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TiN, and TiO,/TiN, Barrier Layers for Al-Based
Metallization of Passivating Contacts in Si Solar Cells

Benjamin Gapp,* Heiko Plagwitz, Giso Hahn, and Barbara Terheiden

A solution is presented for Ag-free contacting of passivating contacts for crystalline
Si-based solar cells. In particular, a Ti-based diffusion barrier layer is introduced
between the polycrystalline-Si of the passivating contact and standard screen-
printed Al-paste, in order to prevent Al/Si alloying during contact sintering. This
solution enables contact formation with industrial standard Al-pastes while
maintaining high surface passivation quality of the underlying passivating contact.
Metallization-induced implied open circuit voltage losses remain below 10 mV,
with values > 720 mV before metallization. Contact resistivity values are below
3 Qcm on average at substrate peak firing temperatures of 700 °C. This approach
provides an alternative to Ag-based contact electrodes, while still maintaining high
surface passivation quality and enabling low contact resistivity through the use of a
conductive barrier layer. Thermal stability of the diffusion barrier and the impact of
layer propetties on its functionality are investigated. The impact of a TiO, seed layer
on diffusion barrier layer orientation is examined. Seed layer dependent properties,
such as crystal orientation, are analyzed with X-ray diffraction. TiN, layer orien-
tation changes with introduction of the TiO, seed layer, enabling a higher peak
firing window. Diffusion profiles of Si, Al, and Ti are investigated via secondary-ion

applying alternative metals for contact for-
mation. Al-based contact setups, in which
alloying of Si and Al is typical, have been
used extensively in Si-based solar cell con-
cepts in the past (e.g., passivated emitter
and rear cells (PERC)).*”) However, In
order to maintain the surface passivation
quality of a passivating contact comprised
of SiO4 and n-type polycrystalline Si ((n)
poly-Si:P) while still achieving low series
resistance contributions from a conven-
tional Al-paste for PERC applications, a bar-
rier layer would be required that effectively
prevents interaction between Al and
poly-Si, but still allows for a low contact
resistance. Ti-based layers, such as stoi-
chiometric TiN, have been shown to act as
a diffusion barrier against Al up to
55 °C1% and Si up to 80 °C*" for longer
durations (30 min). TiO, coatings depos-
ited by atomic layer deposition have been

mass spectrometry.

1. Introduction

Solar cell concepts with passivating contacts, for example tunnel
oxide passivated contacts cells, allow for high open-circuit vol-
tages and currently achieve above 26% power conversion effi-
ciency™? with theoretically possible efficiencies up to
28.7%%. However, they use Ag electrodes as primary metal con-
tacts for both polarities. Considering increasing photovoltaic
deployment roadmaps and related projections of Ag consump-
tion,[**! a large reduction of Ag consumption per watt peak pro-
duced is necessary with regard to the limited Ag supply, e.g., by
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used in photovoltaics before as passivation
layers!™” while TiO,N, layers have been
used as electron-selective contacts.!"®!
Al contact formation with low surface pas-
sivation losses, allowing for high implied open-circuit voltages
(iVoc), has lately been achieved by using TiN, barrier layers by
the authors.* In this work, a sputtered thin TiO, layer is intro-
duced as a buffer/seed layer underneath the layer stack com-
prised of TiN, and intrinsic amorphous Si ((i)a-Si). A detailed
look into the layer structure will be performed by analyzing
X-ray diffraction (XRD) peaks after firing, and depth-resolved ele-
mental composition changes within the layers will be analyzed by
secondary-ion mass spectrometry (SIMS). Both TiN, and TiO,
barrier systems can be deposited with the use of chemical vapor
deposition™ 7., In particular, plasma-enhanced chemical vapor
deposition (PECVD), which is commonly used in solar cell
manufacturing lines, provides a high-throughput, scalable depo-
sition technique enabling cost-effective implementation of
Ti-based barrier layers in existing manufacturing lines.!'®*")

2. Experimental Section

Phosphorus (10 Qcm) and boron-doped (1 Qcm) diamond-wire
cut Czochralski (Cz)-Si wafers were precut into 50 x 50 mm?
sample size. After saw-damage removal in potassium hydroxide
(KOH) at 800 °C, samples were precleaned in an ozone and a pira-
nha etch solution. Both steps were followed up by a short HF-dip.
SiO4 was then thermally grown in an O, atmosphere at 625 °C for

© 2025 The Author(s). physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

Konstanze©Online-Publikations-Syste(KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-120vawllj97kv5


mailto:benjamin.gapp@uni-konstanz.de
https://doi.org/10.1002/pssr.202500168
http://creativecommons.org/licenses/by/4.0/
http://www.pss-rapid.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssr.202500168&domain=pdf&date_stamp=2025-06-30

ADVANCED
SCIENCE NEWS

SSES"'
- =
Suds

physica

www.advancedsciencenews.com

about 10 min. All wafers were subsequently coated with an amor-
phous silicon (a-Si) layer (100 nm) on both sides in a PECVD
process (direct plasma, Centrotherm) comprised of SiH,, H,,
and PHj; for in situ doping. The samples were then crystallized
in a N, atmosphere at 920 °C for 30 min. After crystallization, the
samples were coated on the front side with 75 nm hydrogenated
silicon nitride (SiN,:H) in a PECVD process (PECVD Oxford
Plasmalab System 100, direct plasma). Barrier layer deposition
on the rear side was then achieved at room temperature via reac-
tive radio frequency magnetron sputtering (AJA ATC 2200) from a
Ti target (5N) in an Ar/N plasma (ratio of gas fluxes Ar/N, =1:1)
for TiN, and an Ar/O plasma (gas ratio Ar/O, = 9:1), with result-
ing layer thicknesses of drijox =7 nm and drin, = 35 nm. Prior to
each individual reactive sputtering step involving Ti, the Ti target
was slowly ramped up to 600 W in an Ar plasma without reactive
gases over the course of 600 s to prevent cross-contamination of
reactants from the target surface. To prevent further oxidation of
the barrier layers during subsequent steps at elevated tempera-
tures, an additional a-Si layer was deposited via sputtering of
a-Si target (5N) without a vacuum break. Samples with and with-
out barrier layers were then screen-printed on the rear side with
Al-paste, dried at 200 °C for 400 s. A full-area screen-printing mask
was used to contact samples with an n-type base. The samples
were then sintered (air) for contact formation in a rapid thermal
annealing process in a belt furnace (firing) with the same initial
heat-up ramp for all samples and varying substrate peak tempera-
ture (700-800 °C) (Figure 1).

This sample structure was then used to obtain cleaved cross-
section SEM images. The Al metallization of the samples was
etched back in 37% hydrochloric acid to enable photoconduc-
tance decay (PCD) measurements for passivation quality deter-
mination (evaluation of measurements at 1 sun), XRD for
structural analysis of barrier and passivation layers, and SIMS
measurements for element concentration analysis. PCD meas-
urements were used to determine barrier layer function by eval-
uating and comparing implied open-circuit voltages. p-type base
wafers were processed analogously up to printing, where they
were selectively printed with an array of 60 pm x 9.5 mm electro-
des for measurements using the transfer-length method in order
to determine the impact of the barrier layer on contact resistivity
between Al and the Ti-based barrier. Each set, consisting of 8
variably spaced electrodes, was printed within 1 of 20 laser-cut
areas in order to electrically isolate it from the rest of the sample

(a) (b)
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area. Optical properties were verified by ellipsometry (fit of layer
thickness d based on Lorentz oscillator models), and sheet resis-
tivity was analyzed by four-point-probe measurements and elec-
trochemical capacitance-voltage.

3. Results
3.1. Firing Stability of Ti-Based Barrier Layers

In order to investigate barrier layer efficiency, we initially deter-
mined the dependence of the surface passivation quality using
1V, values on peak substrate firing temperature. Figure 2 shows
1V, values obtained from two sets of samples, one set with TiO,
underneath the TiN, and one without, each with and without
full-area Al metallization after a firing process.

There is no discernible change in the iV, values of nonmetal-
lized samples with changing peak firing temperature within the
statistical fluctuations of the experiment. Most samples vary
between —1 and +1% of the initial iV, during firing. When com-
pared to unmetallized fired samples without barrier layers (not
shown here), there is no significant surface passivation loss due
to Ti-based layers alone. Additionally, samples without TiO,
show slightly higher iV,. due to the reflective properties of
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Figure 2. iV, values derived from PCD measurements dependent on peak
sample temperature during firing with (orange) and without Al metalliza-
tion (blue) of samples coated with Ti-based diffusion barriers with (circle)
or without (triangle) TiO,.

(c) (d)

(n)poly-Si:P ~ 100 nm
Tunnel oxide ~ 1.5 nm

Tunnel oxide ~ 1.5 nm
(n)poly-Si:P ~ 100 nm
TiOx ~ 7 nm
TiN, ~ 35 nm
(i)a-Si ~ 40 nm
Al

(n)poly-Si:P ~ 100 nm
Tunnel oxide ~ 1.5 nm

Tunnel oxide ~ 1.5 nm
(n)poly-Si:P ~ 100 nm
TiNy ~ 35 nm
(i)a-Si ~ 40 nm

(n)poly-Si:P ~ 100 nm
Tunnel oxide ~ 1.5 nm

Tunnel oxide ~ 1.5 nm
(n)poly-Si:P ~ 100 nm
TiOy ~ 7 nm
TiN, ~ 35 nm
(i)a-Si ~ 40 nm

(n)poly-Si:P ~ 100 nm
Tunnel oxide ~ 1.5 nm

Tunnel oxide ~ 1.5 nm
(n)poly-Si:P ~ 100 nm
TiNy, ~ 35 nm
(i)a-Si ~ 40 nm

Figure 1. Schematic cross-sections of passivating contact samples with sputtered Ti-based diffusion barrier and screen-printed full-area a,b) and TLM

c,d) Al metallization before firing.
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TiN, on the rear side. Overall, samples with Al metallization
show lowered iV, values compared to samples without metalli-
zation, with a strong dependence on peak firing temperature.
Losses occur more pronounced and at lower temperatures for
samples without TiO,. Samples with barrier layers containing
TiO, remain above 715mV for firing temperatures up to
725°C, whereas samples without TiO, show losses around
10 mV only at 700° C. As TiO, is not a known diffusion barrier
for Al, this effect of the TiO,, layer on the iV, and therefore bar-
rier function of TiN, is more likely to be based on its influence on
the TiN,, structure.

3.2. Contact Resistivity of Ti-Based Barrier Stacks

Being an important factor for solar cell efficiency, the contribu-
tion of the contact resistivity by the Al contacts fired in this par-
ticular setup needs to be tested. Contact resistivity values
obtained via transfer length method (TLM) on samples fired
at substrate peak temperature of 700°C are shown in
Figure 3. Box plots were used to provide relevant statistical infor-
mation such as mean (square), median and quartiles (lines in
large square).

All samples were printed with a commercially available Al-
paste intended for PERC back contact formation and fired at
700 °C substrate peak temperature. This was done to ensure con-
tact formation while still maintaining diffusion barrier properties
as well as enabling high surface passivation quality in a process
comparable to typical solar cell processing. Finite element sim-
ulations of samples with a comparable structure show that these
values are representative of the contact resistivity from the
screen-printed Al to the TiN, barrier layer, even though the sam-
ple structure used in this experiment does not follow standard
TLM theory. The TLM measurements further show that the mea-
sured Rgpee; of the sample shown lies between 20-30 Q/sq, which
is below both Rspeet Tinx and Rsheet,poly-si Suggesting parallel con-
duction in both TiN, and (n)poly-Si:P. This indicates that the
TiN,/(n)poly-Si:P interface does not limit current transport sig-
nificantly, since it is likely that both the TiN, barrier layer and (n)
poly-Si:P conduct equally. Contact resistivity values for samples
without TiO,, are lower on average, while the distribution of mea-
surement values is similar compared to samples with TiO,.

g
¢:$ ¢

pc / mQem?

0.1 —r—0 o

(p)Cz-Si:B / (n)poly-Si:P / TiN, (p)Cz-Si:B / (n)poly-Si:P / TiO, / TiN,

Figure 3. Contact resistivity values based on measurements using the
TLM method for samples fired at 700 °C after Al printing on barrier stacks
without (black) and with TiO, (blue).
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3.3. Structural and Elemental Analysis of Barrier Layers

To understand how the diffusion barrier impacts contact forma-
tion and prevents surface passivation losses, a more detailed look
is necessary. Figure 4 shows cross-sections of (n)poly-Si:P layers
contacted with Al-paste after firing at 700 °C. Figure 4a shows a
sample without a diffusion barrier, while Figure 4b—d shows a
sample containing a TiO,/TiN, diffusion barrier stack in differ-
ent magnifications.

Areas in which Al/Si alloying occurred during contact sinter-
ing can be clearly seen in 4a. In these areas, the passivating SiO,/
poly-Si contact stack is completely dissolved. This alloying can be
prevented with the use of a barrier layer, as can be seen in
Figure 4b—d. Additionally, large grains can be seen within the
Ti-based barrier, in Figure 4d, with a typical grain size being
comparable to the layer thickness. A diffusion of Ti and Al from
and through the grain boundaries between these grains might be
the cause of the passivation changes shown in Figure 2. The
barrier layers appear intact even when in direct contact with
Al-paste beads, preventing Si-Al exchange and interaction on
a large scale.

An elemental analysis of selected samples from Figure 2, fired
at 700, 725, and 800 °C, via SIMS was performed. Element con-
centrations of Ti and Al were measured against a-Si monitor sig-
nal in dependence on sputtering depth. The respective signals of
Si, Al, and Ti, obtained from a mass spectrometer during sput-
tering vertically into the sample, can be found in Figure 5a—c,
respectively. Two measurement curves of each sample are shown
in Figure 5. An additional sample without screen-printed Al and
a high temperature step has been measured in order to distin-
guish sputtering-based drive-in effects during the measurement
from diffusion during firing. All measurements are normalized
on the x-axis to the Si bulk /SiO, interface to facilitate compari-
son of different diffusion effects. Signal intensity stemming
from additional sources needs to be taken into account. With
the given Ti target purity of 5N, the measured amount of Al
(10"-10" cm *) is not expected to be introduced into sputtered
Ti-containing layers. This contamination is therefore traced back
to an internal source within the sputtering machine. However,
the incorporated Al does not seem to have a negative influence
on the diffusion barrier properties concerning the iV, measured
in this work. Similar experiments, where Al was deliberately
incorporated into a sputtered layer stack, have been performed™"!
and even led to an improvement of mechanical layer properties.
However, these Al sources can influence the intensity of the Al
signal during the subsequent measurement process of the
underlying layers. This needs to be taken into consideration
when interpreting the SIMS measurement. Passivation losses,
as seen in Figure 2, are therefore more likely the result of the
smaller-scale diffusion of defect species Al and possibly Ti
toward the passivating contact interface, and not large-scale
Si—Al interaction. In this case, the Al might already have been
introduced during sputtering from an internal source within
the machine.

With the thermal budget during firing being the main driving
factor of the diffusion of both Al and Ti, the substrate peak firing
temperature during firing has a major influence. No conclusive
evidence of an influence of substrate peak temperature on Si
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Figure 4. SEM-overview of a cross-section of samples as described in Figure 2, fired at 700 °C. a) No diffusion barrier layer is applied, whereas in
b-d), sputtered TiO, and TiN, barrier layers are used as diffusion barriers (different magnifications).

diffusion within the TiN, layer can be found from SIMS meas-
urements. The reference sample shows a significant Ti-signal in
the layer below the TiN, barrier, which is likely the result of a
sputtering-based drive-in that occurs during measuring. Since
this drive-in depends on the layer composition, it can be
explained by the different sputtering rates and structure of the
layers, which were not fired. At 700 °C substrate peak tempera-
ture, the TiO, layer does seem to have some influence on the Al
diffusion, whereas Ti diffusion is similar for both layer types.
This similarity between samples without firing and those fired
at 700°C shows that there is no measurable firing-based
in-diffusion, further implying the stability of the layers during
firing at 700 °C. The signals of Ti and Al at and below the
SiOy interface are below the SIMS detection limit for samples
fired at 700°C. Ti and Al concentration stemming from
in-diffusion toward the poly-Si layer increases and is correlated
with the decrease in passivation quality when increasing sub-
strate peak temperature from 700 to 800 °C.

Comparing both layers at 800 °C, it is evident that the diffu-
sion of both Ti and Al is stronger in layers containing TiO,. This
shows an influence of the TiO, layer on the breakdown threshold
of the diffusion barrier at this temperature. At 800 °C, even
though the metals Ti and Al are found in and below the

Phys. Status Solidi RRL 2025, 19, 2500168 2500168 (4 of 7)

passivating contact in high quantities, some passivation quality
is retained. This can be explained by a possible Al-BSF (back sur-
face field) formation. It is possible that at this stage, the metals
act as dopant material near the surface of the sample, and,
depending on how they are incorporated into the Si crystal,
might act as a surface field preventing recombination on a lower
level than the passivating contact. Taking into account the
Ti drive-in during SIMS measurement, it can be concluded that
no significant amount detrimental to surface or bulk passivation
quality is introduced during firing up to 725 °C. A sample fired at
725 °C without TiO, shows similar elemental concentrations for
both Ti and Al within the barrier and (n)poly-Si:P layer when
compared to samples fired at 700 °C. Therefore, the decrease
in passivation quality starting at 725°C for samples without
TiO, cannot be explained solely by in-diffused Ti quantities
shown in the SIMS measurement due to limited resolution. It
is possible that lower concentrations of, in particular, Ti also
impact passivation quality by introducing recombination defect
levels.

Figure 6a shows the diffraction pattern obtained by grazing
incidence X-ray diffraction (GI-XRD) of samples shown in
Figure 2 at 1° incidence angle. The diffraction pattern shows
reflexes typical for poly/c-Si [111 220 311 400] and stoichiometric
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Figure 5. SIMS intensity profiles of Si (gray, top), Ti (blue, middle), and Al (orange, bottom) depending on sputtering sample depth of fired samples with

metallization after Al-bulk etch-back.
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Figure 6. a) GI-XRD scan of Al-printed and fired (Tpeac =% °C) samples with barrier layers on (n)poly-Si:P samples after etch-back. The barrier is
comprised of either TiN, (compact line) or both TiO, and TiN, (dashed line), shown on top. Peaks are depicted in gray for Si [111220311 400]
and yellow for TiN, [111 200 220]. b) Relative peak intensity of the [111] TiN, peak for both fired (gray) barrier layers on (n)poly-Si:P and unfired reference
samples where barrier layers are deposited directly on c-Si (brown and yellow).

TiN [111 200 220]. A [111] oriented TiN crystal is typical when Ar
is used as sputtering gas, but other orientations are possible if the
nitrogen content (in this work, equal gas flows Q4,: Qy, = 1) in
the plasma is high enough.”® No significant diffraction reflexes
could be determined for Ti or nonstoichiometric TiN, indicating
near-stoichiometric growth during sputtering, or TiO,, which
can likely be attributed to its small thickness and likely

Phys. Status Solidi RRL 2025, 19, 2500168 2500168 (5 of 7)

amorphous growth structure. The Si reflexes are comparable
to nonmetallized and nonfired (n)poly-Si:P for both samples,
which indicates no major structural changes in the (n)poly-Si:
P layer due to either barrier deposition, screen-printing, and fir-
ing. However, there are slight differences in the TiN [111 200]
reflexes for samples with and without TiO,. The height of both
[111200] reflexes changes depending on the layer sequence,
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which is further illustrated in Figure 6b. The TiO, [111] reflex is
more prominent for samples with TiO,, whereas stronger[200]
reflexes are measured without the buffer layer. As a
typically face centered cubic (FCC) structured crystal,*"?!
the TiN [111]orientation presents the highest planar density.
Additionally, due to its typically NaCl-like FCC structure,’!
TiN presents itself as layered with only one atom species facing
the surface in this configuration. When comparing relative peak
intensity in Figure 6b, the impact of both contact firing and the
crystallinity of the underlying Si (poly-Si layer compared to
monocrystalline Si wafer surface) on the structure of
TiN,, is much lower than the impact of the presence of a
TiO,, buffer layer.

4. Discussion

Using a Ti-based barrier layer prevents significant interaction
between Si and Al, as indicated by the maintained passivation
quality after firing, which is further consolidated by scanning
electron microscopy (SEM) images. Since overall passivation
quality decreases with increasing peak firing temperature on
samples with metallization, temperature-dependent effects, such
as diffusion, need to be taken into account. Samples with addi-
tional TiO, buffer layer show, independent of peak firing temper-
ature, higher passivation quality. This correlates well with their
overall different structural orientation, with TiN, on underlying
TiO, being more preferentially oriented in the more dense [111]
direction than without the TiO, buffer layer. In addition to that,
samples without Al metallization do not exhibit any dependence
on firing temperature or the use of an underlying TiO, in terms
of passivation quality (Figure 2).

Having an Al metallization on the barrier layer is crucial for
the interactions shown in the depth-resolved elemental analysis,
indicating an interaction of Al with the barrier layer and its com-
ponents, causing the passivation quality change described above.
The diffusion of elements Ti and Al toward the poly-Si layer cor-
relates with the passivation quality decrease between 700 and
800 °C, with higher concentration shown for samples fired at
higher substrate peak temperature. When comparing samples
with and without TiO, at the same substrate peak temperatures,
however, Ti and Al concentration curves are very similar at 700
and 725 °C. At 700 °C, both sample types exhibit similar diffusion
profiles, which fit the iV, results. This shows that the effects of
TiO, only become significant at 725 °C and upwards, increasing
the thermal stability, and therefore higher possible thermal bud-
get while maintaining high surface passivation (iV,). It is possi-
ble that the different preferential orientation of the TiN, caused
by the TiO, buffer layer is responsible for the increased surface
passivation quality and thus barrier function obtained with the
TiO,/TiN,, barrier stack. Also, an effect of oxygen on Al diffusion
in TiN, has been studied where it is postulated that O binds to
diffusing Al to form Al,O3,** which in turn prevents further Al
diffusion through pinholes and grain boundaries between
columns.

It is possible that Al is introduced during sputtering, and the
aforementioned effect occurs during deposition. Moreover,
although the TiO,/TiN, barrier layer stack shows a higher ther-
mal stability than the TiN, single layer barrier up to 725-750 °C,
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we find higher Ti and Al concentrations after firing at 800 °C.
A different effect seems to occur or become dominant for sam-
ples fired at 800 °C. An influence of the Al on barrier layer struc-
ture during firing is likely, possibly destabilizing the TiN, layer,
which in turn might enable more Al to diffuse in or through the
barrier layer. A similar development on TiN with a longer firing
time has been shown by Lee et al.'] This does not explain, how-
ever, why the samples with TiO,, exhibit higher in-diffusion of Ti
and Al while maintaining higher passivation quality even after
firing at 775 and 800 °C, as in particular Ti acts as a defect species
which is expected to be detrimental to passivation®>’). A possi-
ble explanation of this might be the formation of an Al-BSF,
enabling surface passivation at this level (640 mV), although
no large—scale interaction could be found in SEM cross-section
pictures, suggesting a very thin Al-BSF. Further analysis on the
defect formation of in-diffused Ti and Al in samples fired at these
temperatures is necessary in order to understand their effect on
surface passivation and bulk recombination. In particular, the
lifetime impact of Ti and Ti—Al interaction in Si requires further
examination.

5. Conclusion

We have shown the efficacy of Ti-based layers as a diffusion bar-
rier for passivating contacts to be used in crystalline Si solar cells.
An additional seed layer, such as TiO,, can be used to optimize
the TiN,, barrier function further, increasing passivation quality
and enabling higher substrate peak temperatures during firing of
around 725-750 °C. Typical Si-Al interaction, such as alloying
and the formation of a eutectic melt, is prevented, leaving to a
small extent solid phase diffusion of Si, Ti, and Al as an exchange
mechanism. Elemental analysis shows that Si, Al, and Ti diffu-
sion, as well as the thermal barrier breakdown threshold, are cor-
related with the TiN, layer structure, with higher amounts of
[111] oriented grains proving beneficial.
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