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Selectivity of TiO,-Based Electron-Selective Contacts on
n-Type Crystalline Silicon and Solar Cell Efficiency Potential

Valeriya Titova* and Jan Schmidt

The selectivity parameter S, of titanium oxide (TiO,)-based selective contacts on
n-type silicon is experimentally extracted through measurements of the specific
contact resistivity p. and the recombination current density prefactor J,, both
parameters measured on fully Al-metallized samples. The contact resistivity p. is
determined applying the Cox and Strack method and the , values are extracted
using dynamic infrared lifetime mapping, allowing for contactless lifetime
measurements on fully metallized silicon samples in contrast to conventionally
applied lifetime measurement techniques. The highest selectivity after annealing
of an n-Si/SiO,/TiO,/Al contact is determined to be S;o=11.6, which corre-
sponds to a maximum achievable efficiency of 24.1% for this type of electron-
selective contact. The maximum selectivity is achieved after low-temperature
annealing at 500 °C or through a contact-firing step at a set-peak temperature of
820 °C in an industrial conveyor-belt furnace, as used in today’s commercial solar

Transition metal oxide contacts, such as
molybdenum oxide (MoO,), tungsten oxide
(WO,), and vanadium oxide (VO,) have
been successfully applied as hole-selective
contacts to ¢-Si.l'®! In contrast, there are
few well-tested materials applicable as
electron-selective contact layers. From the
transition metal oxides, titanium oxide
(TiO,), tantalum oxide (TaO,), and magne-
sium oxide (MgO,) are known as possible
candidates for electron-selective materi-
als."®! In addition, also nitrides, such as
TiN have also been demonstrated to be
applicable as electron-selective contact
materials.”) The best silicon solar cells fea-
turing an electron-selective contact based

cell production.

1. Introduction

Novel carrier-selective contacts based on nonsilicon-based
materials might have the potential to replace the classical
high-temperature diffused emitters in future high-efficiency sil-
icon solar cells. There is an extraordinary diversity of materials,
which are in principle applicable as hole- or electron-selective
contacts on crystalline silicon (c-Si). Much research has already
been devoted to the field of alternative hole-selective contacts.
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on TiO, have been achieved so far with
TiO, layers deposited by thermal atomic
layer deposition (ALD), covered by alumi-
num (Al).*#7% [n 2016, an efficiency of
21.6% was demonstrated by Yang et al. on a c-Si solar cell fea-
turing a full-area SiO,/TiO,/Al rear contact.*! Featuring a full-
area rear metallization by thermal evaporation of a few nanome-
ter thin Al and a 2 pm-thick Ag layer on the ALD-TiO,, this solar
cell demonstrated the promising potential of ALD-TiO,, as elec-
tron-selective layer on c-Si solar cells. The outstandingly low con-
tact resistivity p. achieved by Yang et al. of ~20 mQ cm?* was
achieved by a 2.5 nm-thick TiO, layer.!”! The value of p. increased
strongly with increasing TiO, thickness, showing a p. value of
~2200 mQ cm” measured for a 5.5 nm-thick TiO, layer. Note that
only 1year later, the same authors achieved an efficiency of
22.1% by further optimization.®”! Allen et al. demonstrated that
when using Ca as an overlaying metal and implementing TiO,/
Ca/Al contacts into n-type silicon solar cells as a local rear contact
with a contact fraction of ~6%, a further reduction in p. to
~5mQ cm® was achieved, enabling an efficiency of 21.8%.1'
In 2018, a TiO,/LiF,/Al contact stack was introduced as a rear
electron-selective contact to ¢-Si solar cells. By applying this stack
to just around 1% of the rear of an n-type silicon solar cell, a record
conversion efficiency of 23.1% and an open-circuit voltage of
695mV were demonstrated for c¢-Si solar cells with
TiO,-based electron-selective rear contacts, so far the best cell
results achieved including TiO,-based selective contacts.!"]
Nevertheless, all cell designs published so far feature TiO,
contacts on a planar cell rear that was fully covered by Al. The
evaluation of the efficiency potential of TiO,-based contacts
has previously been based on experimental data of the surface
recombination velocity demonstrated by Yang at al., which were,
however, measured on non-metallized silicon lifetime sam-
ples.®"? The impact of metallization on the efficiency potential
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has therefore not been taken into account so far. The aim of this
study is to determine the efficiency potential of TiO,-based
electron-selective contacts including the effects of metallization.
We experimentally determine the selectivity parameter
S10=10g10(Vin/Jor) (Vin being the thermal voltage) from the
measured recombination current density parameter J, and the
contact resistance p., both measured on Al-metallized silicon
samples.!"* We also examine the impact of different annealing
procedures, including an industrial-type fast-firing step per-
formed in an infrared conveyor-belt furnace, as itis routinely used
in the industrial silicon solar cell production today. The highest
achieved selectivity is shown to be compatible with an industrial
firing step, making TiO, relevant to industrial solar cells.

2. Experimental Section

2.1. Measurement Methods

To assess the passivation quality of passivating contact layers on
silicon, in previous studies mainly unmetallized samples were char-
acterized, because the traditionally used photoconductance-based
measurement techniques use inductive coupling to a resonant
circuit and any metal within the coil detection area is leading to
detection problems.'>*! As the metallization might have a quite
significant impact on the passivation quality, in this study, we have
chosen another measurement approach.

To measure injection-dependent carrier lifetimes on fully
one-side-metallized silicon samples, we applied the dynamic infra-
red lifetime mapping (dyn-ILM) method.!">! This method uses the
proportionality of the sub-bandgap infrared light (IR) emission of
the silicon sample and the number of free charge carriers in the
sample.l'®! Figure 1 shows a schematic of our in-house developed
infrared lifetime mapping (ILM) measurement setup.>'® The
sample is placed on a temperature-controlled gold mirror, which
is heated to ~70 °C. Due to the elevated temperature, the free car-
rier emission is increased and, thus, the signal-to-noise ratio is
improved. The sample is illuminated by three light emitting diode
(LED) arrays that emit photons with a wavelength of 930 nm, excit-
ing electron-hole pairs in the silicon sample. An infrared camera
(SC6800, FLIR Systems) placed above the sample records the
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Figure 1. Infrared lifetime mapping (ILM) set-up used to extract Jo on c-Si
samples with TiO,/Al layers at the rear.
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infrared emission in a wavelength range between 3 and 5pm.
The use of an IR camera allows to perform spatially resolved carrier
lifetime measurements. From the time-dependent measurement
of the emitted IR photons, the effective lifetime 7.g is determined,
as described in detail by Ramspeck et al.'* Due to the fact that we
use a dynamic approach, lateral variations in the optics of the sam-
ple have no impact on the measured effective lifetime.

An  advantage of the dynILM compared with
photoconductance-based lifetime measurements based on cou-
pling the silicon sample to the coil of a resonant circuit is that
it is also applicable to silicon samples, which are metallized on
the rear. This is of great benefit to determine the impact of the
aluminum metallization in the c-Si/SiO,/TiO,/Al stack. In this
study, we fabricate silicon lifetime samples (see Figure 2a) where
half of the rear surface is metallized with Al As the
camera-based dyn-ILM gives a spatially resolved lifetime image
with no direct impact of the laterally varying sample optics, it is
though possible to have a direct comparison between
metallized and non-metallized surface passivation behavior.

For the characterization of the contact resistivity of ¢-Si/TiO,
contacts, the Cox and Strack approach is applied.'”! This method
is based on a series of circular metal contact areas on the semi-
conductor, with a range of diameters. Contacting by means of a
contact needle, current flows from an upper circular chmic con-
tact area of diameter d, through a semiconductor of thickness W,
into a metallized rear contact, which connects the entire sample.
For each single front contact, the current-voltage characteristic
in the dark is measured using an I-V tester (LOANA System, pv
tools, Hamelin, Germany) at a temperature of 25 °C. From the
[-V measurements, the contact resistivity p. is calculated,
whereby the p. values are obtained by fitting the resistivity versus
the reciprocal contact area A.

2.2. Sample Preparation

For the J, measurements, we used n-type Cz-Si wafers with resis-
tivities between 1.4 and 1.5Qcm and a wafer thickness of
300 pm. Figure 2a shows a schematic of the cross section of a
lifetime sample.

The lifetime samples characterized by dynamic ILM measure-
ments were not symmetrically passivated on both surfaces. Due to
the illumination of the front side, only the rear side of the sample
was metallized. A single silicon nitride (SiN,) passivation layer
with a refractive index of n=2.4 and a thickness of 70 nm was
deposited using plasma-enhanced chemical vapor deposition
(PECVD; Plasmalab 80+, Oxford Instruments) on the front side.
On the rear side, a SiO,/TiO, stack, containing a natively grown
SiO, layer (~1.3nm thick) and a 3 nm-thick TiO, layer were
deposited. To grow the ultrathin native SiO, prior to the TiO,
deposition, the samples were stored in ambient environment
for 3 months after RCA cleaning (RCA = Radio Corporation of
America).

To examine the impact of aluminum on the surface passiv-
ation quality, only half of the sample was metallized by 1 pm
of aluminum through a shadow mask using e-beam evaporation.
With this half-metallized geometry of the sample rear, it was pos-
sible to have a direct comparison between metallized and non-
metallized surface passivation behavior.
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Figure 2. a,b) Schematics of cross sections of a) a lifetime sample used to determine the recombination current density parameter J, using the dynamic
ILM method and b) the sample structure used to extract the contact resistivity pc.

From the measured lifetime z,, which we assume here to be
surface limited, the recombination current density prefactor J, of
the total sample, including front and rear recombination, is
extracted. On a reference sample, which was symmetrically
passivated with SiN,, we extracted the recombination current
density prefactor of the front side Jogon: to be 9fAcm 2 As
the dyn-ILM lifetime measurements were carried out under
low-injection conditions, the recombination current density pre-
factor at the sample rear can now be calculated using the
Equation (1)

n2qw )
— Jo.front
Ts N, dop

.] O.rear — (1)
where n; is the intrinsic carrier concentration of silicon, g is the
elementary charge, W is the sample thickness, and Ngop, is the
doping concentration of the silicon wafer.

We used the same n-type Cz-Si silicon wafers for the measure-
ments of the contact resistivity p.. The cross section of our Cox
and Strack samples is shown in Figure 2b. On the front side of
the samples, TiO, layers with thicknesses of 2 and 5 nm were
deposited. Ten dot-shaped Al contacts of 1 pm thickness with dif-
ferent diameters, ranging from 1 to 8 mm, were electron-beam-
evaporated on top through a nickel shadow mask (BAK 550,
Oerlikon Balzers AG). To obtain an ohmic contact on the rear
side, an n'-layer (80Qsq™') was formed by phosphorus
diffusion in a quartz-tube furnace (HT 2000, Centrotherm) at
a temperature of 855°C using a liquid POCl; source. On top
of the n*-layer, a 1 pm-thick Al film was evaporated.

3. Experimental Results

3.1. Contact Resistivity Measurements

Figure 3 shows the measured current of Al-metallized SiO,/TiO,
stacks on n-type c-Si as a function of voltage in the as-deposited
(blue line) and annealed states (red lines). All I-V curves shown
have been measured for the largest contact diameter (8 mm) of
the Cox and Strack test structures. Annealing was carried out on
a hot-plate in ambient environment at a temperature of 250 °C
for 10 min for samples with 2 nm-thick TiO, (red dashed line).
Annealing at a higher temperature of 500 °C for 1 min was car-
ried out on the contact resistivity sample with slightly thicker
TiO, layers of 3nm and is included in Figure 3 as a dark red
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Figure 3. Current-voltage measurements of contact resistivity test struc-
tures showing rectifying behavior of the n-Si/SiO,/TiO,/Al contact (circular
Al contact with 8 mm diameter) directly after deposition and ohmic behav-
ior after annealing.

dashed line. The [-V data from a reference sample with
phosphorus-diffused front and rear (80 Qsq™") are also shown
in the Figure 3 as a black dotted line.

Compared with the reference n*-diffused sample, the n-Si/
SiO,/TiO,/Al contacts exhibit nonohmic, rectifying (Schottky)
behavior directly after deposition, shown in Figure 3 by the blue
solid line.

The measurement results are evaluated at a current density of
40 mA cm ™2, which approximately corresponds to the maximum
current density of a solar cell. Comparing the as-deposited and
annealed states, it can be observed that after a short annealing the
TiO,-based contact exhibits a more pronounced ohmic -V
behavior, especially in the first quadrant. If a higher annealing
temperature is applied, the -V curve becomes even more ohmic
and similar to that of the reference sample. This allows an accu-
rate extraction of p. in the evaluation range. The extracted p. val-
ues for the contact structures before and after annealing are
shown in Figure 4 and 5.

Figure 4 shows the measured contact resistivity p. of
Al-metallized SiO,/TiO, stacks on n-type c-Si as a function of
the TiO, film thickness in the as-deposited (blue triangles)
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Figure 4. Contact resistivities p. as a function of the TiO, film thickness in
the as-deposited (blue triangles) and the annealed (250 °C, 10 min) states
(red squares). Also shown is a reference sample with a front and rear side
n*-layer.
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Figure 5. Contact resistivity p. of a SiO,/TiO,/Al stack as a function of
annealing time t. On the left side from the dashed line, the annealing
period at a temperature of 350 °C on a hot-plate is plotted. On the right
side, the annealing temperature applied to the samples was increased in
50°C steps up to 600°C, with a constant annealing time of 1 min.

and annealed states (red squares). Annealing was carried out on a
hot-plate at a temperature of 250 °C for 10 min. All p. values in
the plot represent the average over two samples. Two reference
samples (black circles) are included, where front and rear sides
are phosphorus-diffused (80 Qsq™') and metallized with 1 pm.-
thick Al layers.

For 5 nm-thick TiO,, a p. value of (0.78 + 0.09) Q cm? is mea-
sured before annealing and (0.67 4 0.05) Q cm? after annealing.
For TiO, layers with a thickness of 2nm, a value of
(0.74+0.06) Qcm? is measured before annealing, which
improves to (0.34+0.1)Qcm? after the 10min anneal at
250°C. It can, therefore, be concluded that TiO, layers with
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interfacial oxide enable a low contact resistivity (<0.5Qcm?)
after annealing at 250 °C, provided that they are sufficiently thin.

To investigate the impact of higher annealing temperatures on
the contact resistivity, the annealing temperature was varied. A
prolonged annealing at 350°C up to 60 min was applied, fol-
lowed by a subsequent stepwise increase in the annealing tem-
perature in 50 °C steps up to 600 °C. We observe that the contact
resistivity of the SiO,/TiO,/Al contact on n-type silicon decreases
with increasing annealing time, as shown in Figure 5. After a
60 min anneal at 350°C, we measure a contact resistivity of
0.4 Q cm?. Afterward, the samples are annealed for an additional
1 min with increasing temperature starting at 400 °C. The lowest
contact resistivity of (0.025=0.01) Qcm? is obtained after
annealing at 500 °C. Higher temperatures lead to an increase
in the p. value. We conjecture that the increase in p. at higher
annealing temperatures might be caused by the crystallization of
the TiO,, but it would require further detailed studies to check
this hypothesis.

To verify that a low contact resistivity can be achieved in
only one annealing step, SiO,/TiO,/Al test samples were
annealed directly at 500°C for 1min. The initially high
contact resistivity of (0.95 = 0.05) Q cm? was drastically reduced
after an 1min anneal at 500°C to a very low p. value of
(0.06 +0.003) Q cm?, which is among the lowest p. values
reported for TiO,-based contacts in the literature.

To further reduce the annealing period and to examine
whether TiO,-based contacts are compatible with the industrial
production of solar cells, we also applied a firing step in an indus-
trial infrared belt furnace (DO-FF-8.600-300, Centrotherm). The
firing furnace consists of six heating zones and the firing is car-
ried out in ambient environment, whereas maintaining the set-
temperature defined for each zone. Different heating and cooling
rates are realized by varying the peak temperature of each zone as
well as the belt speed. We record the temperature profile using a
DATAPAQ Insight Oven Tracker to properly correlate the tem-
perature profile, which the samples were exposed to with the
measured results. To record the temperature profile, a tempera-
ture probe is attached to a sample processed identically to the
sample under investigation. Figure 6 shows two temperature pro-
files measured on samples with a SiO,/TiO,/Al stack.

The first firing step applied to the sample features a set-peak
temperature 9pcai of 820 °C and a belt speed vy, of 6.8 m min L.
The corresponding temperature profile is shown as dashed black
curve in Figure 6. The second settings (red solid line in Figure 6)
represent a set-peak temperature dp,e of 750 °C and a belt speed
Uber 0F 5.3 m min . These firing conditions are typical for indus-
trial screen-printed silicon solar cells.

We define the firing duration as the period during which the
samples have been at a temperature exceeding 500 °C. For the
first oven setting (indicated as black dashed line in Figure 6),
the sample is exposed to a temperature of >500 °C for 3.4 s with
a highest measured peak temperature of 550 °C. For these firing
conditions, a contact resistivity p. of 0.25 Q cm?* was measured on
a fired sample. For the second firing conditions (red solid line in
Figure 6), the sample moves slower through the furnace with a
belt speed of 5.3 m min~'. To avoid the exposition of the sample
to temperatures >550 °C for a longer period, the set-peak tem-
perature is reduced to 750 °C. In addition, the peak temperature
of zone three is increased from 500 to 650°C. This helps to
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Figure 6. Temperature profiles measured on a silicon sample with SiO,/
TiO,/Al stack during firing using the DATAPAQ Insight Oven Tracker. The
profiles for two firing conditions (set conditions) are displayed. The red
solid curve corresponds to a set-peak temperature 9pcqi of 750°C and
a belt speed of vy of 5.3 mmin~'. The black dashed curve represents
peak Of 820°C and vpe of 6.8 m min~".

increase the temperature more gently. With the second firing
conditions (red solid line in Figure 6) a measured peak tempera-
ture of 616 °C is reached and the sample is exposed to a temper-
ature >500 °C for almost 9s. In this case, a significantly reduced
contact resistivity p. of 0.05Q cm” was achieved after firing.

In Table 1, the contact resistivities after firing and after hot-
plate annealing at 500 °C for 1 min are compared. Our measure-
ments clearly demonstrate that a short firing step in an industrial
conveyor-belt furnace is capable of replacing the hot-plate anneal-
ing step to obtain low contact resistivities based on n-Si/SiO,/
TiO,/Al electron-selective contacts.

3.2. Jo Measurements of n-Si/SiO,/TiO,/Al Contacts

The lowest p. values achieved in this work have been reached by
hot-plate annealing at 500 °C as well as by firing using an indus-
trial conveyor-belt furnace. To be able to estimate the selectivity
S1p for these cases, we carried out dyn-ILM measurements for
these post-treatment conditions on half-metallized samples to
measure the associated J, values.

Table 1. Contact resistivity p. after annealing at 500 °C and firing in an
industrial conveyor-belt furnace.

Postdeposition Duration at a Measured Measured

treatment temperature peak contact
>500°C [s] temperature [°C] resistivity

pe [Qcm?]

Hot-plate annealing 60 500 0.06

Belt-furnace firing 9pcar = 820 °C, 3.4 550 0.25

Dpelt = 6.8 mmin~"

Belt-furnace firing 9,c. = 750 °C, 8.6 616 0.05

Dper = 5.3 mmin~"
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Figure 7a shows a dyn-ILM image of a lifetime sample
annealed at 350°C for 7 min. It is obvious that the annealed
Si0,/TiO stacks show a clear difference in surface passivation
quality on n-type c—Si between the Al-metallized and nonmetal-
lized areas.

As shown in Figure 7a, the effective lifetime 7.¢ on the non-
metallized area has already reached its maximum of 2ms (at
An=1 x 10" cm?) after a short anneal of only 1 min. The life-
time on the metallized area is still modest and hardly exceeds
0.4 ms even after prolonged annealing. The metallized area rep-
resents a potential solar cell, as the rear side of the solar cell is
covered by aluminum. Therefore, only the J; values of the met-
allized area will be considered later for the selectivity evaluation.

Figure 8a shows the measured effective lifetime 7. and
Figure 8b shows the recombination current density parameter
Jo (Jorear in Equation (1)), respectively, for samples with
3 nm-thick TiO, layers at various annealing durations. The sym-
bols shown in Figure 8a correspond to the data interpolated to an
injection density of An= 10" cm ™ from the injection-dependent
lifetime measurements carried out using dyn-ILM method.

For TiO, layers with a thickness of 3 nm, a short anneal at
350°C is sufficient to significantly improve the surface passiv-
ation quality of Al-metallized samples. Directly after Al evapora-
tion, a very high J, value of 1726 fA cm™?* is measured, which
significantly improves to a value of 242 fA cm™? after annealing
for 15 min. Figure 8c shows the measured contact resistivity p. as
a function of annealing time. A p. value of 0.95 Q cm? is mea-
sured directly after Al evaporation, however, this value improves
after a 7 min anneal at 350 °C to (0.47 + 0.22) Q cm”.

Figure 7b shows a dyn-ILM lifetime image of a sample
annealed at 500 °C for 1 min. The 1 min anneal at 500 °C results
in a positive impact on the passivation quality. Nevertheless, the
Jo values are slightly higher in comparison with the values
achieved after an annealing at 350 °C. However, the samples
show an improvement from 1735 to 1327 fA cm ™2 on the metal-
lized area and 600-350 fA cm™2 on the non-metallized area due
to the 500 °C annealing step.

3.3. Selectivities Sy of SiO,/TiO,/Al Contacts

We can now determine the selectivity parameter, defined as
S10 =1og1o(Vin/Jopc) (Vi being the thermal voltage), from the
measured Jo and p. values.'* Figure 8d clearly shows that the
selectivity increases due to the hot-plate annealing at 350 °C.
Applying the firing conditions of &pe=820°C and
Ve = 6.8 mmin !, a Jo value of (271 £ 54) fA cm % was mea-
sured for an Al-metallized TiO, contact. Under the same condi-
tions, a relatively large contact resistivity of p. = 0.25 Q cm? was
extracted. Combining the measured J, and p. values, we deter-
mine a corresponding selectivity Sy of 11.6. Using the relation
between maximum achievable efficiency 7., and the selectivity
parameter S;o according to Brendel et al., the extracted value of
S10=11.6 corresponds to a maximum efficiency . of
24.1%."®  Applying the second set of firing conditions
peak = 750 °C and vpe = 5.3 m min~', a degradation of J, from
1453 to 1853 fAcm 2 on the metallized area and from 548 to
795 fA cm™? on the non-metallized area is observed, respectively.
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Figure 7. Measured spatially resolved effective lifetime 7. images from dyn-ILM measurements at a photon flux equivalent to 0.3 suns of 1.5Q cm
n-type Cz-Si samples with SiO,/TiO, stacks without metallization on the left and fully metallized by an Al layer on the right. The front sample surface is

passivated by SiN,. The samples are annealed at: a) 350 °C for 7 min and b) 500 °C for 1 min.
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Figure 8. a) Measured effective lifetime z.¢ at An=10'> cm ™2, b) recombination current density parameter Jo, c) contact resistivity p,, and d) calculated
selectivity S0 of n-Si/SiO,/TiO,/Al contacts as a function of annealing time t. Post-deposition annealing treatment is carried out on a hot-plate at 350 °C.
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Table 2. Measured p. and J, values together with the resulting selectivity parameter S0, the optimal contact fraction .., and the maximum achievable
efficiencies 5max for Al-metallized samples with 3 nm-thick TiO, layers. Lifetime samples and contact resistivity samples have been annealed under the

same conditions.

Post-deposition treatment pe [Qem? Jo [FAcm ™3 S0 Jenax Nmax [%)
Hot-plate annealing 350°C, 7 min 0.474+0.22 285 + 81 11.3+03 0.75+0.5 23.4+028
500°C, 1 min 0.06 1255 £338 11.6 £0.1 0.09 241403
Belt-furnace firing 820°C, 6.8 m min~" 0.25 271 £54 11.6 0.41 24.1
750°C, 5.3 mmin~" 0.05 1853 +371 1.4 0.08 23.8

However, p. improves significantly during firing to a value of
0.05Q cm?.

Table 2 shows the measured J, and p values together with the
resulting selectivity parameter S;o and the maximum achievable
efficiencies 7y, of the metallized TiO,-based contacts for differ-
ent postdeposition treatments. Also included is the contacting
area fax maximizing the efficiency, where the noncontacted area
is assumed to be perfectly passivated.!®!

Figure 9 compiles the best selectivities S;, for SiO,/TiO,/Al
stacks achieved in this work. For the -electron-selective
Al-metallized contact based on 3nm ALD-TiO, layers and an
ultrathin interlayer of natively grown SiO, (~1.3 nm), we dem-
onstrate good selectivities in the range between 11.3 and 11.6.
The two data pairs featuring recombination current density
parameters J, > 1000 fAcm™* demonstrate the lowest contact
resistivities of only 0.05 Q cm?. For the annealing conditions with
lower temperature or increased belt speed of 6.8 m min™" during
firing at a set-peak temperature of 820 °C, we measure signifi-
cantly higher contact resistivity values of 0.2-0.5 Q cm?. In con-
trast, these gentle postdeposition treatment conditions enable a
significantly better surface passivation quality, featuring J, values
of ~300 fA cm?. Note that the different annealing conditions lead
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Figure 9. Recombination current density parameters Jo and contact resis-
tivities p. measured on n-Si/SiO,/TiO,/Al contacts annealed under various
conditions. The symbols represent the (Jo, pc) data pairs resulting in the
maximum selectivity Syo achieved in this work. The red open triangles cor-
respond to hot-plate annealing at 350 and 500 °C, whereas purple closed
symbols correspond to firing in an industrial conveyor-belt furnace under
different conditions. Lines of constant selectivity S;o are shown as blue
solid lines; lines of constant contact fraction f,.x are shown as black
dashed lines.
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to quite different optimal contact fractions fi., and hence differ-
ent required cell structures. The conditions leading to low p. val-
ues of 0.05 Q cm?, but large J, values >1000 fA cm ™% make local
contacts with a contact fraction of 8-9% necessary for optimum
efficiencies, whereas the two conditions leading to better surface
passivation but increased contact resistivities are suitable for
full-area-contacted cells. The obtained selectivities S;o are below
values reported for a-Si/c-Si heterojunctions and poly-Si-based
passivating contacts, however, they are on a par with selective
phosphorus-diffused emitters of state-of-the-art commercial
silicon solar cells.!'?

4, Conclusions

We have shown that ultrathin ALD-TiO, films provide not only
good passivation of crystalline silicon surfaces, but also provide
low contact resistivities p. on n-type silicon in combination with
Al as contact metal. A p. value of only 0.06 Q cm?* was achieved
after an annealing step at 500 °C for 1 min on a hot-plate. By fir-
ing in an industrial belt furnace with a temperature of ~500°C
for ~9 s, an even lower p. value of 0.05 Q cm? was measured. The
passivation quality provided by the ultrathin TiO, layers was
shown to be different for Al-metallized and non-metallized sur-
faces, which was demonstrated on half-metallized samples,
allowing the J, extraction of non-metallized and Al-metallized
samples using dynamic ILM measurements. The minimum J,
value on the non-metallized samples was 41fAcm™? after
annealing at 350°C for 1min, whereas the minimum J, of
the Al-metallized area was 253fAcm™ after annealing at
350°C for 15 min. Under these annealing conditions, the non-
metallized half of the sample showed already a degradation
of the passivation quality. For the optimum annealing conditions
of the Al-metallized sample, a contact resistivity of 0.06 Q cm?
was achieved, leading to a selectivity parameter S;o of
11.6 &= 0.1. From this extracted S;( value, we were able to extract
the maximum achievable efficiency 7.y of the n-Si/SiO,/TiO,/
Al contact to be (24.1 &+ 0.3)%. Using a conveyor-belt firing fur-
nace, a contact resistivity of 0.25 Q cm? was reached together
with a reasonably low J, value of (271 + 54) fA cm 2, leading also
to a selectivity Syo of 11.6, and hence, the same maximal achiev-
able efficiency #max of 24.1%, which demonstrates the industrial
potential of the novel contacting scheme. Future work might
examine ways of further increasing Sjo, e.g., by adding Al to
the TiO, layer. In addition, experiments should be conducted
to clarify the physical reason for the parallel improvement of
the contact resistivity and the degradation of the surface
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passivation during annealing, which could provide some strate-
gies of further improving the contact properties.
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