayer contact study, hydrogenated amorphous silicon films of
~6nm were deposited by means of plasma-enhanced chemical vapour deposition
(PECVD) at ~200°C on pyramidal textured, FZ, n-type (N4 ~ 1 x 10" cm™)
c-Si wafers. Titanium oxide films of ~6 nm were deposited on planar, FZ, n-type
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(N4 ~ 5 x 10" cm™), c-Si wafers by means of atomic layer deposition (ALD) at
~230°C using alternating pulses of titanium isopropoxide and water (growth rate
of ~0.03 nm/cycle). Both sets of samples received standard RCA cleaning and
dilute HF dips immediately before deposition (see Supplementary Note 2 and
Supplementary Fig. 3 for details on the passivating interlayers). Contact
structures were fabricated and p, was extracted as above. The minor

difference in doping concentration is not expected to significantly affect the
measured p..

Solar cell structure and measurement. High-efficiency cells (2 x 2 cm?) were
fabricated on double-side pyramidal textured, FZ, n-type (Ng ~ 1 x 10" cm™)
wafers with a thickness of ~240 um. Following standard RCA cleaning and a
dilute HF dip, the cells were passivated on both sides with a ~6 nm intrinsic
a-Si:H(i) layer, grown at 200 °C by means of PECVD in an Octopus I reactor
from INDEOtec SA. On the front side of the cell, ~10 nm of MoO, was
thermally evaporated, on top of which a bilayer consisting of ~55nm of
hydrogenated indium oxide and ~10nm of ITO was sputtered (MRC 603) at
room temperature through a 2 x 2 cm” shadow mask to define the cell area. A
screen-printed Ag front grid with a corresponding contact fraction of ~5% was
printed and baked at ~130°C. Following this, on the rear side, an ~1 nm LiF,/
~100 nm Al stack was evaporated without breaking vacuum. Cross-sectional
scanning electron micrographs were taken on a Zeiss Gemini Ultra-55. Light -V
characteristics were measured under standard 1 sun conditions (AM 1.5G
spectrum, 100 mW cm 2, 25 °C) with a Wacom solar simulator, and EQE was
measured using an in-house built set-up. No bus bar exclusion was made in the
current density measurement for the high-efficiency DASH cells. Peripheral
absorption was avoided by using an aperture mask.
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Supplementary Note 1. Optical loss simulations

Modelling of the optical losses was performed using freeware ray tracing software
hosted by PV lighthouse. The generation current Jy losses of four different solar cell
structures were analysed; i.) the dopant-free c-Si solar cell fabricated in this study, ii.) a
‘standard’ c-Si heterojunction solar cell utilising doped-silicon layers,* and dopant-free c-Si
solar cells with improved rear optics by substituting iii.) Ag and iv.) ITO / Ag for Al. A cell
schematic and loss analysis is provided for these four cases in Supplementary Figure la.
The use of LiF, interlayers with both Ag and (to a lesser extent) ITO for electron contacts has
already demonstrated some promise within the organic electronic community,?*® suggesting
that they might also be viable contacts on c-Si. An improvement of nearly 1 mA/cm? in Jg is
predicted by using Ag instead of Al. The use of ITO over-layers also introduces the added
possibility of bi-facial cells. Optical constants for MoO, and LiF, films deposited on polished
c-Si, are measured using an ellipsometer (using a Cody-Lorentz oscillator model, J. A.
Woollam M-2000), and provided in Supplementary Figure 1b. Additional optical constants
required for the simulations were sourced from the refractive index library hosted by PV
lighthouse. It is also worth noting that these simulations assume that 100% of the light
absorbed in the a-Si:H films is lost to recombination in these films. Whilst this assumption
has been found to be true for the doped a-Si:H layers, the less defective intrinsic a-Si:H
layers can still contribute ~30% of their absorbed light to the solar cell current.* This
suggests the benefits of the DASH approach in terms of reduced parasitic absorption
percentage could be even greater than the simulations in Supplementary Figure 1 outline. All
simulations do not account for the front-contact shading which can be considered constant
(as all cells have the same front ITO sheet resistance they will utilise equivalent front-contact

patterns).

Supplementary Note 2. Extraction of the contact resistivity and recombination

Two methods of p, extraction are implemented in this study. The first method, based
on the approach introduced by Cox and Strack,” involves a series of resistance
measurements taken between an array of different diameter front contacts and a full-area
rear contact, as shown schematically in Supplementary Figure 2a. The array of different
diameter dots was achieved by depositing through a shadow mask. Resistance
measurements were taken in the dark at 20 - 25°C using a Keithley 2400 sourcemeter. The
resistance versus diameter trend is fitted with a spreading resistance model allowing
accurate extraction of p..° The resistance of the measurement setup is also accounted for.

An example of this fitting is given in Supplementary Figure 2b. Given the wafer resistivity,
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thickness and estimated error in the measurement — the lower limit resolution for this

technique is estimated at ~1 mQcm?.

The second, simpler but less accurate method, is used to measure devices with p.
values > 0.5 Qcm?. The resistance between a full-area rear contact and a ~1.1 mm diameter
front circular contact was measured and p. was estimated by accounting for the expected
bulk spreading resistance. It should be noted in both of the above contact structures that the
extracted p. comprises the interfacial resistivities and bulk resistivities of all layers in-
between the c-Si and the outer Al layer. Reference samples with only Al contacts (no AMF
interlayers) were also fabricated. These contacts exhibited rectifying behaviour when applied
both directly and with passivating interlayers (TiO, and a-Si:H), such that p. was prohibitively
high for accurate extraction. In this case a lower limit estimation of ~5 Qcm? is made for

these contacts.

The recombination at the direct c-Si(n) / LiF, / Al contact was investigated on planar,
FZ, n-type (Ng ~ 5x10%cm) c-Si wafers coated symmetrically with a LiF, ~1.5 nm / Al ~15
nm stack. The Al layer is made thick enough to prevent oxidation of the entire layer at the
same time as remaining thin enough to allow sufficient light through and not saturate the
conductance signal of a photoconductance decay tester (Sinton WCT 120). The lifetime of
these samples was too low for this tool to measure accurately, suggesting a high rate of
surface recombination. To reduce this rate of surface recombination two candidate
passivating layers, suitable for electron-selective heterocontacts when combined with the
LiF, / Al contact. are a-Si:H(i) and TiO, films. When applied to c-Si both of these films
present larger valence band than conduction band offsets potentially assisting in creating a
preferential conductivity towards electrons. The Suns-implied V,. behaviour of the two
samples are included in Supplementary Figure 3a showing 1 sun implied V.. values of 732
and 695 mV for the wafers coated with a-Si:H(i) and TiO, films, respectively (Sinton WCT
120). Due to the difference in wafer resistivity, recombination factors (J,) were extracted
using different techniques’® for the a-Si:H(i) and TiO, coated wafers. Plots of J, extractions
of wafers coated with a-Si:H(i) and TiO, layers are included in Supplementary Figure 2b and
c, respectively. It should be emphasised that the implied Vo and Jo. values represent the
recombination before LiF, / Al deposition and that some changes may occur after contact

formation.

Supplementary Note 3. Optimum contact configuration simulations.

Simulations, similar to those in previous studies,® are run using the freeware solar
cell simulation program Quokka.™ Details of the unit cell characteristics and structure can be
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found in Supplementary Table 3. The two variables of the simulation are the rear contact p.
and Jo.. For every input p. and Jo. an optimum rear contact configuration is calculated by
means of monitoring the device efficiency. Superimposed experimental data points can be
matched with the points of these simulations to provide information on the optimum contact
fraction and resultant efficiency which can be achieved. The results of this simulation are
shown in Supplementary Figure 4. Experimental optimum p. and Jo. data for TiO, / LiF, / Al
(purple triangle) and a-Si:H(i) / LiF, / Al (green square) contacts as well as the direct LiF, / Al
(blue circle) contact (a Jo close to the diffusion limit is assumed™') are superimposed on this
plot. For the interlayers it can be seen that both contacts are best applied in a 100% contact
area and that devices with a-Si:H(i) interlayers have a higher idealised efficiency. It can also
be seen that the direct LiF, / Al contact could be effectively applied in localised contacts
(0.5% area) — an architecture which was previously not possible, given the aforementioned

difficulties of contacting n-type c-Si.

Supplementary Note 4. Detailed DASH cell characterisation

The champion cell batch consisted of four 2 x 2 cm? DASH cells, the light J-V results
for these cells have been included in Supplementary Table 2, showing an average cell
efficiency for the 4 cells above 19%. The small spread in results seen for each parameter is

a testament to the exciting potential of this cell structure.

The champion cell was further characterised by measuring its light J-V behaviour at a
range of illumination intensities (see Supplementary Figure 5a) and using the Suns-V.
method (see Supplementary Figure 5b). The V.. values from the three light J-V curves in
Supplementary Figure 5a are superimposed on the Suns-V, curve showing a good
correlation between the two methods. No large ‘bending’ or inflection points are seen in the
Suns-V,. curve at high illumination intensities suggesting that there is no large unwanted
Schottky barrier affecting the DASH cell.'> The Suns-V,. data was further used to construct
an ideal pseudo J-V plot (see Supplementary Figure 5c¢) which reflects predicted behaviour
of the DASH cell without the effect of parasitic series resistance. From a comparison
between the cells pseudo and real J-V curves it can be seen that reducing the series
resistance is an obvious path to higher efficiencies. The champion DASH cell light J-V is well
fitted using a simple ‘one-diode’ model (also shown in Supplementary Figure 5c¢) with a
series resistance Rs ~2.09 Qcm?. A reduction of Rs to 1 Qcm? (a typical series resistance
value for industrial c-Si solar cells) would increase the FF and n to above 79% and 21%,
respectively.
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The light J-V behaviour of the DASH cell was further characterised at a range of
temperatures (see Supplementary Figure 5d). From these temperature dependent J-V
curves an analysis of the V,. and FF temperature dependence for the DASH cell was
conducted (see Supplementary Figure 5e) and compared to the behaviour of a SHJ cell
(taken from Ref.*). The SHJ and DASH cells show largely similar behaviour exhibiting the
expected decrease in V,. with temperature resulting in coefficients of -1.7 and -2 mV/°C,
respectively. Similarly the FF evolution with temperature for both the SHJ and DASH cells
has a negative gradient with values of -0.04 and -0.06 %/°C, respectively. Such similar
temperature dependency of FF values suggests that DASH devices perform quite similarly to

standard SHJ solar cells in terms of carrier transport.

The light J-V performance of a representative DASH cell was also measured before
and after a ~10 minute, 100°C anneal without any significant change to the cell performance.
This result is important given concerns associated with alkali metal ion incorporation in ¢c-Si —
centred around both the high mobility of ions and their tendency to form carrier
recombination active defect levels within the c-Si bandgap.** For the latter of these two
points Li may be an exception as it has been shown by some authors to form a shallow
donor level (even being used as an intentional dopant in some cases™). Regardless of this,
the stability of the V,. before and after the anneal step suggests that Li incorporation is not
an issue at these temperatures. The very high V,. also indicates that the well-known low

temperature interaction between Al and a-Si:H,*® is prevented by the thin LiF, interlayer.

External quantum efficiency (EQE) analysis was also performed on the cells (in-
house built set-up) accompanied by front surface reflectance measurements (Lambda 950,
Perkin Elmer) to investigate the internal quantum efficiency. An estimation of the Jg is found
by integrating the product of the AM 1.5G spectrum (in photons /cm?nm™) and the EQE in
the 310 — 1200 nm wavelength range. A Js. of 39.4 mA/cm? is calculated which, after
correcting for a 5% reduction due to the contact fraction, agrees well with the light J-V

measured value of 37.07 mA/cm?.

To test the efficacy of the approach on both wafer doping types, simplified cells (1 x
1 cm?) without passivating interlayers were fabricated on n-type (Ng ~ 5x10*° ¢cm™®) and p-
type (N, ~ 7x10™ cm?), planar, FZ wafers. A 15 nm MoO, hole contact was thermally
evaporated on the front-side. This film was capped with a ~60 nm ITO film and a ~1 um Cu
front grid, both of which were sputtered (AJA International, ATC 1800 UHV) at room
temperature through two different shadow masks to define the 1 x 1 cm? cell area and front
grid. The rear contact was formed by evaporating ~1.5 nm of LiF, followed by ~200 nm of Al
without breaking vacuum. The light J-V characteristics of these cells was measured under
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standard conditions (AM 1.5G spectrum, 100 mW/cm? ~25°C) and are provided in
Supplementary Figure 5f. The top bus bar was excluded from the cell area for the current
density calculation. Both cells exhibit efficiencies in excess of 10%, clearly indicating
effective carrier separation. These results demonstrate the effectiveness of the DASH c-Si
solar cell concept, irrespective of the substrate doping type (similar behaviour is also
obtained for conventional doped a-Si:H SHJ cells). This highlights a distinction between the
DASH cells and the classic metal-insulator-silicon inversion layer (MIS-IL) cell architectures
which also avoid the use of doped-silicon layers. The performance of the archetypal p-type
MIS-IL cell is strongly linked to both the silicon wafer dopant type and concentration, mainly

due to the need to form an Ohmic rear contact.
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Supplementary Table 1 Loss mechanisms associated with doped-silicon.

Limitation Issue, consequence Cause Ref.
Optical Parasitic free-carrier absorption, High doping concentration
reduces Jg.
Parasitic window layer absorption, Using narrow gap window layers (eg.
reduces Js. Doped a-Si:H and poly-Si)
Recombination  Auger and radiative recombination,  High doping concentration
reduces V.
SRH recombination, Dopant precipitates
reduces Vqc (eg. phosphorus clusters)
Dopant complexes
(eg. Boron-oxygen defects)

18

19

20

21

Surface SRH recombination, High surface dopant concentration
reduces Vqc (currently debated)
Bulk and surface recombination, Band gap narrowing, increased minority 22
reduces Vqc carrier concentration

Transport Resistive losses, reduces FF Dopant and carrier scattering, low majority 2
(especially lateral Rg) carrier mobility
Low minority carrier diffusion Dopant and carrier scattering, low minority 23
length, reduces Jg. carrier mobility

Supplementary Table 2 High efficiency DASH cell results.

Voo (MV) Jsc (MA/cm®) FF n
Celll, Champion cell 716.4 37.07 73.15 19.42
Cell 2 716.5 36.97 71.84 19.03
Cell 3 716.7 37.02 71.26 18.91
Cell 4 716.4 37.07 711 18.88
Average of 4 cells 716.5 37.03 71.83 19.06

Supplementary Table 3 Assumptions and unit-cell characteristics of simulated cell.

Symbol Parameter Assumption / value

Jofront Front recombination factor 1 fA/cm?

Thulk Bulk lifetime Richter et. al. intrinsic lifetime"®
Jq Generation current density ~44 mA/cm?

w Wafer thickness 160 pm

Poulk Bulk type, resistivity 1 Qcm n-type

Jorear Rear recombination factor (in non-contacted area) 1 fA/cm?

Mirear Rear line-contact metal fraction Finger width = variable,

Finger pitch = 1000 pum
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Supplementary Figure 1. Generation current gain analysis. a, Simulations of the loss in
generation current for different heterocontact type c-Si solar cells. The simulations,
conducted using the wafer ray-tracer hosted by PVlighthouse.com, assume both surfaces of
a 200 um wafer are random textured and coated with the films as indicated within the figure.
The mechanism and location of the current loss in each cell is broken down within each
column. b, Measured real (solid) and imaginary (dotted) refractive index values for the MoO,

(purple) and LiF, (blue) films.
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Supplementary Figure 2. Contact resistivity extraction. a, Schematic of the p. test
structure. b, Exemplary measured and modelled resistance behaviour of a AMF / Al contact

to n-type c-Si.
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Supplementary Figure 3. a-Si:H and TiO, interlayer passivation details a, Implied
SunsV, behaviour for n-type silicon wafers symmetrically passivated with ~6nm of PECVD
a-Si:H(i) or ALD TiOy films. The dotted horizontal and vertical lines highlight the implied open
circuit voltages at 1 sun. Plots b, and c, show the measured and modelled lifetime behaviour
of n-type wafer coated symmetrically with a-Si:H(i) and TiO, films, respectively. The models

allow the extraction of surface recombination current pre-factors also provided in the plots.
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Supplementary Figure 4. Optimum rear contact configuration simulations. Quokka
simulations of the optimum contact fraction (dotted lines) and resultant idealized efficiency
(coloured contours) as a function of the Jo. and p.. Values for the direct LiF, / Al contact
(blue circle) as well as the TiO, / LiF, / Al (purple triangle) and a-Si:H(i) / LiF, / Al contact

(green square) are superimposed on the plot.
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Supplementary Figure 5. Additional solar cell characterisation Light intensity
dependent a, J-V and; b, V,. behaviour (from Suns-V,.) of the DASH cell. The Suns-V, is
also used to plot an ideal pseudo J-V curve for the DASH cell in ¢, which is compared to the
real DASH cell light J-V and a simple ‘one-diode’ fit of the real light J-V data. d, shows the
temperature dependent (16 - 65°C) light J-V behaviour of a standard DASH cell measured
under 1 sun conditions; and e, compares the voltage and fill factor temperature dependence
of DASH and SHJ type cells. f, Light J-V and cell characteristics measured under standard 1
sun conditions of basic n and p-type DASH cells without a-Si:H(i) passivating interlayers
showing that effective carrier separation can be achieved regardless of the base wafer

doping.
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