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Mechanisms of plasma damage caused by sputtering of transparent conductive oxide (TCO) layers in silicon
heterojunction (SHJ) solar cells have been investigated. It is shown that a buffer layer at the amorphous/crystalline
silicon (a-Si/c-Si) interface can play an essential role in mitigating the sputter damage. More than 9 % loss
in the conversion efficiency is observed for rear emitter SHJ cells with nanocrystalline silicon n-layer when the
underlying buffer layer changes from amorphous silicon carbide to amorphous silicon. It is revealed that the
anomalous efficiency loss is mostly related to breaking Si-H bonds by NUV photons at the a-Si/c-Si interface
during the TCO sputtering. Illuminated annealing of these cells at elevated temperature using a distributed light
source based on light emitting diodes (LEDs) recovers the anomalous efficiency loss by more than 7 %gss Other
possible mechanisms of sputter damage and mitigation strategies are also discussed.
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1. Introduction

Today silicon heterojunction (SHJ) solar cells hold the
world record efficiency (n < 27.6% [1,2]) among single-
junction silicon solar cells. This is mainly due to superior
crystalline silicon (c-Si) surface passivation by thin hydro-
genated amorphous silicon (a-Si:H) layers, resulting in the
high open-circuit voltages (Voc) measured on the record
cells and low temperature coefficients [3,4]. The later along
with their high bifaciality [5] make SHJ cells attractive for
deployment in hot climates and regions with high albedos.
Their low-temperature and rather simple manufacturing
process (includes only four fabrication steps [6,7]) make
them compatible with thin c-Si wafers. With all these
benefits, the long-term outlook for SHJ solar cells appears
very positive, as highlighted in recent ITRPV report [8].

One of the key factors that can limit the efficiency
of SHJ solar cells is damage of ultra-thin a-SiH layers
and/or a-Si:H/c-Si interface during sputtering of transparent
conductive oxide (TCO) layers. Despite sputter damage
is known for decades the exact mechanism of this effect
on SHJ solar cells is still not well understood. In many
cases it is also not clear what is exactly being damaged:
a-Si:H layers and/or a-Si:H/c-Si interface. Most researchers
attribute sputter damage to the energetic ion bombard-
ment [9,10], while some of them partly to the UV photon
flux of the magnetron discharge [10-12] and others to the
ion flux [13,14] or even phonons [15]. Obviously, the thicker
a-Si:H layers, the less sputter damage. However, in high
efficiency SHJ devices the doped and intrinsic layers must
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have the minimal thickness, particularly at the front surface
facing the Sun, which exacerbates the problem of sputter
damage.

In this study, we employed different buffer layers at the
a-Si:H/c-Si interface in SHJ solar cells in order to get more
insights into the underlying physics of sputter damage along
with illuminated annealing (IA) for its recovery. Usually,
the post-treatment of SHJ solar cells such as the IA at
elevated temperatures can enhance the SHJ cell efficiency
by 0.1-0.7 %qups. [16-21], depending on the cell design and
the TA conditions. Here, we demonstrate for the first time
that the conversion efficiency of SHJ cells can be improved
by more than 7.0 %gps by the IA at certain conditions. The
paper is organized as follows. Differences in laboratory and
industrial magnetron sputtering (often referred as to physical
vapor deposition (PVD)) tools and mechanisms of sputter
damage are briefly defined in Sec. 1. The experimental
details are described in Sec. 2, followed by experimental
results and discussion in Sec. 3. Conclusions are presented
in the final section.

2. Magnetron sputtering sources
and sputter damage

As mentioned above, sputter damage during the TCO
deposition is commonly attributed to the bombardment of
the substrate by a number of highly energetic charged
particles. These particles have different fluxes and energies
at the substrate surface, controlled by the electric potential
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profile between the target and the substrate. The potential
profile apart of the common plasma discharge parameters
(gas pressure, discharge power) also depends on the
excitation mode (RF, DC, pulsed DC or combined) and
the magnetic field (B-field) design. Unfortunately, many
authors do not specify what type of B-field profile is used
in their studies. Nevertheless, it should be stressed that
magnetic field plays an essential role in the performance
of sputter magnetrons due to the electron confinement. In
general, two major types of B-field profile can be found
in planar magnetrons, balanced or unbalanced [22,23], as
schematically shown in Figure 1.

In balanced magnetrons, all B-field lines are closed
to the target resulting in plasma confinement within the
magnetron plasma racetrack — a closed-loop B-field pattern
(Figure 1,a). Therefore, the ion flux to the substrate surface
is relatively small < 1 mA/cm? (< 10 ions/cm? - s) [22].
In unbalanced magnetrons, some of B-field lines cross
the substrate surface allowing electrons to escape from
the racetrack region. These electrons then create less
dense plasma away from the magnetron target surface,
resulting in much higher ion flux to the substrate surface
(< 10' ions/cm? - s) in comparison to balanced magnetrons
(Figure 1,b). Both types of planar magnetrons are
commonly used in laboratory magnetron sputtering tools,
which employ relatively weak ferrite magnets. On the other
hand, rotatable cylindrical magnetrons (Figure 2,5) — the
workhorse of the PV industry mainly due to their high target
utilization — employ balanced B-fields using strong rear-
earth (neodymium or samarium-cobalt) magnets. Stronger
B-fields confine electrons better, leading to denser plasma
near the magnetron target surface and less ion flux to the
substrate. Unlike laboratory magnetron sputtering tools, in
industrial PVD tools the substrate holder (carrier) is always
movable, resulting in excellent TCO film thickness unifor-
mity. In the industrial manufacturing of SHJ solar cells,
rotatable cylindrical magnetrons are exclusively powered by
DC power supplies due to their stability, high deposition
rates and simplicity, high production throughput.

In laboratory, magnetron sputtering discharges are mostly
powered either by DC or RF (13.56 MHz) power supplies.
Due to the different ionization mechanisms in DC and RF
discharges, the electric potential profiles are quite different
for these two excitation modes. DC discharges are based
on the generation of ion-induced secondary electrons at the
cathode (target) surface. Therefore, high negative target
voltages are necessary to sustain the DC plasma because
the electron emission increases almost linearly with the ion
velocity [24].

On the other hand, RF plasmas are mainly driven by
ionization due to electrons that perform an oscillating
motion in the plasma volume since they can follow the
RF frequency, unlike heavy ions. This kind of excitation
is much more effective at low working pressures required
for magnetron discharges (typically < 10 mTorr) compared
to the ionization by non-oscillating secondary electrons, lea-
ding to lower target voltages (also referred in the literature
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Figure 1. Magnetic field lines in (a) balanced and (b) unbalanced
magnetron discharge.

as the DC bias) in RF discharges (Figure 2,a). However,
the electron confinement in RF magnetron discharges is not
as efficient as in DC discharges. This is because during the
positive voltage half-cycle the target acts as anode (instead
of cathode in the negative voltage half-cycle). Therefore, the
plasma density in the front of the substrate is significantly
higher for RF compared to DC excitation. Consequently,
the positive ion flux (Ar*, O**, OF, In*, Sn* in the case
of ITO sputtering) at the substrate surface is higher in the
case of RF excitation. However, its contribution to sputter
damage is rather small due to low ion energy (10seV)
and, therefore, the positive ions can only affect a very thin
subsurface of doped a-Si:H layers. On the contrary, some
part of negative ions (mostly O~ [25]) formed near the
target surface can be accelerated to relatively high energies
(up to the DC bias) across the cathode sheath, which at low
pressures can easily cross the distance between the target
and the substrate without any energy loss. Due to this
reason, O~ ions potentially can penetrate the doped a-Si:H
layers deeper (particularly in DC magnetron discharges, in
which the O~ ion energy and flux are higher [26]) and some
researchers believe that they are the main reason of sputter
damage in SHJ solar cells.

To our knowledge, there is no literature addressing the
problem of O~ ion penetration in doped a-SiH layers,
particularly in such low energy range. However, there are
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Figure 2. Schematic side-view of (a) planar magnetron discharge
showing main sources of plasma damage and electric potential
(¢) distributions in the case of DC (red solid line) and RF (blue
dotted line) excitation under otherwise identical conditions [24]
and (b) rotatable cylindrical magnetron discharge.

many studies on the Ar*" ion incorporation in crystalline and
hydrogenated amorphous silicon. For instance, in [27,28]
it is shown that Ar* ions with an energy of 100—500eV
are stopped inside a 2-nm-thick c-Si layer. While SRIM
(Stopping and Range of Ions in Matter) simulations, based
on binary collisions [29,30], demonstrate a 20nm and a
4nm penetration depth for 5keV and 300eV Art ions
in doped and intrinsic a-Si:H layers, respectively [31,32].
Studies on O" ion implantation for local oxide formation
in Si [33] have shown that 45keV O" ions (at fluences
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< 10" ions cm—2) are mostly stopped within a 20-nm-thick
sublayer. Taking into account the energy difference, it
is reasonable to assume that all energetic negative ions
(including O™, etc.) during the ITO sputtering on Si hetero-
structures are buried inside doped a-Si:H layers (typically
having thicknesses > 10nm) in both DC and RF excitation
modes. This assumption is also supported by recent results
obtained in [15], which show a penetration depth about
few nm for both O~ and electrons in n-type nanocrystalline
silicon carbide (n-nc-SiC:H). In other words, energetic
negative ions as well as electrons are not able to damage
directly the a-Si:H/c-Si interface. Besides, the growing ITO
layer relatively fast hinders their interaction even with doped
and intrinsic a-Si:H layers.

If the energetic ions or electrons cannot reach the
a-Si:H/c-Si interface, it is natural to ask what causes its
damage. The answer could be energetic photons that are
massless and have no electric charge hence could penetrate
deeper in solids. Like the ion flux, the UV flux is directly
proportional to the electron density. The reported vacuum
UV (VUV, 1 < 200nm) fluxes in plasma discharges range
from about 10" to 10!7 photonscm ™2 - s~! while the elec-
tron density ranges from 10° to 102 cm_3 [34]. Therefore,
in balanced magnetron sputtering discharges the VUV/UV
flux to the substrate surface can actually exceed the ion flux
due to the strong electron confinement, as described above.
It should also be stressed however, that lower DC bias
voltages in RF magnetron discharges lead to significantly
lower deposition rates compared to DC sputtering processes
under otherwise identical conditions (the same level of
discharge power) [24,35]. Consequently, at the equal ITO
layer thickness samples in RF magnetron discharges will
be exposed to plasma longer compared to DC excitation,
resulting in higher ion/photon fluences.

3. Experimental details

To investigate sputter damage, four types of bifacial SHJ
cells with different buffer layers at the a-Si:H/c-Si interface
were fabricated, as described below. To manufacture
the SHIJ cells, commercial-grade phosphor-doped wafers
(CZ, (100), 156.75 x 156.75mm) with a resistivity of
1.2—1.5Q - cm and a thickness of 150 um were used. The
cells featured the rear emitter design and were based on Si
hetero-structures with identical intrinsic and doped layers,
as schematically shown in Figure 3. Intrinsic (i-a-Si:H)
and doped (n-nc-Si and p-a-Si:H) layers had the same
thickness of 5nm and 16nm, respectively. Two types
of buffer layers were employed: 1-nm-thick amorphous
silicon carbide (a-SiC:H) and 5-nm-thick amorphous silicon
(a-Si:H). Both buffer layers had high hydrogen content, i.e.
were grown at high hydrogen dilution. Higher thickness of
a-Si:H layers was chosen to examine the ion bombardment
effect. Type A cells employed symmetric a-SiC:H buffer
layers, Type B — front a-SiC:H and rear a-SiH layers,
Type C — reverse to Type B, Type D — similar to Type A,
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but with symmetric a-SiH layers, as shown in Figure 3.
Five identical cells were processed for each type to ensure
statistical significance of results.

After deposition of the buffer, intrinsic and doped layers
by VHF-PECVD (f =40.68 MHz, Oerlikon KAI-1200
reactors), the silicon hetero-structures were characterized
by a Sinton Consulting WCT120 tool in the quasi-steady
state mode [36] to determine the effective minority carrier
lifetime (7.r) and the implied-Voc at a minority charge
carrier density of 10" cm™ and one sun illumination
intensity, respectively. Then, indium tin oxide (ITO) layers
with a thickness of 100nm were deposited on both sides
of the Si hetero-structures using an unbalanced planar mag-
netron source with a ceramic target (In,O3/SnO, = 90/10)
powered by a RF (f =13.56 MHz) power supply in a
Plasmalab System 400 sputter coater (Oxford Instruments).
The diameter of ITO target was 6 inches. To improve
the ITO film thickness uniformity, the rotational movement
of the substrate at a fixed rotation speed (2rpm) and a
restrictive mask were employed [37]. The distance between
the target and the substrate was 90 mm. The RF power
during ITO sputtering was 300 W, with a gas pressure
of S5mTorr and a substrate temperature of 25-30°C.
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Figure 3. Cross-sectional drawings of the SHJ solar cells inves-
tigated herein. The surface texture, ITO layers and screen-printed
Ag contact grids are not shown in the figure. (n-nc-SiH — n-type
hydrogenated nanocrystalline silicon, a-SiC:H — hydrogenated
amorphous silicon carbide).
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Figure 4. Emission spectrum of a white light-emitting diode and
a near infrared laser.

The gas flow rates for argon and oxygen were 50 and
0.2 scem, respectively. The thickness and optical properties
of a-Si thin films and ITO layers were characterized by a
spectroscopic ellipsometer (Horiba, Yobin Yvon).

Sputtering of ITO layers was followed by screen printing
of the front and rear contact grids using a low-temperature
Ag-based paste with subsequent curing. The SHJ solar
cells were then illuminated using a distributed light source
based on white LEDs, which was carefully calibrated to
have an equivalent power density comparable to AMI1.5
solar irradiance (1000 W/m?) and a light uniformity over
200 x 200 mm? illumination area below 5%. The emission
spectrum of white LEDs is shown in Figure 4. During
10min illumination of the front side (n-nc-Si:H), the cell
temperature was maintained at 200 °C. The one sun current-
voltage (I-V) measurements were taken using a solar
simulator under standard testing conditions before and after
the IA.

4. Results and discussion

To confirm that the PVD processes cause the cell damage,
the effective lifetime measurements were taken first. Table 1
shows that type A cells with symmetric a-SiC:H buffer
layers have the highest values of effective lifetime (7o) and
implied-Voc. The replacement of a-SiC:H buffer layer by
a-Si:H either on the rear (emitter) (type B cells) or front
(type C cells) side results in a moderate reduction of both
Ter and implied-Voc. Obviously, the reduction is stronger
for the emitter side due to poorer passivation properties of
a-Si:H buffer layer. The worst case is observed for type D
cells having a-Si:H buffer layers on both sides.

Figure 5 shows a comparison of the I-V characteristics of
the complete SHJ solar cells before and after illuminated
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Figure 5. Current-voltage characteristics of the SHJ solar cells before and after the illuminated annealing.

annealing (1 Sun, 200°C, 10min). It is seen that before
the TA type A and type B cells exhibit the open circuit
voltages (Voc) that are slightly below or comparable to
their implied-Voc, which is typical for SHIJ solar cells.
Damage processes at the ITO/doped layer interfaces most
likely cause such small sputter damage, as explained below.
The short-circuit current (Isc) of type A and type B cells
is not changed, while Voc and fill factor (FF) are slightly
improved by the IA. The improvement in Voc (+3mV)
and FF (+0.12—0.14 %) leads to an average efficiency gain
of 0.36% and 0.42 %,s, respectively, which are typical
values for the IA process. Higher efficiency gains (up to
0.7 %qps) can be obtained when intense NIR laser beams
(Figure 4) are used as the light source [18,20,21]. This might
be attributed to better annealing of the ITO layers due to
their higher absorption in the NIR range [38] compared to
the visible range in the case of white LEDs. Annealing of
the ITO layers is also inline with a reduction of the series
resistance of SHJ cells by the TA observed in [21].

On the contrary, for type C and type D cells there is a
strong deviation of Voc (loss of more than 70mV) from
the initial implied-Voc, as can be seen in Figure 5 and
Table 1. In fact, these cells exhibit significant decrease
of all parameters in comparison with type A and type B
cells. For example, the conversion efficiency of type C and
type D cells is less by more than 9 %gps compared to the
type A cells. Nevertheless, the IA essentially recovers the
anomalous sputter damage, as illustrated in Figure 5.

4 Semiconductors, 2025, Vol. 59, No. 1

However, for type C and type D cells the Voc after
the TA are still below the initial implied-Voc (Table 1).
Obviously, the ion bombardment cannot explain such

Table 1. Parameters of silicon heterostructures used in this study

Cell type p (Q2cm) Teir (US) implied Voc (mV)
Type A 1.33 2018 740
1.32 1668 738
1.45 1996 739
1.19 1831 739
1.28 1660 738
Type B 1.47 1255 730
143 1116 730
1.44 1157 730
1.49 1163 729
1.29 999 729
Type C 1.48 1745 735
1.30 1609 735
1.44 1774 736
1.28 1598 735
1.45 1777 736
Type D 1.32 902 726
1.45 1090 729
1.40 1011 728
1.23 872 726
1.43 1136 729
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Table 2. Common bonds in hydrogenated silicon and silicon
carbide and their energies [37]

Bond Energy, eV
Si-Si 2.34
Si-H 334
CH 4.60
Si-C 321
CC 3.70
H-H 448

anomalous sputter damage because the a-Si:H buffer layer
is Stimes thicker the a-SiC:H layer and due to arguments
described in Sec. 2. The phonon scenario proposed in [15]
is also questionable in this case, however phonons may play
an essential role in the IA, as explained at the end of this
section.

Interestingly, anomalous sputter damage appears only
when the a-Si:H buffer layer is located under the n-nc-Si:H
layer (type C/D cells in Figure 3). However, when the
buffer layer is replaced by a-SiC:H (type A/B cells) the
sputter damage is minimal. To explain this fact let us
look at Figure 6, in which the absorption coefficients of
various a-Si layers are shown. It is clear that n-nc-SiH
layer with a thickness of 16 nm absorbs all UV photons
with energies above 3.5 eV, whereas p-a-Si:H layer with the
same thickness transmits only photons with energies below
3.2eV. On the other hand, it is well known that the high
H-content a-Si:H and a-SiC:H films usually contain a large
number of Si-H and C-H bonds [39], respectively. Si-H
bonds are commonly attributed to the surface passivation
quality and the formation of dangling bonds that behave
as defects and recombination centers. The Si-H bond
energy is 3.34¢eV, as shown in Table 2. Figure 6 shows
that p-a-Si:H layer blocks all photons that are capable to
break Si-H bonds at the a-Si:H/c-Si interface. However, this
is not the case for n-nc-Si:H that transmits photons with
energies < 3.5¢eV. Higher energy (> 4.6eV) is required to
break C-H bonds, however such energetic UV photons are
well absorbed by both n-nc-SiH and p-a-Si:H layers. This
explains why type A/B cells have minimal UV damage,
unlike type C/D cells.

As mentioned above (Sec. 2), during ITO deposition both
positively and negatively charged particles cannot reach the
a-Si:H/c-Si interface. They all are stopped in the near-
surface region of doped layers with a thickness of few nm.

Nevertheless, they can create additional defects at the
interface with ITO layers. For example, assuming an Ar ion
flux of 101°—10'®ions/cm? - s, an ion penetration depth of
5nm and an ITO deposition rate of 10 nm/s one can roughly
estimate the averaged Ar ion concentration in the near-
surface region of 102! —10?2 cm~ that is comparable with
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Figure 6. The absorption coefficient of various layers employed
in the SHJ solar cells as a function of the photon energy.

the doping level of n-layer. On the other hand, relatively
energetic ions can lead to sputtering (displacement) of Si
and/or H atoms. At the normal incidence of Ar" over
the c-Si surface, the threshold energy for sputtering is
approximately 40eV [40]. Once the sputtering event is
happened, the surface structure is strongly deformed, and
thus the additional surface defects are generated. These
defects are likely represent the part of sputter damage that
cannot be recovered within short (few seconds) time scales
by the dark or illuminated (1Sun) annealing at elevated
temperatures.

To minimize such defects the B-field should be strong
and balanced and the deposition rate of ITO layers should
be maximal, which is usually achieved in industrial PVD
tools, in which a high throughput (> 4000 cells/h [41])
is necessary. This means that commercial SHJ cells are
exposed to the DC magnetron discharge powered by a
kW-range DC power supply on a time scale of few seconds.
For the effective IA at elevated temperature within such
short time scale the light intensity should be increased up
to 100 Suns [21]. On the contrary, in laboratory PVD tools
the deposition rate is often limited, particularly in those
equipped with RF power supplies, in which the deposition
time can reach few minutes. In this study, the ITO (100 nm)
deposition time was 83s, resulting in higher ion/photon
fluences. Nevertheless, the TA for 10min at 1 Sun (white
LEDs) and 200 °C is sufficient for annealing defects at the
ITO/doped layer interface, as demonstrated by type A/B
cells (Voc > implied-Voc after the TA).

Unlike the ions, the growing ITO layer decreases the UV
flux (< 400nm) at lower rate, as demonstrated in Figure 7.
For example, it is seen that ITO layers with a thickness of
20nm still transmit 25% of 6.2eV photons (1 = 200 nm)
and about 50 % of 4.1 eV photons (1 = 300 nm). Obviously,
UV photons with energies above 6eV (VUV) can only
interact with doped and intrinsic a-Si:H layers at the very

Semiconductors, 2025, Vol. 59, No. 1
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Figure 7. The optical transmittance of ITO films with different
thickness grown on fused quartz substrates by the RF magnetron
discharge as a function of the optical wavelength.

beginning of the growth process. When the ITO layer
growth is completed and the required thickness of 100 nm is
reached, ITO can only transmit 10 % of 4.1 eV photons due
to its relatively high bandgap energy, as shown in Figure 7.

In our case, VUV photons are effectively absorbed by
doped layers (Figure 6) and do not reach the a-Si:H/c-Si
interface. However, higher bandgap doped layers such
as nanocrystalline silicon carbide with a thickness above
10nm may transmit some part of VUV photons [42] and
damage the interface. This may explain experimental results
obtained in [15] rather than the energy transfer to the c-Si
interface via phonons. It should be stressed that bond
breaking is an endothermic process and sufficient energy is
required to break the chemical bonds, as shown in Table
II. On the contrary, phonons are usually considered as
quantized sound waves hence they have energies typically
below 0.1V, i.e. more than an order of magnitude smaller
the energy of UV photons that travel at the speed of light.
On the other hand, bond making is always an exothermic
process and energy is transferred to the solid as the new
bonds are formed, supporting the fact that the recovery of
Si-H bonds can happen even at room temperature. Extra
energy (heat or light) in this case only accelerates the
process (due to H diffusion to dangling bonds). Therefore,
phonons that play an essential role in heat transfer are more
appropriate for the description of dark/illuminated annealing
rather than sputter damage.

5. Conclusions
Various mechanisms of sputter damage in SHJ solar cells

have been examined. It is shown that energetic charged
particles can damage only the ITO/doped layer interface.

4*  Semiconductors, 2025, Vol. 59, No. 1

Therefore, damage of the a-Si:H/c-Si interface by energetic
positive and/or negative ions is a myth, unless the total
thickness of doped/intrinsic a-Si:H layer stack is below 5nm.
[lluminated annealing at elevated temperature is effective
in annealing defects at the ITO/doped layer interface. To
mitigate such damage, the magnetron discharge should be
balanced with a strong magnetic field and operate in the DC
mode at the maximum deposition rate. These requirements
are satisfied in industrial PVD tools, but are rarely achieved
in laboratory magnetron sputtering systems.

It is revealed that if the doped/intrinsic a-Si:H layers are
transparent to UV photons then the a-Si:H/c-Si interface can
directly be damaged, resulting in severe degradation of the
SHJ cell performance. The IA at elevated temperature can
recover most of such damage. The use of silicon carbide
buffer layer at the a-Si:H/c-Si interface helps to suppress
the NUV photon damage. Among DC and RF magnetron
discharges, unbalanced RF magnetron discharges result in
the highest UV photon damage under otherwise identical
discharge conditions.
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