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ABSTRACT
In this work, the applicability of pulsed laser deposition (PLD) of transparent conductive oxides (TCOs) on high-quality ultra-thin poly-Si g
based passivating contacts is explored. Parasitic absorption caused by poly-Si layers can be minimized by reducing the poly-Si layer thick- &
ness. However, TCO deposition on poly-Si contacts, commonly by sputtering, results in severe deposition-induced damage and further i
aggravates the surface passivation for thinner poly-Si layers (<20 nm). Although a thermal treatment at elevated temperature (~350 °C) can
be used to partially repair the surface passivation quality, the contact resistivity severely increases due to the formation of a parasitic oxide 8
layer at the poly-Si/ITO interface. Alternatively, we show that PLD TCOs can be used to mitigate the damage on ultra-thin (~10 nm) poly-
Si layers. Further improvement in poly-Si contact passivation can be achieved by increasing the deposition pressure while low contact resis- ~
tivities (~45 mQ cm?) and good thermal stability (up to 350 °C) are achieved with a PLD indium-doped tin oxide (ITO) layer on high-
quality ultra-thin poly-Si(n™) contacts. This allows for the application of a highly transparent front side contact by combining the excellent
opto-electrical properties of a PLD ITO film with a 10 nm thin poly-Si contact.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0158681
I. INTRODUCTION transport to the metal grid. However, the subsequent deposition of

Poly-Si passivating contacts have been extensively explored in a TC,O ﬁlm on pOIY_Sl layers normally results in a drop in surface
recent years, enabling a record solar cell conversion efficiency of passivation properties of the ce.ll. . .
26.4% in combination with a front side diffused emitter cell archi- TCOs are t.yplcally .dep osited by sputtering, which reduces the
tecture.” This solar cell structure is limited by the front emitter surface passivation quality of the contacts and has been generally

Y . -
recombination loss.” These recombination losses can be reduced by rep orteq for silicon l:etero;unctmn (SHJ) solar éells.based on amor-
using a front and rear passivating contact approach, hence allowing ~ Phous silicon layers.” Nevertheless, the sputtering-induced dam"}ge
for a better overall surface passivation quality. The drawback of on SHJ solar cells carl be recovered after low-temperature annealing
poly-Si passivating contacts, when used at the front side of a solar treatment (~200°C),” which is also an essential process to enable
cell, is the parasitic absorption caused by the high dopant concen- ~ good contact between the TCO and screen-printed metal electrode.
tration in the relatively thick contact materials. While the parasitic On the contrary, the sputtering-induced damage on poly-Si contacts
absorption losses can be mitigated by reducing the poly-Si layer is much more difficult to repair and requires a higher annealing
thickness to below 20 nm, a transparent conductive oxide (TCO) temperature (>250 °C) in comparison with SHJ solar cells to reduce
layer is necessary to provide lateral conductivity for charge carrier the deposition-induced damage.” This, in turn, impedes charge
J. Appl. Phys. 134, 154502 (2023); doi: 10.1063/5.0158681 134, 1545021
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carrier transport across the poly-Si/TCO interface possibly due to
the formation of a SiO, interfacial layer.”™® Additionally, ultra-thin
poly-Si layers (<20 nm) suffer from more severe sputtering-induced
damage, since they cannot properly shield the c-Si/SiOy interface
from UV radiation and/or particle bombardment.” Consequently,
minimizing the poly-Si thickness to further improve the photogen-
erated current of the cell is compromised by the aggravating
sputtering-induced surface passivation loss of the contact.

On the other hand, pulsed laser deposition (PLD) has demon-
strated its “soft” deposition properties on sensitive layers in
organic,m’11 perovskite,12 and, most recently, SHJ solar cells.”” PLD
is based on the ablation of a solid target by a focused UV laser
beam with nanosecond pulses, resulting in the removal of the mate-
rial from that target. This leads to the formation of a plasma plume
that expands perpendicularly to the substrate, which results in the
film growth. PLD has several unique characteristics that have been
shown to be beneficial to control the growth of complex oxide thin
films. For example, PLD allows for a vast range of tunability in pro-
cessing parameters, since the laser source is physically decoupled
from the processing chamber. Even though the physical aspects of
PLD are relatively simple, the process deposition is intriguingly
complex; the different process stages are often interrelated and
overlap. Additionally, a large number of variable parameters exist
and have direct influences on the layer properties.

In this work, we explore the influence of various PLD parame-
ters on the optical and electrical properties of indium-doped tin
oxide (ITO) and the impact of sputtering and PLD-induced
damage of the surface passivation quality of ultra-thin poly-Si con-
tacts. Additionally, the effect of a post-annealing treatment on the
contact resistivity of our poly-Si contacts is investigated.

Il. EXPERIMENTAL DETAILS
A. Sputtering and PLD of ITO layers

For comparison, a sputtered ITO film was deposited, as the ref-
erence, with an inline sputtering DC magnetron tool. An ITO target
containing 90 wt. % of In,O; and 10 wt. % of SnO, was used while
the deposition was performed at room temperature (RT) with an O,
flow of about 2.6 SCCM and a processing pressure of 0.01 mbar.

The PLD system, developed by Solmates BV, consists of a KrF
excimer laser, which creates ultra-short laser pulses at a wavelength
of 248nm and is directed toward the ITO target (90/10 wt. %
In,03/Sn0;). The repetition rate and fluency of the laser corre-
spond to the frequency and energy density of the laser, respectively.
Additionally, the laser properties, chamber pressure, O, to Ar [Ar/
(Ar + O,)] partial pressure, and substrate temperature are varied, as

TABLE I. PLD ITO film parameters’ variations.

PLD parameter Values
Chamber pressure (mbar) 0.02-0.2
O,/(Ar + O,) ratio (-) 0.2-1
Substrate temperature (°C) 20-400
Repetition rate (Hz) 10-100
Laser fluence (J/cm?) 0.93-1.55
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shown in Table I. The samples were also subjected to post-
deposition annealing treatment in air at temperatures ranging from
190 to 350 °C.

B. ITO material characterization

Figure 1(a) shows the measurement schematic used to
measure reflection and transmission of ITO films by using a
Lambda 950 spectrophotometer. The carrier concentration (N,)
and mobility (u,) of the ITO films were determined by using Hall
effect measurements on samples with a van der Pauw contact con-
figuration. To perform such measurements, the ITO layer was
deposited on a thick SiO, (~450 nm) film, which was thermally
grown on a polished crystalline silicon (c-Si) substrate. A spectro-
scopic ellipsometry measurement (SE) system (J.A. Woollam Co.,
Inc.) was utilized to determine the thickness (d), and the refractive
index and absorption coefficient (n and k) of the films. Note that
the backside of the Si substrate was intentionally left unpolished to
minimize the contribution of backside reflection during SE mea-
surement. Tauc-Lorentz and Drude oscillators were combined to
model the optical parameters of our ITO films in both the ultravio-
let and visible, and near infrared parts of the spectrum, respectively.
The sheet resistance (Ry,.;) was measured using the four-point
probe technique, from which the layer resistivity (p) was deter-
mined according to Rge.r = p/d.

C. Processing and characterization of the passivating
contacts

The impact of PLD ITO film deposition was investigated on a
20nm thick poly-Si(n*) contact. Figures 1(c) and 1(d) shows the
symmetric passivation and contact resistance test structures, as well
as the solar cell schematic, respectively. M2-sized Czochralski (Cz)

n-type wafers, with a base resistivity of ~3 Qcm and a thickness of |

180 um, were textured using a KOH solution and rounded with a
wet-chemical post-treatment. As cleaning steps, the samples received
a subsequential pre-treatment comprising Radio Corporation of
America (RCA) 1 and 2, and nitric acid oxidation of silicon (NAOS)
solutions. Subsequently, the wafers were dipped in a 1% diluted HF
bath prior to the formation of ultra-thin oxide in an oxidation tube
using a mixture of O, and N, at 610 °C. Then, the ultra-thin n-type
hydrogenated amorphous silicon [a-Si:H(n™)] layers with a thickness
of 10 or 20 nm were deposited by plasma-enhanced chemical vapor
deposition (PECVD). The poly-Si(n*) films were subsequently crys-
tallized at 900°C. The hydrogenation scheme of the poly-Si(n®)
contact was performed by the deposition of a sacrificial spatial atomic
layer deposited (sALD) AlOy film. The samples were annealed at
600°C in an N, environment to allow hydrogen diffusion to the Si
interface. Finally, the AlO, films were etched in a 1% diluted HF
bath. For contact resistance measurements [as shown in Fig. 1(d)],
approximately 300 nm thick Ag films were sputtered on both sides.
The surface passivation quality of the cell precursors was mea-
sured by using a Sinton WCT-120 tool in the transient mode. Note
that five measurements were taken per sample of which the average
minority carrier lifetime value is reported here. An optical constant
of 0.7 was used for the samples without ITO, while an optical cons-
tant of 1.05 was used for the samples with ITO to account for the
anti-reflective properties of the ITO. Contact resistivity of the

012l ¥20Z dunr €0

J. Appl. Phys. 134, 154502 (2023); doi: 10.1063/5.0158681
© Author(s) 2023

134, 154502-2


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

(a) Transmission,

(b)R, , Thickness,
reflection

Hall (N, u)

ITO (~80 nm)

ITO (~80 nm)

SiO2 (~450 nm)
Glass
(1))

ARTICLE pubs.aip.org/aip/jap

(dt, iV, (d) contact resistivity

A\ N

al’ o ‘

( )
poly-Si(n*) (20 nm)

c-Si(n)

FIG. 1. Schematic overview of test measurement structures for (a) transmission and reflection, (b) Hall and Rsxeer measurements on a thick SiO, substrate, (c) effective
lifetime of the symmetric poly-Si(n+) contact, (d) contact resistivity measurement with Ag electrodes.

overall ¢-Si/SiO,/poly-Si(n*)/ITO/Ag stack was measured by verti-
cal dark IV-measurement across the sample using the formula
Reotal = Rpase + 2 X Reontacy ' Where  Reonact  represents the overall
contact resistance between the Si base material and the Ag contact.

lll. RESULTS

A. Sputtering and PLD-induced damage of ITO
deposition on ultra-thin poly-Si contacts

In order to compare the deposition-induced damage caused
by sputtering and PLD, the effective lifetime (z.) at an injection

10*
(a) =
5 ==
= |
10°
Y = ==n
= .
5
s
’ ?
0
1 01 1 1 1 1
.S s 0 00 Oo
0é§ Qoé\\\ \\Q’ X 99
G G
Fa N & P
Q© <2<§’ & &
¥ v
Sputtering

density of 10'° cm™ was measured on samples with 10 and 20 nm
thick poly-Si(n*) contacts. Sputtered and PLD ITO samples were
fabricated at room temperature (RT) and at a similar operating
pressure of 0.01 mbar. In addition, post-annealing treatments were
performed in air at 190 °C and, subsequently, at 350 °C after ITO
deposition. Figure 2 shows a comparison in 7.4 between sputtered
and PLD ITO layers deposited on 10 and 20 nm thick poly-Si(n+)
contacts and at different processing stages.

The initial 7 of the sample with the 10 nm thick poly-Si
contact (after hydrogenation) is lower than that with the 20 nm
contact. This is caused by an unoptimized doping concentration

10*
(b) = .
== il == ]
+ = .
10°
0
=
=
N
102 b E
120 nm poly-Si(n*)| 1
10 nm poly-Si(n*)
101 1 1 1 ‘ 1
QO 0()
R .6\'\\°° 5 &
& o & &
e S & P
€ &S & &
¥ ¥
PLD

FIG. 2. Change in . for 10 and 20 nm poly-Si contacts before and after ITO deposition by (a) sputtering and (b) PLD, and post-annealing treatment at 190 and 350 °C.
The PLD ITO layer was deposited at RT with a O, pressure of 0.012 mbar, a laser repetition rate of 50 Hz, and a fluence of 1.55 Jicm?.
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and crystallization step of the poly-Si(n*) layer (this effect can be
seen in Fig. S1 in the supplementary material), thereby resulting in
the non-ideal diffusion of dopant into the c-Si substrate.
Consequently, a reduced field-effect passivation is perceived by the
sample with the thinner poly-Si layer. After ITO deposition by
sputtering, the surface passivation quality of the sample with the
20nm thick contact drastically decreases. Further aggravated
damage is observed for the sample with the thinner layer as a drop
in 7,4 to about 30us is detected. Post-deposition annealing treat-
ment at 190 °C only slightly improves 7, for both samples with the
10 and 20 nm poly-Si thicknesses. Nevertheless, after subsequent
annealing treatment at 350 °C, 7. of the 10 and 20 nm poly-Si
contact samples considerably improves to around 1 and 4.6 ms,
respectively, and this trend was also observed by Tutsch et al."*
While a certain level of PLD-induced damage is observed on the
poly-Si contact, the decrease in 7.4 is significantly reduced in com-
parison with sputtering as 7.4 above 2ms is achieved for both
poly-Si thicknesses. Additionally, the damage caused by PLD seems
to be independent on the thickness of the poly-Si contact, as a
comparable level of surface passivation is achieved directly after
deposition. Likewise, annealing treatment at 190°C results in
minimal surface passivation change, while a slight lifetime
improvement is perceived at 350°C. In the case of the 20 nm
poly-Si contact, the sputtered sample demonstrates a superior
average 7, of 4.6 ms compared to the PLD counterpart (~3.9 ms)
after annealing at 350 °C. The following part will explore the influ-
ence of laser parameters, substrate temperature (T, ), and process-
ing pressure on the deposition-induced damage corresponding to
the PLD technique.

1. Influence of laser fluence and repetition rate

Laser settings can have a considerable influence on the plasma
parameters and on the material of the layers deposited.>'® The
KrF excimer laser creates ultra-short pulses in the order of ns dura-
tion where the frequency of these pulses, ie., repetition rate, can
influence the plasma interaction with the gas present in the process
chamber and, subsequently, the growth mechanism. Conversely,
the laser fluence of the pulses dictates the ablation properties of the
target material. For instance, low and high laser fluences can result
in evaporation-like deposition and sputtering-like ablation,
respectively.'

Here, the repetition rate and laser fluence for depositing ITO
were varied from 20 to 50 Hz and 0.93 to 1.55 I/sz, respectively,
as shown in Fig. 3. The variation in the laser fluence and repetition
rate shows no significant impact on the PLD-induced damage, as
7, drops from about 5-6 ms to 2 ms after deposition. This indi-
cates that the laser process parameters do not play an important
role in minimizing the damage in the range of laser settings investi-
gated here. A sufficient thermal budget of 350 °C is required to par-
tially recover the PLD-induced damage.

2. Effect of deposition temperature

Next, we investigate the effect of deposition temperature (Ty,)
on the change in the surface passivation quality of our 20 nm
poly-Si(n*) contacts, as shown in Fig. 4. Tg,, is varied between 20
and 400 °C, while P.,uper and the O,/(O,+ Ar) flow ratio are
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[ | Pre-deposition
[ | Post-deposition
[ ]Anneal @ 190 °C
10 [ ] Anneal @ 350 °C| |

teff [HS]
HH
« b
H

103 1 1 1

093 Sen2 093 Jlemn2 g5 Jler?

A

2() \’\Z& 50 \'\1& 50 \‘\1&

Laser Repetition rate/Fluency

FIG. 3. Influence of the laser repetition rate and fluence on the 7. of 20 nm
poly-Si contacts. ITO films are deposited at RT, with Pgpamper = 0.02 mbar, and
0, to Ar ratio =0.2.

maintained at 0.02mbar and 0.2, respectively. The change in

surface passivation after subsequent ITO deposition and annealing
at 190 and 350 °C shows similar trends as previously observed for
Tep between 20 and 200 °C. However, at T, =400 °C, the surface
10%
:
T
)
=
k7
e 10°
: [ Pre-deposition
I:I Post-deposition
I [C__]Anneal @ 190 °C
[ ]Anneal @ 350 °C
102 1 ‘ 1 1
20 200 400
Taep [°C1

FIG. 4. Effect of Ty, (20400 °C) on the surface passivation of 20 nm poly-Si
contacts. ITO films are deposited at @ Pgramper=0.02mbar, O, to O,+Ar
ratio = 0.2, repetition rate =50 Hz, and laser fluence = 0.93 J/cm?.
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passivation quality after ITO deposition is further reduced and no
recovery is observed after subsequent anneals. This could be due to
the effusion of hydrogen, which occurs during deposition at higher
temperature and at low pressure and, thereby, leaves the dangling
bonds at the Si interface unpassivated.

3. Effect of chamber pressure

Last, the effect of the chamber pressure (Pgumper) On the
induced damage is investigated. Figure 5 shows the change in
surface passivation quality with respect to the varying P mper from
0.02 to 0.2 mbar. Note that the initial surface passivation of the
20nm poly-Si contact samples for the different process chamber
pressures is slightly different. After ITO deposition at
P pamper = 0.1 mbar, a similar relative drop in 7.4 is observed to
poly-Si contacts with ITO deposited at 0.02 mbar. However, a
notable increase in 7, is observed after annealing at 190 °C and it
slightly increases after subsequent annealing treatment at 350 °C.
At P jamper = 0.2 mbar, the drop in 1 is less while no change in 7.4
is perceived after annealing, not even for the samples annealed at
350 °C. This is indicative that the PLD-induced damage is less for
ITO layers deposited at higher pressure and corresponding to the
level that is observed after recovery anneals.

IV. CONTACT RESISTIVITY

In this section, the influence of PLD parameters on the
contact resistivity of overall 20 nm poly-Si contacts is investigated.
Figure 6 shows the overall contact resistivity of c-Si/poly-Si(n™)/
ITO/Ag structures, meaning the overall R yuc from the base to
metal, with a reference sputtered and PLD ITO films deposited

10‘;
9%10
8x10° |
7x10° —[:
6x10% B
5x10° T
4x10° |
i
= 3x10° | ~
3
2x10°
Pre-deposition
[___| Post-deposition
[ Post-anneal 190°C
[ | Post-anneal 350 °C
1 03 1 1 1
0.02 0.1 0.2
Pchamber [mbar]

FIG. 5. Effect of Pcpamper (0.02-0.2 mbar) on the surface passivation of 20 nm
poly-Si contacts. ITO films are deposited at RT with O,/O, + Ar ratio = 0.2, repe-
tition rate = 50 Hz, and laser fluence = 0.93 Jicm?.
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under varying T, (20, 200 °C) and Pjapmper (0.012-0.1 mbar) con-
ditions. These contacts were subsequently annealed at temperatures
between 190 and 350 °C in air. Note that the PLD ITO film was
deposited at 0.1 mbar and 200 °C, since higher deposition pressure
and lower deposition temperature resulted in poor layer conductiv-
ity. Additionally, an oxygen pressure of 0.012 mbar (no Ar gas) was
selected to deposit ITO, because optimal opto-electrical properties
were obtained (as observed in Fig. 7) at this pressure while no dif-
ference in surface passivation was observed with ITO deposited at
0.02 mbar.

The Ag/poly-Si(n™)/SiO,/c-Si(n) contact without an ITO film
displays a low contact resistivity of 20 mQ cm”. This means that the
main contribution of the contact resistivity in a complete structure
can be attributed to the poly-Si/ITO interface. In order to minimize
the impact of series resistance on fill factor losses, contact resistivity
below 100 mQ cm? should be achieved.'” As-deposited poly-Si con-
tacts with PLD ITO layers show contact resistivities below
100 mQ cm?®. In comparison, the poly-Si contact with sputtered
ITO shows a contact resistivity of about 300 mQ cm®. The higher
contact resistivity of our reference sputtered ITO structure could be
due to the lower carrier concentration of the sputtered ITO, which
impedes the transport of majority carriers (reduction in barrier
width).'® A significant increase in the contact resistivity is observed
for our sputtering reference for annealing temperature above
250 °C. Similar behavior is observed for a poly-Si contact with a
PLD ITO layer deposited at 0.1 mbar where a steep increase in the
contact resistivity is noticed at annealing temperature of 350 °C. On
the other hand, contacts with PLD ITO layers deposited at low
pressures are thermally more stable even after a subsequential
anneal at 350 °C.

T T T T T T T T T T T T T T
| |—®— Sputtered ITO
—8— PLD ITO @ 0.1 mbar & 200 °C

| | —&—PLD ITO @ 0.02 mbar & 200 °C ]
10 —v— PLDITO @ 0.012 mbar & RT

Contact resisitivity [ mQcm? |

102 | ;/'

1
0 4 50
As-deposited

200 250 300 350

1 1
100 150

Annealing temperature [ °C ]

FIG. 6. Overall contact resistivity of 20 nm thick poly-Si contacts with sputtered
and PLD ITO layers cumulatively annealed from 190 to 350 °C for 5 min at each
annealing temperature. PLD ITO deposited at 0.1 mbar has an O,/Ar + O, ratio
of 0.1, a laser repetition rate of 50 Hz, and a laser fluence of 1.55 Jicm?.
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V. OPTO-ELECTRICAL PROPERTIES OF PLD ITO LAYERS

The effect of PLD parameters on the ITO opto-electrical prop-
erties is discussed in this section. 80 nm thick ITO films were
deposited at RT with varying total oxygen pressures between 0.004
and 0.014 mbar. The laser fluence and repetition rate are kept at
0.93J/cm? and 50 Hz, respectively. Figures 7(a) and 7(b) show p
and Ry, and the absorption (dependent on the wavelength) of
the deposited ITO layers, respectively. The sputtering reference
results in a p of 0.75 mQ cm after an annealing treatment at 190 °C.
For PLD ITO films, a minimum resistivity of 0.49 mQ cm? is
obtained at a chamber pressure of 0.008 mbar and increases at
higher pressure. While a minimum resistivity can be obtained at a
total oxygen pressure of 0.008 mbar, the absorption of the ITO film
in the visible and infrared region is relatively high in comparison
with the ITO layer deposited at 0.012 mbar. For a better trade-off
between resistivity and absorption, the ITO layer deposited at
0.012 mbar is selected for further development.

Figure 8(a) shows the ITO thickness dependence on the repe-
tition rate for the laser fluence of 0.93 and 1.55 J/cm?. An increase
in the repetition rate and laser fluence results in a thicker layer
since more material will be ablated at higher laser fluence and at
higher repetition rates. Figures 8(b) and 8(c) show the mobility (u.)
and carrier concentration (N,) of the ITO layers with respect to
the repetition rate, respectively, for laser fluences of 0.93 and
1.55]/cm?. The ITO layers are also subjected to annealing treat-
ment in air at 190 °C for 30 min. Prior to the thermal treatment,
for the as-deposited ITO layers, a higher laser fluence results in an
increase in u,. The u, of ITO layers do not show a strong depen-
dence on the repetition rate. After annealing, the u, of all ITO
layers show an increase. For a higher repetition rate, a slight
decrease is observed for the lower fluence, while for a higher
fluence, no dependence on the repetition rate is observed.

The increase in u, is most likely caused by an increase in the grain
size in the polycrystalline ITO layers."” The y, of ITO layers depos-
ited at a fluence of 1.55 J/cm® shows minimal dependence on the
repetition rate. As-deposited ITO layers show a high N, indepen-
dent of the laser fluence. After annealing, the N, of the ITO layers
decreases considerably and depends on the repetition rate; for both
laser fluences, an increase in N, is observed for higher repetition
rates.

VI. DISCUSSION

Significant induced damage resulting from ITO deposition is
evident on ultra-thin poly-Si contact structures. Various factors,
including work function mismatch between the contact layers,
high-energy species, and radiation emitted during deposition, can
contribute to the reduction in the surface passivation of these con-
tacts. A work function mismatch between the poly-Si(n*) and the
ITO layers leads to a reduction in field-effect passivation, particu-
larly noticeable at low injection levels.”’ This phenomenon is par-
ticularly observed in a-Si:H(p") contacts and can be attributed to
their comparatively lower doping efficiency when compared to
their n-type counterparts.'®*' However, it is unlikely that the work
function mismatch between the poly-Si(n*) and the ITO layer sig-
nificantly influences the passivation quality of our 20 nm poly-Si(n
+) contact. This assertion is supported by the absence of substantial
improvement in the charge carrier lifetime after etching off the
ITO layer (refer to Fig. S2 in the supplementary material).

Conversely, it is difficult to completely disentangle the differ-
ent effects caused by plasma radiation, electrons, x rays (arising
from ijons or electrons), and high energy particles bombardments.
Several reports specify that the main cause of the subsequent
damage is related to high energetic species that bombard the
poly-Si contact.'>'®*>** This is because sputtering relies on the
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FIG. 8. Effect of PLD variations on (a) the ITO layer thickness, (b) mobility, and
(c) carrier concentration properties of the deposited ITO layer. Electrical proper-
ties of the sputtered ITO reference are also included.

ejection of the bulk target material to the substrate by momentum
transfer; high energetic ions formed by the plasma (typically Ar
ions) bombard the target, which results in the ejection of the target
material.”* Consequently, several high energetic species are formed
at the target surface (O~ and In~ from ITO target) and in the
plasma, and are accelerated toward the substrate by a potential dif-
ference between the target and the substrate. These high energy
ions and species often have sufficient kinetic energy to penetrate
through several nanometers of Si, thereby rupturing bonds present
at and near the Si/SiOy interface. For plasma radiation induced
damage, Tutsch et al'* showed that almost no degradation of

ARTICLE pubs.aip.org/aip/jap

10 nm poly-Si based contact stacks was observed for photon with
energy below 4 eV. However, the higher energy photons (~9eV),
originating from argon and oxygen plasmas, could cause significant
structural damage to poly-Si contacts. For instance, Profijt et al.*’
showed that high energy ultraviolet photons in vacuum can cause
significant loss in surface passivation on the Si substrate with
deposited Al,Oj; films. While the thickness of the poly-Si(n*) plays
an important role in shielding the damage caused by the ion
bombardment, significant interface defects are still created at the
Si/SiOy interface for a 20 nm thick poly-Si layer. Several strategies
exist to mitigate the damage caused by sputtering, such as increas-
ing the deposition pressure and lowering the deposition power.”®
However, these processing conditions can result in ignition issues,
whilezbigh pressure can be problematic for obtaining a high-quality
layer.”™

On the contrary, the induced damage caused by the PLD tech-
nique is considerably reduced in comparison with our sputtering
reference. This can be ascribed to the physical differences in depo-
sition techniques, for PLD ablation of the target material is
prompted by laser light absorption while sputtering relies on Ar
ion bombardment. In PLD, a plasma plume is formed during the
ablation process and is allowed to expand in the background gas
due to the high-pressure gradients in the initial part of the
plume.”* " The plume is allowed to slow down in the background
gas and the atoms eventually diffuse out of the plume and migrate
to the substrate.’’ For ultra-thin poly-Si(n*) based contacts, the
“softer” deposition properties of PLD result in superior surface pas-
sivation properties after ITO deposition. Furthermore, this behavior
is also apparent on 10 nm poly-Si contacts, which shows a minor
degradation in surface passivation quality, unlike sputtering-induced
damage. Nevertheless, the deposition of ITO on poly-Si(n*) layers by
PLD still results in a certain level of damage. This induced damage is

not related to the fluence (ranging between 0.93 and 1.55 J/cm?) and '

the repetition rate of the laser. A high chamber pressure is beneficial
to mitigate the damage due to the thermalization of harmful species,
hence resulting in a softer deposition on the poly-Si contact. Similar
effects were observed on a buffer-free semi-transparent perovskite
solar cell where an increase in the pressure resulted in damage-free
deposition.'” While PLD-induced damage caused by the plasma for-
mation is present, the plasma formed by PLD is very complex and
requires further investigations to determine the root cause of the
PLD-induced damage. Possible causes, such as high energy photons
and soft x rays—arising from ion or electron bombardment—should
not be excluded.””’

Although the root causes of the induced-deposition damage
are not completely clarified, the surface passivation of the poly-Si
contact can be almost completely repaired by post-deposition
annealing treatment at 350 °C. The change in surface passivation
quality after annealing is mainly attributed to the modification of
the chemical passivation quality since a change in carrier popula-
tion in the contact is unlikely due to the relatively low thermal
budget; a thermal budget of 700-1050 °C is typically required to
cause a change in poly-Si crystallization and dopant activation and
diffusion. The surface passivation recovery of poly-Si based contacts
is often reported after a post-deposition thermal annealing treat-
ment at temperatures around 350 °, which also corresponds to our
findings. This temperature requirement matches with the activation
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energy required for effective hydrogenation of poly-Si contacts. For
instance, hydrogen plasma exposure or hydrogen-rich capping
layers often require a processing temperature higher than 300 °C to
allow for effective diffusion of hydrogen to the SiO, interface.”* It
is highly plausible that the H atoms, in the vicinity of the SiO,/c-Si
interface, are allowed to diffuse again to the interface upon post-
deposition annealing and, thereby, passivate the Si dangling bonds
present at the surface, thus improving the chemical passivation
quality.

The overall contact resistivity of the poly-Si based contact with
a sputtered ITO layer shows a significant increase at annealing tem-
peratures higher than 250 °C. Various works'*'****" show similar
trends, and this is commonly linked to the formation of a parasitic
SiO, interlayer at the poly-Si/ITO interface.'® This interlayer is
allowed to grow rapidly under increasing thermal budget, which, in
turn, results in an inefficient tunneling transport of majority carri-
ers to the ITO layer. Although annealing at 350 °C is required to
recover the sputtering-induced damage of our poly-Si contact, the
high contact resistivity results in an inefficient transport of majority
carriers. Contacts with PLD ITO deposited at 200 °C show good
contact resistivity, while a slight increase is observed with annealing
temperature. However, the significant increase in the contact resis-
tivity for contacts with PLD ITO deposited at high pressure sug-
gests that the high partial O, pressure deposition promotes the
formation of a parasitic oxide at the ITO/poly-Si(n*) interface.
Nevertheless, due to the thermalization of harmful species at high
pressure, annealing at 190 °C is sufficient to repair the induced
damage at chamber pressures higher than 0.1 mbar. PLD ITO
deposited at room temperature and low pressure enables low
contact resistivity and does not promote a significant increase in
the contact resistivity, which possibly indicates the absence of para-
sitic oxide. However, further and more detailed analysis on the
presence and composition of oxide is required for better
understanding.

The opto-electrical properties of the PLD deposited ITO layer
shows strong dependence on the total oxygen pressure. On the
other hand, an increase in the ITO deposition rate is observed with
increasing repetition rate and laser fluency without majorly affect-
ing the layer mobility after post-deposition annealing treatment at
190 °. Specifically, a remarkable ITO layer mobility of 42.1 cm*/V s
and a carrier concentration of 4.0 x 10 cm™ were attained at a
repetition rate of 100 Hz and a laser fluency of 1.43 J/cm®. Note
that these measurements were carried out on a flat Si substrate,
which might be slightly different a on textured poly-Si substrate,
and that final layer optimization should still be performed on cell
level.

Nonetheless, while PLD demonstrates significant advantages
for solar cell applications, the constraint imposed by the confined
laser spot size presents a substantial impediment to its implementa-
tion in high-throughput solar cell processes. Resolving this limita-
tion requires dedicated efforts aimed at expanding the scalability of
PLD techniques to large area substrates. Despite this challenge,
PLD has exhibited significant benefits on perovskite solar cells, as
significant work has been done on all active layers of the solar
cell.'>*>*° This progress is particularly promising for the integra-
tion of perovskite solar cells into tandem structures. Such advance-
ments can pave the way for the seamless integration of perovskite

ARTICLE pubs.aip.org/aip/jap

solar cells with silicon-based tandem solar cells, offering an attrac-
tive avenue for elevating the efficiency and overall performance of
the next generation of solar cell technologies.

VIl. CONCLUSIONS

Reducing the thickness of the poly-Si layer is essential to miti-
gate the parasitic absorption losses caused by the contact. However,
this, in case ITO is applied by sputtering, aggravates the
sputtering-induced damage on poly-Si layers thinner than 20 nm.
Although post-deposition annealing treatment can be performed to
partially recover the damage, the contact resistivity drastically
increases. Alternatively, TCO deposition by PLD has shown to be
beneficial in minimizing the damage at the Si/SiOy interface while
maintaining low contact resistivity even after post-deposition
annealing at 350 °C. Furthermore, the damage originating from
PLD is not thickness dependent, which allows for the development
of thinner poly-Si contacts.

SUPPLEMENTARY MATERIAL

See the supplementary material for the determination of
poly-Si(n™) doping profiles.
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