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1. Introduction

Recombination losses of photo-generated
carriers at the contacts of crystalline silicon
(c-Si) solar cells have been one of the main
factors limiting their power conversion
efficiency.[1–3] Such losses are usually
caused by direct contact between the metal
and the Si wafer which induces interfacial
defects, the so-called metal-induced gap
states (MIGS).[4–9] A well-known approach
to reduce the impact of this recombination
is to minimize the contact area, as is done
in the passivated emitter and rear locally
diffused (PERL) and the passivated emitter
and rear totally diffused (PERT) cells.[10,11]

Nevertheless, even when the metal/Si con-
tact area fraction is minimized to less than
1%, the recombination at this interface can

still dominate the overall recombination due to the extremely
high surface recombination velocity (>105 cm s�1) at the con-
tacts.[3,12] This is especially critical in current high-efficiency devi-
ces, since the overall passivation of the free surface is remarkably
good; hence, the contacts are becoming a roadblock to the
improvement of cell efficiency. To further reduce this loss, an
alternative approach has been developed using the so-called pas-
sivating contacts.[13–18] These contacts are typically composed of a
thin passivation layer and a carrier-selective layer, which are
inserted between the Si wafer and the metal.[1–3] The former layer
is used to passivate the wafer surface by reducing the concentra-
tion of interfacial defects and/or creating an asymmetric popu-
lation of majority and minority carriers.[12,19] The carrier-
selective layer is used to collect either electrons or holes from
the bulk.[12,19] Critically, in all proposed passivating contact cell
architectures, the contacting metal is separated from the c-Si
absorber, minimizing MIGS.[6]

The imbalance between the surface concentrations of elec-
trons (ns) and holes (ps) can be obtained by using 1) a doping
profile at the interface, 2) charge-assisted population control,
and 3) work-function population control.[19] The first approach
is usually obtained by diffusion of dopant atoms; however, this
leads to both a narrowing of the bandgap and an increase in
Auger recombination within the highly doped regions.[3] The sec-
ond approach can be achieved using a highly charged film that
attracts carriers of opposite polarity.[12] The third method is based
on the deposition of a material with a different work function
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Improving the passivation of contacts in silicon solar cells is crucial for reaching
high-efficiency devices. Herein, the impact of the contact work function on the
obtained passivation is examined and quantified using a novel method—quasi-
steady-state photoluminescence—which provides access to the surface satura-
tion current density after metallization ( J0s,m). The obtained J0s,m indicates an
improvement of the surface passivation when contacts with high work function
are applied onto Si wafers passivated with aluminum oxide, regardless of the
wafer doping type. This improvement is mainly due to the amplification of the
imbalance between the electron and hole concentrations near the Si interface.
The passivation quality is reduced when using contacts with low work function in
which the recombination rate increases via the charge-assisted carrier population
control. Herein, the vital importance of selecting suitable metals to minimize
contact recombination in high-efficiency solar cells is pointed.
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compared to the c-Si substrate, resulting in a higher concentra-
tion of one type of carrier near the interface.[20] Therefore, it is
expected that the work function of the metal applied as a contact
will impact the carrier concentrations near the interface and
hence the surface recombination rate.

Indeed, the impact of the contact work function on the carrier
populations near the Si surface was observed in Si heterojunction
solar cells.[21,22] A dependency of the band bending near the Si
surface on the work function of transparent conductive oxide
(TCO) layers, which behave as a metal, was reported in
Refs. [21,22]. Van de Loo et al.[23] reported variations in the
injection-dependent minority carrier lifetime (τeff ) of c-Si wafers
passivated by stacks of silicon dioxide, zinc oxide, and aluminum
oxide (AlOx) films as a function of the ZnO doping level. More
relevant, using photoluminescence images, Matsui et al.[20]

showed that the work function of metal contacts deposited on
a 5-nm titanium oxide (TiOx) layer (used as a passivating contact)
significantly impacts the surface passivation quality regardless of
the wafer polarity. Significant degradation of the surface passiv-
ation was noticed when an Al layer was used for p-type devices.[20]

These results indicate that the contact work function influences
the surface recombination statistics despite the interlayer
between the contact and the Si. However, no direct evidence,
such as a variation of the surface saturation current density
(J0s) before and after metallization, has been presented, mainly
since common lifetime measurement techniques have severe
limitations when applied to metallized samples.

The J0s is often used as a figure of merit to assess the interface
passivation quality.[24] For nonmetallized structures, J0s can be easily
extracted from τeff obtained from photo-conductance (PC) measure-
ments using the Kane–Swanson method.[24] However, the extrac-
tion of the surface saturation current density of metallized
structures (J0s,m) using the same technique is challenging due to
the significantly larger conductivity of metals compared to that of
c-Si. Several alternative approaches to extract J0s,m have been
reported;[25–27] however, each approach has its own limitations,
as discussed in Refs. [28,29]. Recently, a robust and contactless
method based on the quasi-steady-state photoluminescence
(QSSPL) technique has been suggested to obtain τeff of any metal-
lized structure.[28,29] Thismethod, therefore, provides access to J0s,m.

In this study, we investigate the impact of the contact work func-
tion on the surface passivation using QSSPL measurements. For
this purpose, the chemical passivation layer needs to 1) be suffi-
ciently thin (ideally≤5 nm) to ensure that the impact of the contact
work function is not significantly attenuated and hence an apparent
trend can be observed and 2) supply a good surface passivation and
thus the obtained J0s,m is sufficiently sensitive to the variation of the
contact work function. The impact of the contact work function is
then quantified based on the ratio between J0s (before metalliza-
tion) and J0s,m (after metallization). Moreover, a numerical model
is established to validate the experimental results.

2. Experimental Section

2.1. Sample Preparation

Commercial p-type (resistivity: 1.8–2.0Ω cm, thickness:
180� 10 μm) and n-type (resistivity: 5.8–6.4Ω cm, thickness:

180� 10 μm) Czochralski-grown Si wafers were used in this
study. The wafers were RCA (Radio Corporation of America)
cleaned[30] and then dipped in hydrofluoric acid to remove the
native oxide prior to atomic layer deposition (ALD; Beneq TFS
200) of AlOx using trimethylaluminum and deionized water at
200 °C. Two test structures were used, as shown in Figure 1.
For all the structures, 20-nm AlOx films were deposited on
one side (“front”) of the wafers. Films with a thickness of either
20 nm (Structure A) or 5 nm (Structure B) were then deposited
on the opposite side (“rear”). All the samples were annealed at
400 °C prior to the deposition of contacts. Contact layers with
different work functions were then thermally evaporated on the
rear side of Structures A and B to form Structures Am and Bm.
Table 1 provides the information regarding the materials used
for the contact layers. In this study, AlOx layers were used as
the chemical passivation layer. Compared to SiO2 films, these
layers provided better surface passivation at thicknesses below
5 nm. For instance, the effective surface recombination velocity
(Seff ) obtained on n-type Si wafers passivated by our 5-nm AlOx

layers was in the range of 4–6 cm s�1, compared to Seff of
60–70 cm s�1 reported for those passivated by 5-nm SiOx films.[31]

Note that the work functions of n- and p-type Si wafers were
determined based on the model suggested by Altermatt et al.,[32]

assuming an ionization of 100% and 99.5%, respectively.

Figure 1. Schematics of the test structures to extract J0s and J0s,m.

Table 1. Work function of the different contact materials, the p- and n-type
c-Si substrates.

Materials Work function [eV] Remark

Lithium fluoride/aluminum (LiF/Al) 2.86 [16]

Magnesium (Mg) 3.66 [62]

Al 4.20 [62]

n-Si 4.37 Calculated

Silver (Ag) 4.74 [62]

p-Si 5.01 Calculated

Palladium (Pd) 5.22 [62]

Molybdenum oxide (MoOx)/Ag 5.70 [16]
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2.2. Characterization

For the nonmetallized samples (Structures A and B), τeff was
measured using both a standard lifetime tester (WCT-120,
Sinton Instruments) and the QSSPL technique, whereas the met-
allized samples (Structure Bm) were measured only by the lat-
ter.[28,29] In the latter technique, the emitted PL was generated
by illuminating the samples using an 808-nm diode laser before
being collected by an optical system. The injection-dependent τeff
was then determined from the time-dependent measurements of
the PL intensity. Further details of the measurement setup for
this technique can be found in Ref. [28].

The J0s of the Si surface passivated by 20-nm AlOx films
(J0s,20) was extracted from Structure A using the injection-
dependent τeff curve fitting model of Quokka 2[33] and the
approach of Dumbrell et al.[28] In this model, an equal front
and rear J0s and a constant bulk Shockley–Read–Hall lifetime
(τSRH, valid at high injection levels,>5� 1015 cm�3 for the n-type
Si wafers and>8� 1015 cm�3 for the p-type Si wafers) were used
as fitting parameters. For the asymmetrically passivated samples
(Structures B and Bm), the previously fitted J0s,20 and the constant
bulk SRH lifetime were fixed, while the rear J0s was fitted to
obtain J0s of the Si surface passivated by 5-nm AlOx films
(J0s,5) and J0s,m. The calculation of the intrinsic lifetime was
based on the model of Richter et al.,[34] while the effective intrin-
sic carrier concentration (ni,eff, 9.65� 109 cm�3) was determined
using the models of Schenk[35] and Altermatt et al.[36]

2.3. Modeling

An interface recombination model[37] was developed based on
the extended Shockley–Read–Hall formalism,[38] combined
with the iterative algorithms of Girisch et al.[39] and Aberle
et al.[40] The model incorporated the effect of charge fluctua-
tions[37] and considered the effect of the contact work function
by assuming that the metal effectively forms a gate contact in
a metal–oxide-semiconductor (MOS) structure with a short-
circuited (zero bias) electrical connection between the gate and
the c-Si substrate. This was equivalent to assuming that the
charge transfer, driven by the work-function difference, can occur
between the metal and the substrate (as dielectrics are not perfect
electrical insulators). Transient recharging effects during illumi-
nation were not considered in this model since they would
require knowledge of the exact nature of all defects, which was
not available in most cases. The Si space-charge density was
calculated following the methods presented in Refs. [38,41].
The input parameters for this model were described as follows.

1) The fixed charges (Qf ) within the AlOx films and the density
of interfacial defects (Dit) were obtained from contactless
capacitance–voltage measurements.[42]

2) In the ALD process, a silicon oxide (SiOx) interlayer was
inevitably formed between the Si wafer and the AlOx film.[43–45]

As a result, a SiOx/Si interface was considered in the developed
model. The defect distributions at this interface were chosen
based on experimental values reported in Refs. [46,47] such that
the overall defect densities were representative of a physical inter-
face. Regarding Qf, it was demonstrated by Hiller et al.[43] that it
was located at the two-dimensional AlOx/SiOx interface.

3) Top-hat distributions for both donors and acceptors. By
using these distributions, the entire bandgap can be covered,
thus, reproducing the experimentally measured distribution of
states at the interface. Gaussian distributions were also
tested. However, the obtained results do not match well with the
experimental results as when top-hat distributions are used
(see Appendix A).

4) Tail states: It is well known that band tails are always
present at the semiconductor–dielectric interface as they arise
from terminating the periodicity of the crystal at the surface.[48,49]

They substantially affect the balance of charge at the inter-
face[46,47] and their presence slightly impacts the absolute value
of J0s and its trend as a function of the contact work function.

The input parameters are summarized in Table 2. Note that
the width of the tail distribution is defined as the energy
gap between the band edge and the energy at which the defect
density decreased to below 108 cm�2 eV�1 (see Appendix B for
details).

The electron and hole capture cross sections (σn and σp, respec-
tively) of both the donor and acceptor top-hat defects were fitted
to reproduce the experimental results. The fitting quality was
assessed based on the obtained 1) J0s values before metallization
(J0s,5, 40–45 fA cm�2 for the n-type and 30–35 fA cm�2 for the
p-type test structures) and 2) trend of the J0s,m/J0s,5 ratio as a
function of contact work function. The obtained parameters
are summarized in Table 3.

Table 4 compares σn and σn/σp obtained in this study and
previously reported values. Note that in Refs. [50,51], only the
σn/σp ratios near mid-gap were given as the energy depen-
dence of capture cross sections were considered. It was
noticeable that the reported ranges for σn and σn/σp spread
across two orders of magnitude (between 1.4� 10�16 and
1.5� 10�14 cm2 for σn and 2 and 100 for σn/σp). Our values

Table 2. Input parameters used in the model including experimentally
measured Qf and Dit for the AlOx films of 5 nm. These measured Dit

values are used as Dit of the donor top-hat and acceptor top-hat defects.

p-type Si n-type Si

Wafer thickness [μm]—measured 180� 10

Wafer doping [cm�3]—measured (7.1–7.9)� 1015 (7.0–7.7)� 1014

Dielectric constant of AlOx 8

Qf [cm
�2]—measured �(1.4–3.9)� 1012�(1.1–3.5)� 1012

Dit [cm
�2 eV�1]—measured (5.3–7.9)� 1011 (5.0–7.5)� 1011

Defects Donor top-hat—Energy level [eV] �0.20

Donor top-hat—Width [eV] 0.40

Acceptor top-hat—Energy level [eV] 0.20

Acceptor top-hat—Width [eV] 0.40

Tail states Donor tail—Energy level [eV] �0.56

Donor tail—Tail width [eV] 0.30

Donor tail—Dit [cm
�2⋅eV�1] 1.8� 1014

Acceptor tail—Energy level [eV] 0.56

Acceptor tail—Tail width [eV] 0.30

Acceptor tail—Dit [cm
�2 eV�1] 1.8� 1014
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were within these ranges and are similar to those reported by
Refs. [37,52].

The Seff was extracted at the excess carrier concentration (Δn)
of 1015 cm�3 and is calculated using the following equation[53]

1
τeff

¼ 1
τint

þ 1
τSRH

þ 2Seff
W

(1)

where τint is the intrinsic lifetime (determined using the model
of Ref. [34]), and W is the wafer thickness. The obtained Seff
represents its upper limit as τSRH was assumed to have only a neg-
ligible contribution to τeff. The simulated and measured τeff as a
function of Δn of the n- and p-type test structures before metalli-
zation (Structure B) are compared in Figure 1C (see Appendix C).
A good agreement between those τeff(Δn) curves was observed,
confirming the validity of the developed model.

3. Results and Discussion

3.1. Validation of Quasi-Steady-State Photoluminescence τeff
Measurements

To confirm the validity of the QSSPL method, τeff measurements
of the nonmetallized samples (Structure B) taken by PL- and
PC-based method were compared. A representative example is
shown in Figure 2. The uncertainty associated with the QSSPL
measurement was determined considering the uncertainty of
input parameters following the method of Ref. [54], while the
uncertainty associated with the PC-based measurement was cal-
culated using the approach of McIntosh et al.[55] The difference
in J0s extracted from these two methods is below 9%. The same

method (of Ref. [54]) was used in the rest of the study to deter-
mine the uncertainty of the extracted J0s and hence of the ratio of
J0s,m to J0s,5.

3.2. Impact of the Contact Work Function

The experimental J0s,m/J0s,5 ratios of the n-type test structures
as a function of the contact work function are shown in
Figure 3a. A ratio smaller than one indicates an improvement
of the surface passivation after metallization and vice versa.
As can be seen, when applying high-work-function contacts
(work function higher than that of c-Si), the surface passivation
is improved. For low-work-function contacts (work function
lower than that of c-Si), the improvement is less pronounced.
It is noticeable that the quality of the surface passivation is
reduced if a Mg contact with a work function of 3.66 eV is used,
as will be discussed later.

The figure also includes the simulated results. There is a good
qualitative agreement between the experimental and simulated
trends of J0s ratio as a function of contact work function. It dem-
onstrates that the work function of contacts indeed influences the
carrier populations near the interface and hence the recombina-
tion statistics, despite an interlayer (an AlOx film in this study)
with a thickness of up to 5 nm between the contact and the Si. It
is noticeable that the variation of the J0s,m/J0s,5 ratio as a function
of contact work function shows a higher magnitude in the sim-
ulated data. This difference can be explained by the following
phenomena. First, it is well known that the Schottky barrier
height at the Si/metal interface—which derives from the differ-
ence in the electron (hole) concentration between the Si wafer
and metal—strongly depends on the interfacial defects causing
a pinning of the Fermi level.[56,57] This effect influences the
Schottky barrier height, but it does not influence the trend of
the variation of the barrier height with contact work function.
In this study, despite the presence of the AlOx passivation
layer, Dit is relatively high [(5.0–7.9)� 1011 cm�2 eV�1] and suf-
ficient to limit the movement of the Fermi level.[58] A second
possible mechanism is the influence of a surface dipole at the
metal–dielectric interface.[59] The contributions from such the

Table 3. Best-fit interfacial defect parameters for test structures using both
n- and p-type wafers.

Donor top-hat Acceptor top-hat

σn [cm�2] (4.0� 2.1)� 10�15 (1.0� 0.5)� 10�15

σp [cm�2] (4.0� 2.1)� 10�16 (2.6� 1.4)� 10�14

Table 4. σn and σn/σp at the SiOx/Si interface obtained from the model in
this study and reported in the literature.

Reference Treatment Substrate ρ [Ω cm] σn [cm2] σn/σp

This study � n-type Cz 1.8-2 4.0� 10�15 10

[63] � n-type FZa) 1 1.4� 10�16 2

[37] � n-type 1 8.7� 10�16 7.9

[52] � n-type FZ 2-3 7.5� 10�15 2.3

[63] FGAb) n-type FZ 1 1.4� 10�16 2

[37] FGA n-type 1 7.7� 10�16 13.4

[52] FGA p-type FZ 2-3 1.5� 10�14 5.2

[50] FGA p-type FZ 1 � 100

[51] Post-metallization anneal p-type 1 � 50-70

a)FZ: Float zone. b)FGA: Forming gas annealing.

Figure 2. Injection-dependent τeff data of Structure B measured by the
QSSPC and QSSPL methods. The red zone shows the standard deviation
of QSSPL measurements in which 68% of data points lie.
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dipole to the work functions of the metal and semiconductor
are not considered in our model since they depend on the
unknown interface electronic structure.[60] Another possibility
is that the actual contact work functions are lower than the
values listed in Table 1. However, the results in Appendix D
indicate that this cannot explain the observed difference.
As our model does not consider either Fermi-level pinning
or surface dipoles, we, therefore, attribute the difference
between the modeled and measured results to these effects.

To gain a deeper understanding regarding the work-function-
dependent behavior of the J0s,m/J0s,5 ratios, the calculated ns
and ps before and after metallization are presented in Figure 3b.
As the AlOx films have a finite resistance, electrons unavoidably
transfer between the Si wafer and the metal contact to reach a
lower energy level, provided sufficient time has passed. As men-
tioned above, in this model, it is assumed that there is a charge
transfer between the Si wafer and the contact despite the AlOx

layer of 5 nm between them. The surface potential difference is
then given by the work function difference. As expected, before
metallization (solid symbols), ps is dominant due to the pres-
ence of negative charges in the AlOx films, inducing a depletion
region near the Si surface. After metallization (open symbols), ps
is still dominant when contacts exhibiting a high work function
are used. In this case, the asymmetric population of electrons and
holes is amplified, resulting in a significant reduction in the sur-
face recombination rate. When applying contacts with lower work
functions, the hole accumulation region is neutralized and the
dominance of ps is less pronounced. With a further decrease
in the work function, ns increases and becomes dominant. An
electron accumulation region is formed when the asymmetric
population of electrons and holes is further amplified. The change
of the dominant carrier population from holes to electrons at the
interface indicates a change in the polarity of the Si surface poten-
tial from negative to positive. The impact of the contact work func-
tion on the carrier populations is, therefore, similar to the effect of
the fixed charges in the passivation layers.

From Figure 3b, the work-function-dependent behavior of
the calculated ns and ps is illustrated. The Seff is determined
using the model and depicted in Figure 3c to provide more
information about the recombination statistics near the inter-
face. For comparison, the experimental values of Seff for n-type

test structures before metallization are in the range of 4–6 cm s�1.
It can be clearly seen that the trend of the calculated Seff as a
function of contact work function shows a good qualitative agree-
ment with those of the experimental and simulated J0,sm/J0s,5
ratios. The determined Seff is highest when using a contact with
a work function of 3.66 eV although the imbalance of the ns and
ps at this point is not the lowest value [see Figure 3b]. This is
due to the asymmetry of the obtained σn and σp of the interfacial
defects.

The experimental J0,sm/J0s,5 ratios of the p-type test structures
as a function of contact work function are shown in Figure 4a.
Similar to the n-type case, the surface passivation is improved
when applying high-work-function contacts. As discussed earlier,
this is attributed to the amplification of the imbalance between ns
and ps near the Si surface. When applying lower-work-function
contacts, this improvement is less pronounced. The surface pas-
sivation is degraded with a 4.2 eV work function contact (Al)
before improving again with a further decrease in the contact
work function. Matsui et al.[20] also reported a significant
degradation of the surface passivation when using Al contacts
for devices with p-type Si wafers, which is in good agreement
with our results.

The figure also presents the simulated results. Similar to the
case with n-Si wafers, the trend of the simulated and experi-
mental results in Figure 4a shows a good qualitative agree-
ment. The larger change is predicted by the model and
again attributed to a combination of Fermi-level pinning
and surface dipole effects. Note that the good qualitative agree-
ment between the trends of the simulated and experimental
results is achieved using the same interfacial parameters in
both the n- and the p-type cases, further strengthening our
conclusions.

Using a similar modeling approach, the calculated ns and ps
before and after metallization are presented in Figure 4b.
Before metallization (solid symbols), ps is dominant due to
the presence of negative charges in AlOx films, resulting in a
hole accumulation region near the surface. It is still dominant
when applying contacts with high work functions and the
imbalance between ns and ps is amplified, resulting in a signifi-
cant reduction of the recombination rate. This supports the
observed improvement of surface passivation with increasing

Figure 3. a) Experimental and simulated J0s,m/J0s,5 ratios as a function of work function for the n-type test structures, b) calculated ns and ps, and
c) simulated Seff before (solid symbols) and after (open symbols) metallization. Error bars in (a) are determined by the uncertainty of QSSPL measure-
ments as shown in Figure 2.
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the contact work function as shown in Figure 4a. As expected, ns
increases when applying contacts with lower work functions.
It becomes dominant with a further decrease of the work func-
tion, indicating a change in the polarity of the Si surface poten-
tial from positive to negative.

The Seff values calculated using ns and ps in Figure 4b together
with the interface model are depicted in Figure 4c as a function of
contact work function. For comparison, the experimental values
of Seff for p-type test structures before metallization are in the
range of 16–20 cm s�1. It is also found that the trend of the deter-
mined Seff shows a good qualitative agreement with those of the
experimental and simulated J0,sm/J0s,5 ratios [see Figure 4a]. Due
to the asymmetry of σn and σp for the interfacial defects in the
model, we also find the highest Seff at the contact work function
of 4.2 eV although the imbalance of the ns and ps at this point is
not the lowest [see Figure 4b].

To assess the influence of the thickness of the AlOx films, the
experimental J0s,m extracted from Structures Am (20 nm rear
AlOx) and Bm (5 nm rear AlOx) is shown in Figure 5 as a func-
tion of contact work function. The J0s,m of Structure Am is sig-
nificantly lower than that of Structure Bm. This is due to the
improvement of the surface passivation when the thickness
of the AlOx films increases. As expected, J0s,m of Structure
Am (20 nm) is less sensitive to the contact work function.

This can be explained by the fact that the electric field in the
dielectric (and therefore, the band bending in the Si) required
to compensate for the potential difference between the metal
and the Si is reduced when increasing the thickness of the
dielectric layer.

4. Conclusion

In this study, the QSSPL technique was used to investigate the
impact of the contact work function on the surface passivation by
extracting J0s at the metal–Si interfaces. It was demonstrated that
the surface passivation of Si wafers passivated by AlOx films is
improved by applying contacts with high work function regard-
less of the wafer polarity. These seem to be the first direct meas-
urements of J0s after metallization (using practical metallization
processes). The surface passivation is worsened at certain con-
tact work functions. To benefit from the asymmetric carrier
population induced by the contact, it is recommended to apply
a contact with a work function that is lower (higher) than the Si
work function if positive (negative) fixed charges are present in
the passivation layer to amplify the asymmetric carrier popula-
tion. This study provides useful insights into the influence of
contact work function on the obtained passivation and, hence,
offers a potential pathway for further improving the perfor-
mance of solar cells via selecting suitable metals to minimize
contact recombination.

Appendix A.

Top-Hat vs Gaussian Distributions

To select an appropriate defect distribution for the model used
in this study, two common distributions, top-hat and
Gaussian, for both donor-like and acceptor-like defects were
compared. The input parameters of the top-hat distributions
are listed in Table 2. For the Gaussian distribution, the defect
energy level and the peak width for both donor-like and
acceptor-like defects are set to the values reported in Ref. [61].
The rest of the input parameters are the same as those listed in
Table 2.

Figure 5. J0s,m extracted from Structures Am (20 nm rear AlOx) and Bm
(5 nm rear AlOx) for the n-type test structures as a function of work function.

Figure 4. a) Experimental and simulated J0s,m/J0s,5 ratios as a function of work function for the p-type test structures, b) calculated ns and ps, and
c) simulated Seff before (solid symbols) and after (open symbols) metallization. Error bars in (a) are determined by the uncertainty of QSSPL measure-
ments as shown in Figure 2.
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As discussed earlier, a fit is defined when both the experi-
mental J0s before metallization and the trend of J0s,m/J0s,5
ratios as a function of contact work function are simultaneously
reproduced. Figure A1 presents the experimental and fitted
J0s,m/J0s,5 ratios using Gaussian distributions as a function
of contact work function for the n-type test structures. The
two criteria above cannot be simultaneously satisfied. When
an agreement with J0s,5 is obtained [see Figure A1a], the simu-
lated trend and the absolute value of J0s,m/J0s,5 ratios do not
agree well with the experimental data. Meanwhile, when the
experimental and fitted J0s,m/J0s,5 ratios agree, the simulated
J0s,5 (�6 fA cm�2) is significantly smaller than the experimen-
tal value (40–45 fA cm�2) [see Figure A1b]. Therefore, the top-
hat and band tail defect distributions were used in this study as
they appear to better represent the electrical characteristics of
the interface.

Simulated J0s,m/J0s,5 ratios using Gaussian distributions
with and without tail states as well as a top-hat distribution
are shown in Figure A1c for comparison. The results indicate
that the presence of tail states in the Gaussian distribution does
not account for the deviation between the Gaussian and top-hat
distributions.

Appendix B.

Defect Distributions

Figure A1. Experimental and simulated J0s,m/J0s,5 ratios using Gaussian and top-hat distributions as a function of contact work function for the n-type test
structures: a) Best fit to match J0s,5 (40–45 fA cm�2) and b) best fit to match the trend of the J0s,m/J0s,5 ratios as a function of contact work function.
c) Simulated J0s,m/J0s,5 ratios using Gaussian (with and without tail states) and top-hat distributions.

Figure B1. The distribution of defects including donor tail, acceptor tail,
donor top-hat, and acceptor top-hat.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2023, 7, 2201050 2201050 (7 of 9) © 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

 2367198x, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202201050 by T

est, W
iley O

nline L
ibrary on [20/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.solar-rrl.com


Appendix C.

Measured vs Simulated τeff

Appendix D.

Simulations for Lower Work Functions

In Section 3.2, a lesser variation of the J0s,m/J0s,5 ratio as a func-
tion of contact work function was observed in the experimental
results, compared to the simulated data [see Figure 3a and 4a].
Three possible explanations for this observation were proposed:
1) Fermi-level pinning, 2) surface dipoles, and 3) lower actual con-
tact work functions than those used in the simulations (Table 1). To
examine the third possibility, simulations were performed where
the work functions were assumed to be 5% lower than the values
stated in Table 1, and the results are shown in Figure D1. Despite
the lower work function, the variation of the simulated J0s,m/J0s,5
ratio still shows a higher magnitude compared to the experimental
results. We, therefore, still attribute the difference in magnitude
between the simulated and experimental results to the effects of

the Fermi-level pinning and/or surface dipoles, as discussed in
Section 3.2. Note that the extremely high J0s ratios at lower work
functions of 4.2 eV are due to ns�σn � ps�σp at these points.
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Figure C1. Measured and simulated τeff as a function of Δn for the
a) n-type and b) p-type test structures before metallization (Structure B).

Figure D1. Experimental (top) and simulated (bottom) J0s,m/J0s,5 ratios as a
function of effective work function for the n-type test structures. For the
simulated results, solid symbols represent the effective work functions
shown in Table 1, whereas open symbols indicate 5% lower work functions.
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