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Abstract

This study focuses on electron-selective passivating contacts for crystalline silicon (c-

Si) solar cells where an interlayer is used to provide a low contact resistivity between

the c-Si substrate and the metal electrode. These electron contact interlayers are

used in combination with other passivating interlayers (e.g., a-Si:H, TiOx, and Nb2O5)

to improve surface passivation whilst still permitting contact resistivities suitable for

high-efficiency solar cells. We show that a wide variety of thermally evaporated

materials, most of which have ionic character, enable an Ohmic contact between

n-type c-Si and Al. From this pool of compounds, we observed that CsBr has espe-

cially promising behavior because of its excellent performance and thermal stability

when combined with thin passivating layers. With different test structures, we were

able to demonstrate low contact resistance using TiOx/CsBr, Nb2O5/CsBr, and a-Si:

H/CsBr stacks on n-type c-Si. The quality of the provided surface passivation

depended on the stack but we achieved the best overall passivation stability with

TiOx/CsBr. Finally, we were able to demonstrate an efficiency >20% on a laboratory-

scale solar cell that implements the TiOx/CsBr/Al stack as full-area rear-side electron

selective contact.

K E YWORD S
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1 | INTRODUCTION

Hydrogenated amorphous silicon (a-Si:H) and polysilicon (poly-Si)

based passivating contacts have taken the lead in achieving the

highest efficiencies in crystalline silicon (c-Si) solar cells—being

demonstrated above 26% in some cases.1–4 Their success lies in

their ability to achieve high open circuit voltages (Voc) whilst main-

taining sufficiently low specific contact resistivities (ρc) to not sig-

nificantly reduce the cell's fill factor. However, both of these

contact structures suffer from non-negligible parasitic absorption

of light due to direct band-to-band excitation and free carrier
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absorption, predominantly in the doped layers.5,6 To prevent para-

sitic absorption, other wider band gap materials, with the same abil-

ity to collect electrons and holes and/or passivate the silicon

surface, have been tested as replacements in the contacted regions

of solar cell devices.7–13

All of the electron contact demonstrations in high efficiency

(i.e., >20%) c-Si solar cells consist of a stack of films, each with a dif-

ferent role, rather than a single layer. These systems are typically

formed by one layer that provides passivation at the c-Si surface

(i.e., passivating Si dangling bonds), in combination with another layer

that promotes electron extraction from the c-Si. Examples of passivat-

ing materials employed in electron contacts are silicon dioxide (SiO2),

hydrogenated amorphous silicon (a-Si:H), and some transition metal

oxides like titanium dioxide (TiOx) and niobium oxide (Nb2O5).
8,9,14–16

Generally, these passivation layers do not provide sufficient electron

selectivity on their own and are combined with a low work function

electrode to enable electron collection. The low work function elec-

trode is commonly achieved using a thin (<3 nm) and transparent

interlayer, such as LiF, MgFx, or MgOx,
9–11 under the metal layer,

reducing its work function. These work function-reducing interlayers

are typically ionic on their own or tend to form dipoles at the interface

with other materials.17 Such approaches have already been demon-

strated in laboratory-scale silicon cells achieving >23%.8

The use of thin ionic compound interlayers to improve electron

injection and extraction has been a successful approach for organic-

based semiconductor devices such as organic light emitting diodes and

organic solar cells.7,18,19 The mechanisms leading to enhanced electron

contact performance in these systems are still under debate.18–24 For

silicon-based devices, thin insulating interlayers have been used to

reduce Fermi-level pinning.25–29 This would allow the low work func-

tion of the metal contact material, such as aluminum (Al), to have a

larger impact on the bending of the c-Si bands. In addition, insulating

layers that have a strong ionic character have been suggested to aid in

the formation of a work function-reducing dipole at metal surfaces.17 A

dipole could be formed by either charge transfer between the metal

and the corresponding ionic material or physically by Pauli repulsion for

very ionic interfacial layers.30 Others have suggested that dissociation

of the ionic metal compounds occurs after deposition, which could lead

to low-work function metal ions being left at the interface or diffusing

into the semiconductor substrate and doping it.21 In device-relevant

layer stacks, it is possible that multiple mechanisms take place at the

same time, depending on the exact compound and the interacting

layers. In any case, the end result of a low work function layer forming

on top of c-Si is a larger electron population at the surface, which in

turn improves the electron selectivity.31

We emphasize that most of the metal compound interlayers that

have been used to improve electron collection in c-Si have either a

low work function parent metal as the cation, a highly electronegative

anion, or both. Due to the ionic characteristics of these materials, the

formation of dipoles at the interface either with the c-Si substrate or

the metal electrode likely plays an important role in reducing the work

function and facilitating electron extraction. This is represented

through a band diagram in Figure 1A. This schematic represents the

formation of a work function-reducing dipole between an n-type c-Si

substrate and a metal overlayer. Note that the polarity/alignment of

the dipole is a key factor in determining whether the work function

of the metal is reduced or increased. In this study, we explore and

compile data for a large group of compounds, most of which are

highly ionic by nature. These are all demonstrated to form Ohmic con-

tacts on n-type c-Si. From this list of candidates, we then focus on

CsBr, due to its ability to be combined with a range of passivating

interlayers whilst maintaining contact resistivities which are applicable

to high-efficiency c-Si solar cells. The most promising behavior is

found for a TiOx/CsBr/Al contact stack which, when applied as a full-

F IGURE 1 (A) Band-diagram schematic showing the downward band bending at the surface of c-Si caused in part by a dipole at the interface.

(B) Compilation of different electron contact interlayer materials tested on an n-type c-Si wafer with a moderate resistivity (0.5–2 Ω-cm) taken
from our experiments and the literature.9–11,32–36 The pink and grey bars are those tested in this study and taken from the literature, respectively.
All contacts use an Al metal electrode, for reference the hashed bar shows the direct c-Si(n)/Al contact. (C) Temperature-dependence of ρc for
different materials as an interlayer between c-Si(n) and Al. The shaded area in (B) and (C) indicates the estimated TLM (upper) sensitivity limit
using our measurement setup.

928 MICHEL ET AL.

 1099159x, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3768 by H

elm
holtz-Z

entrum
 B

erlin Für, W
iley O

nline L
ibrary on [18/09/2025]. 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



area contact on the rear side of a solar cell, permits an efficiency

above 20%.

2 | EXPERIMENTAL

All samples for effective minority carrier lifetime (τeff) and specific

contact resistivity (ρc) studies were prepared using n-type c-Si sub-

strates with resistivities of 1–3 Ω�cm. These were subjected to a dilute

hydrofluoric acid (HF) etch immediately prior to processing.

Passivating interlayers were deposited via different techniques. The

2.5–6.5 nm TiOx films were deposited via a thermal atomic layer

deposition (ALD) system (Arradiance GEMStar XT) at a low substrate

temperature of 90�C with titanium isopropoxide (TTIP) and water as

the precursors. The �6 nm thick a-Si:H layer was deposited in a

plasma-enhanced chemical vapor deposition (PECVD) system. The

2 nm Nb2O5 films were deposited via ALD at a deposition tempera-

ture of 200�C on top of a SiO2 interlayer grown via the Radio

Corporation of America (RCA) cleaning procedure.37 More details

about this film can be found in reference.14,38 The ionic films trialed in

this study (namely BaF2, CaF2, MgF2, CeF3, CsCO3, LiF, CsBr, CsI,

SrF2, AlF3, AlQ3, and LaB6) were �2 nm thick and were thermally

evaporated using a tungsten boat (LC Torpedo Glovebox evaporator)

at a pressure <2�10�6 mbar and a rate of 0.1–0.3 Å/sec. The metal

electrodes (�200nm, unless stated otherwise) were also deposited by

thermally evaporating Al at rates of 4–12Å/sec using the same

deposition chamber as the metal compound interlayers without

breaking the vacuum. All the annealing treatments mentioned in this

study were done using a hotplate in air with a duration of 10 minutes

unless otherwise stated.

The samples for ρc measurements were made by depositing the

ionic and metal layers through a transfer length method (TLM) shadow

mask. The current–voltage (I–V) curves were measured using a four-

probe configuration to reduce the effect of probe resistance.39 The

τeff and photoluminescence (PL) samples were made by depositing the

passivating interlayer on both sides of the substrates. Using these

symmetrical structures, τeff was extracted as a function of excess

minority carrier density Δn using the quasi-steady state photoconduc-

tance (QSSPC) method (Sinton Instruments; WCT-120). Since in real-

ity τeff constitutes a combination of bulk and surface minority carrier

lifetime, in this study, we have assumed that the bulk lifetime stays

unchanged and thus changes in τeff are caused only by changes in the

surface passivation quality. In the case of the thick metal structures,

τeff was measured as a function of Δn using the quasi-steady-state

photoluminescence (QSSPL) technique.40,41 The reliability of this

method was recently validated by a different study.42 Spectral filters

were used to ensure that the collected light is only that of Si band-

to-band emission. A further short-pass filter at 1250nm was added to

minimize the impact of rear reflection on the detected signal. Addi-

tional information regarding the measurement setup can be found

elsewhere.41,42 In this study, τeff obtained from both QSSPC and

QSSPL is reported at a Δn of 1015 cm�3. The PL images were captured

using a custom-built PL imaging system.43 To extract the work

function of the contact structure, angle-integrated ultra-violet photo-

electron spectroscopy (UPS) measurements were taken using the

Helium-I emission spectrum (21.2 eV). For these measurements,

the thickness of the Al overlayer was 7 nm. The UPS spectra were

obtained in the as-deposited state and after annealing in-situ (in ultra-

high vacuum, <10�9 mbar) at 250�C for 10 minutes.

The proof-of-concept solar cell was fabricated on a phosphorus-

doped (�1 Ω�cm) n-type, float zone, c-Si wafer. Following front sur-

face random pyramid texturing and RCA cleaning, a full-area boron

diffusion with a sheet resistance of �120 Ω/sq was performed in a

dedicated clean quartz furnace. The boron-diffused surface was then

passivated using a �18/75 nm AlOx/SiNy antireflection stack. The

front contacts were photolithographically defined and deposited using

thermal evaporation of a Cr (�10 nm)/Pd (�10 nm)/Ag (�100 nm)

stack followed by thickening using Ag electroplating. The rear contact

was formed by a full-area, 2.5 nm TiOx film followed by thermal evap-

oration of a CsBr/Al stack. The light I–V behavior was measured

under standard one sun conditions (100 mW cm�2, AM 1.5 spectrum,

25�C) with a 2 � 2 cm2 aperture. This setup was calibrated with a cer-

tified reference cell (Fraunhofer CalLab).

3 | RESULTS

Figure 1B shows ρc values measured for a variety of materials with

ionic properties deposited between an n-type c-Si substrate and an Al

top electrode. As a reference, a direct c-Si/Al contact is also included

as the dashed bar, for which we observed rectifying I–V behavior

(in this case ρc was approximated as the differential value around 0 V).

The bars colored in pink show results from materials tested in this

study. It was found that the addition of �2 nm interlayers produces

Ohmic behavior and dramatically improves the contact resistance. Of

these interlayers, BaF2, CaF2, SrF2, AlQ3, AlF3, and LaB6 are demon-

strated for the first time as Ohmic contacts for n-type c-Si, allowing ρc
values between 8 and 55 mΩ-cm2. These results are similar to those

already demonstrated in the literature for ionic interlayers of similar

thickness,9–11,32–36 presented as the grey bars in Figure 1B. The tem-

perature dependence of ρc for some of the electron contact inter-

layers from Figure 1B is shown in Figure 1C. Evaluating thermal

stability is important since the back-end processing (i.e., encapsulation

of solar cells) always involves some annealing steps in a similar tem-

perature regime as the one studied here. Though the general trend is

that of an increased ρc with increasing temperature, some films show

strong degradation whilst others maintain a ρc below the 2 Ω-cm2 res-

olution limit, in the studied annealing regime. From a ρc perspective,

the most promising films are CsI, CsCO3, LiF, BaF2, and CsBr. How-

ever, some of these materials exhibited poor air stability, in some

cases displaying a visible reaction with air after deposition (e.g., CsI,

CsCO3). Additionally, the performance of these interlayers, when

incorporated with passivating interlayers, differed significantly. Con-

sidering these factors, CsBr was chosen as the best candidate for fur-

ther study. In this work, we have focused mainly on device

performance, and a study of the mechanisms responsible for the

MICHEL ET AL. 929
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improved performance of CsBr, relative to the other interlayers, will

be a topic for future work.

To demonstrate the use of CsBr with different passivation layers,

contact resistivity and passivation test structures were fabricated

using CsBr/Al contact stacks with three passivating interlayers, a-Si:H,

Nb2O5, and TiOx. The measured τeff for different full-area symmetrical

film configurations is shown in Figure 2A in the as-deposited state,

after depositing a full-area 2 nm-thick CsBr film, and after the deposi-

tion of a 7 nm Al overlayer. Note that the QSSPC measurement can-

not be used on a sample with a thick metalization, so a thin Al layer

was used in this case, though we acknowledge that the passivation

quality with a thicker Al could differ significantly. Firstly, we can

observe that CsBr does not provide any passivation when it is depos-

ited directly on c-Si, with and without an Al overlayer. This is likely

due to an inability of evaporated CsBr to passivate the vast amount of

dangling bonds found at the surface of c-Si, and thus an extra passiv-

ating film is required. For thin films of TiOx, Nb2O5, and a-Si:H, a mod-

est level of passivation is provided in the as-deposited state which is

unaffected by the thermal sublimation of CsBr on top. Both TiOx and

a-Si:H maintains at least half of the initial τeff after the thin Al deposi-

tion, while for Nb2O5, there is a significant degradation after this step.

This could be caused by heating during the Al evaporation or by an

Al-induced change in the electron-to-hole ratio at the c-Si surface.

A set of accompanying ρc test structures was also prepared and is

presented in Figure 2B,C. Figure 2B shows the case in which a single

interlayer is used between the n-Si and Al, including CsBr, TiOx, and

Nb2O5 in direct contact with Al. We have not added data for the a-Si:

H/Al contact due to its high contact resistance. It seems that tempera-

tures above 250�C are required to reduce ρc of samples that only

have a TiOx or Nb2O5 layer below the metal electrode. Figure 2C

shows the combined stacks of each of the three passivating inter-

layers with CsBr/Al. It is clear that the addition of 2 nm CsBr

interlayer reduces ρc by two orders of magnitude in the case of TiOx

(below 20 mΩ-cm2) and has also greatly reduced the required anneal-

ing temperature for a good contact formation in the case of Nb2O5.

Conversely, the ρc for the a-Si:H interlayer sample starts low in the

as-deposited state but increases quickly with the annealing tempera-

ture. This behavior in a-Si:H passivating layers is consistent with other

studies.44 Based on the results presented in Figure 2, the TiOx/CsBr/

Al and a-Si:H/CsBr/Al electron contact stacks are taken as the most

interesting combinations to test further.

To complement the previous τeff measurements, the evolution of

passivation as a function of the annealing temperature was further

studied using PL imaging. PL images of the a-Si:H/CsBr/Al and TiOx/

CsBr/Al (two TiOx thicknesses of �2.5 and 6.5 nm) samples were

taken after cumulative annealing steps using a hotplate in the air. In

these samples, the deposition of CsBr/Al is done through a TLM

shadow mask. A thick (�200nm) Al layer is used to avoid any assump-

tions regarding the impact of the Al thickness on the extracted param-

eters. These sets of images are shown in Figure 3A,B. For the a-Si:H

case, there is a clear trend in which the surface recombination under

the metalized regions (as monitored by the PL counts) is consistently

increased with higher annealing temperatures. The increase in PL

counts in the non-metalized regions with annealing is likely related to

hydrogen diffusing from the as-deposited a-Si:H film into the surface

and bulk of c-Si, providing defect passivation.45 In Figure 3B both

TiOx thicknesses show a similar trend, starting with lower PL counts

at the metallized areas as compared to the non-metallized areas. This

F IGURE 2 (A) Minority carrier lifetime at Δn of 1015 cm�3 as measured on test structures with symmetrical passivation layers such as TiOx,
a-Si:H, and Nb2O5 before and after depositing of CsBr (�2 nm) and Al (�200 nm) layers on one side. The a-Si:H sample was pre-annealed at
200�C for 5 min to obtain a more representative starting value of τeff. A reference sample without any passivating interlayer (i.e., CsBr/Al directly
on c-Si) is also shown. A drawing of these lifetime structures is provided in the inset. (B) Evolution of ρc versus annealing temperature for contacts
using a single interlayer (either CsBr or a passivating layer without CsBr). (C) ρc vs. temperature for samples with a double interlayer (i.e., CsBr on
top of a passivating interlayer). The insets in (B) and (C) show schematics of the final TLM devices.
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difference between the regions is quantitatively proportional to the

decrease in τeff after the thin (7 nm) Al deposition on the TiOx/CsBr

sample observed in Figure 2A. With increasing temperature, there is

minimal change at the metal regions though there is clearly a degrada-

tion in the rest of the sample surface, presumably caused by hydrogen

effusion and/or crystallization of the TiOx film. Further annealing

reveals that recovery starts to take place for both samples after reach-

ing a temperature above 250�C. This effect is stronger for the thick

(6.5 nm) TiOx sample, where at 300�C the metal regions seem to show

better passivation than the non-metalized areas as indicated by a

higher PL signal. This interesting behavior was observed in similar PL

structures employing Nb2O5 instead of TiOx (not shown). In a more

quantitative approach, τeff at the metallized regions was extracted

from the images of Figure 3B at each annealing temperature. These

results are depicted in Figure 3C with their accompanying ρc values

measured on sister samples in Figure 3D. Note that the extracted

τeff=158μs in the as-deposited state for the 2.5 nm TiOx is lower,

but similar to that shown in Figure 2A with a thin Al i.e., τeff=199μs.

F IGURE 3 (A) PL images for (A) a-Si:H and (B) TiOx as interlayers between CsBr/Al and n-type c-Si. PL images are taken after sequential
annealing steps in air. (C) Effective minority carrier lifetime extracted at the metalized regions in the TiOx samples and (D) its corresponding ρc as
measured on sister samples. (E) UPS measurements for a representative TiOx (2.5 nm)/CsBr (2 nm)/Al (7 nm) sample: as-deposited and in-situ
annealed at 250�C. The work function is extracted based on the secondary electron cut-off (SECO), which is shown as dotted lines.
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In general, the trend of Figure 3B is that of a monotonic decrease of

τeff with temperature which is recovered to a small/moderate degree

(depending on the TiOx thickness) at a temperature above 250�C. The

ρc trend is also very similar for the two samples, where it decreases

with increasing temperature. Overall, the 6.5 nm TiOx provides better

surface passivation though this comes at the expense of an increased

ρc. To investigate the potential origin of the improved contact behav-

ior after annealing, we measured the work function of the n-Si/TiOx/

CsBr/Al sample (using a TiOx thickness of �2.5 nm) via He I-UPS sec-

ondary electron cut-off (SECO) before and after in-situ annealing in

ultra-high vacuum at 250�C for 10 minutes. Note, that the work func-

tion is a property of the interface of the sample to the vacuum. This

comparison is provided in Figure 3E and shows a decrease in the work

function after annealing. In this experiment, the negative shift in the

work function could be caused by an increased negative charge con-

centration (e.g. higher electron concentration at the c-Si surface).

Some possible reasons for this include the formation of a strong

dipole at the Al/CsBr interface (which could be caused by a Cs+-rich

layer at the metal surface), desorption of atmospheric species at the

surface of the sample, or reduction of the Al film, which likely partially

oxidized during transfer to the UPS chamber.46–48 These changes

observed in the work function, however, are consistent with those

observed in the PL images under the assumption that the lower work

function electrode creates a higher electron population at the c-Si sur-

face, thus reducing the population of holes and hindering carrier

recombination.

Finally, we have employed an electron contact stack of TiOx

(2.5 nm)/CsBr (2 nm)/Al (200 nm) at the rear side of a solar cell.

Figure 4A,B shows the evolution of efficiency η, fill factor FF, Voc, and

short circuit current density Jsc, versus temperature (hotplate anneal

in air). The increase in efficiency is directly related to an increased FF.

Though this could correlate to a small degree with the decreased ρc
observed in the TLM structure, contact sintering at the front side of

the cell is likely to play a larger role. We observe that the Voc remains

relatively constant at around 650 mV up to 300�C, showing overall

good thermal stability which is a requirement for sintering of the front

and rear contacts. This also serves as a stability test since similar ther-

mal steps are needed for back-end processing (i.e. encapsulation)

when incorporating cells into a module. Figure 4C shows the

(inverted) current–voltage curve for the highest efficiency achieved

with this device, which reached a value of η = 20.5% after the 250�C

annealing step. In terms of the short circuit current Jsc, the device

shows a value of around 39.8 mA/cm2, which is consistent with previ-

ous studies using a similar fabrication process/structure.10 Despite

the room for improvement in the overall cell design, the TiOx/CsBr/Al

passivating contact stack shows promising behavior and thermal sta-

bility for electron contacts.

4 | CONCLUSIONS

In this study, we have shown that many thin (�2 nm) thermally evapo-

rated ionic compound interlayers allow Ohmic contact formation

when sandwiched between Al and n-type Si. From this pool of mate-

rials, we have focused on CsBr due to its excellent performance when

employed with other passivating interlayers, namely a-Si:H, TiOx, and

Nb2O5. Based on contact resistivity and effective minority carrier life-

time measurements we found TiOx/CsBr/Al to be a promising elec-

tron contact stack, with a ρc < 60 mΩ-cm2 and a τeff�200μs after

deposition of a thin Al overlayer. With the aid of PL measurements,

we observed a recovery in the passivation quality of the metalized

regions in the TiOx/CsBr/Al stacks after annealing at temperatures

above 250�C. This correlated well with work function measurements

taken via UPS, where the work function of the sample surface was

�0.3 eV lower after annealing in a vacuum at 250�C. Finally, we dem-

onstrated the potential of the TiOx/CsBr/Al electron contact stack by

F IGURE 4 (A, B) Evolution of the solar cell parameters as a function of cumulative annealing steps on a hotplate. (C) Current–voltage curve
for the condition that yielded the highest efficiency (post-annealing at 250�C). The inset shows a schematic of the front-junction solar cell
utilizing a rear full-area TiOx/CsBr/Al contact.
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applying it as a full-area rear contact in a solar cell which obtained a

cell efficiency above 19% in the as-deposited state and reached an

impressive efficiency of �20.5% after annealing at 250�C. We believe

that improvements in this category of electron selective contacts can

be achieved by a higher passivation quality of the passivating inter-

layer used (TiOx in our case) without compromising ρc. Additionally, a

more reflective rear stack would be beneficial for the optical perfor-

mance of the device. This could be achieved by either using a more

reflective rear metal (like Ag) or the addition of a transparent conduc-

tive oxide which would also enable these wide band gap electron con-

tacts to be used at the front side of solar cell devices.
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