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Abstract—In recent years, the incorporation of hydrogen into
indium and zinc oxide based TCOs has been recognized as an
effective technique to improve the charge carrier mobility and
hereby to relax the transparency-conductivity tradeoff within the
thin films. On the other hand, the process sequence of poly-Si/SiO,
based contacts typically requires an extra rehydrogenation step
in order to improve the chemical interface passivation. This article
addresses the combination of the two matters by studying the ability
of both atomic layer deposited and sputter-deposited TCOs to serve
as hydrogenation sources. Here, we demonstrate improved pas-
sivation of poly-Si(n)/SiO, contacts subsequent to TCO coatings
and postdeposition thermal treatments resulting in iV, values of
up to 743 and 730 mV for planar and random pyramid textured
surfaces, respectively. Thus, a high passivation quality could be
obtained without the need of additional hydrogenation treatments.
For the textured interface morphology, a substantial hydrogen flux
toward the SiO, region turned out to be essential. This could either
be ensured by adjusting the hydrogen partial pressure during the
TCO growth process or by the addition of a thin A10, layer, serving
as a effusion barrier.

Index Terms—Atomic layer deposition (ALD), dc magnetron
sputtering, hydrogen, indium oxide, passivating contact, poly-Si,

zinc oxide.

OLY-SI based passivating contacts [1] are considered as
Pa very promising technology for the next generation of
silicon solar cells [2], [3]. Applying the poly-Si/SiOy contact
scheme on the cell’s rear side, a power conversion efficiency of
25.8% [4] in combination with a diffused emitter on the front side
has been achieved. To further increase the implied voltage, here,
the diffused emitter can be replaced by a second poly-Si/SiOy
layer stack, which polarity is opposing the rear side [5]-[7].
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The resulting cell design, characterized by a high degree of
symmetry between rear and front side processing, reminds of
the hydrogenated amorphous Si (a-Si:H)-based heterojunction
cell technology SHJ [8], which has already made it into industrial
production.

For both contact technologies hydrogen plays an important
role in the saturation of electronically active defect states, which
would, otherwise, catalyze the charge carrier recombination in
the vicinity of the interface to the Si absorber. In case of the
poly-Si passivating contact a high-temperature anneal at T in
the range of 700-1050 °C is typically applied for crystalliza-
tion and dopant activation. During this treatment, most of the
hydrogen is effusing from the contact structure. Hence, in order
to improve the chemical interface passivation, hydrogen has to
be incorporated again afterward. Here, atomic hydrogen, being
more effective for this purpose as bound within a Hy molecule
[9] can be donated by a hydrogen plasma, e.g., viaremote plasma
hydrogen passivation (RPHP) [10]. Alternatively, it can be sup-
plied by H-rich dielectrics like SiNy [11]-[13] or AlOx [14],
[15]. A subsequent thermal treatment is required to enable the
hydrogen diffusion to the critical poly-Si/SiO/c-Si interface,
unless the process temperature present during the deposition of
these films is already sufficient to achieve this.

For relatively thick poly-Si layers the application of metal
contacts that are fired through the hydrogen-containing dielectric
is an option. However, very thin poly-Si films utilized on the
front side are not resilient to such metal firing. Therefore, these
sacrificial dielectrics have then to be stripped off again (compare,
e.g., [16]) prior to metallization. For such thin poly-Si layers,
a particularly appealing option would be to hydrogenate from
a hydrogenated transparent conductive oxide (TCO). First, this
would remove the need to strip off the dielectric layer used for
hydrogenation, since the TCO can be contacted directly by the
metal.

In addition, a TCO is needed on the front side anyhow since
the thin poly-Si layers lack sufficient lateral conductivity for
efficient charge carrier extraction.

The majority of the TCOs utilized for Si solar cells belong
to the class of indium or zinc oxide. In recent years, several
studies stressed the beneficial impact of adding hydrogen to the
atmosphere during the growth of both In,O3 [17]-[21] and ZnO
[22]-[24] based TCOs. In brief, the high electron mobility in
hydrogen-containing TCOs (TCO:H) was related to the ability
of hydrogen atoms, first, to act as singly charged donors [25],
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second, to passivate acceptor-type cation vacancies within the
TCO [26] and defects at the grain boundaries of polycrystalline
films as well as, finally, their beneficial role in the crystallization
process of solid phase crystallized TCOs [18].

The target of this article is now to study the ability of such
TCO:H layers to serve as hydrogen source for defect passivation
at the poly-Si/SiOy/c-Si interface. In order to investigate this
topic on a wide scope, several combinations of substrate type,
poly-Si thickness, TCO materials, and postdeposition thermal
treatment are tested experimentally. These include the compar-
ison of the passivation properties on planar Si(100) and random
pyramid-textured surfaces. The surface of textured wafers is of-
ten more demanding in terms of passivation [27], as the effective
interface area is enhanced and typically several irregularities,
such as tips, valleys, and ridges, are present.

In this article, we exclusively focused on n-type poly-Si
electron contacts. As hydrogenation sources two types of TCOs
are studied: Hydrogen-rich zinc oxide deposited by atomic layer
deposition (ALD) and tin doped indium oxide sputter-deposited
under varying hydrogen addition. Furthermore, the thermal bud-
get required to obtain a high passivation level was quantified for
two postdeposition thermal treatments at different temperatures:
in air and in vacuum.

II. EXPERIMENTAL APPROACH

In order to quantify the charge carrier recombination, sym-
metric lifetime samples were prepared on n-type (100)-oriented
float zone (FZ) and Czochralski (Cz) wafers of 200 pm thickness
with a resistivity of 1 and 6 Q2cm, respectively. Selected samples
were etched in KOH to receive arandom pyramid surface texture
and all wafers were cleaned according to the RCA cleaning
procedure [29]. After the final HF dip, a thin interfacial ox-
ide layer of ~12 A was grown thermally in a tube furnace
at 600 °C for 10 min in N3/O5 atmosphere. Subsequently,
phosphorus-doped a-Si:H layers were deposited on both sides
using a Centrotherm cPLASMA 2000 PECVD tool [30]. The
effective a-Si:H thickness was varied for different experiments.
Afterward, the wafers received a 10 min anneal in a tube furnace
in Ny atmosphere at 900 °C, leading to a slight diffusion of
phosphorus into the c-Si wafer and turning the a-Si:H film into
poly-Si. Serving as a reference for the passivation level some
of the samples were exposed to the process RPHP at 400 °C
for 30 min. Other test structures were symmetrically coated on
both sides with a TCO layer of an effective thickness of around
75 nm. This was partly done by dc magnetron sputtering, where
a circular ITO target with a composition of InoO3/SnO5: 90/10
wt.%, adiameter of 25.4 cm and a purity of 99.99% was sputtered
under an applied power density of 0.4 W/cm? at a distance of
10 cm from the substrate. Oxygen and hydrogen were introduced
along with argon during the sputtering process resulting in a
total pressure of 0.27 Pa. Without the introduction of gases
the background pressure, which presumably mostly consists of
water vapor, was of the order of 10~* Pa. Other samples were
coated by Al-doped and intrinsic ZnO and/or AlO by means of
thermal ALD in an Oxford instruments OpAL reactor using a
substrate temperature of 200 °C [31]. AlOy depositions were

performed using trimethylaluminum and H2O as precursors.
ZnO films were prepared using diethylzinc and H,O. Al-doping
was introduced by alternating the ZnO cycles with AlOy cycles
in a supercycle fashion, where dimethylaluminumisopropoxide
was used as Al-precursor [32], [33]. When applied in a solar
cell or in contact resistivity test structures usually an HF dip
is conducted before TCO deposition in order to remove the
SiOy layer, which has formed at the poly-Si surface during the
high temperature anneal. However, we found that for passivation
properties this ultrathin layer had no impact concerning sputter
damage or rehydrogenation behavior, so in this article this HF dip
was omitted in some cases [removed SiOy interlayer: Fig. 2(b),
ALD samples in Fig. 3, cleaned but with native oxide due to
long storage time before ALD: Fig. 1(b)]. After TCO deposition,
thermal treatments were performed both in air and in a vacuum.
For air annealing, a conventional hotplate was used. During
the vacuum annealing process the samples received a pulsed
irradiation by a quartz heater. Here, the substrate temperature
steadily increased with IR light exposure time. The passivation
quality after relevant steps in the process sequence was quanti-
fied by photo conductance decay measurements using a Sinton
WCT-120 lifetime tester [34] and expressed either in terms of
the implied open circuit voltage iV, at one sun illumination or
by the minority carrier lifetime g at a lower injection density
of 10'5 cm—3. Here, an optical factor of 0.95 and 0.7 was applied
for planar samples with and without TCO coating (affecting the
antireflective properties), respectively, being increased to 1.05
and 0.8 for samples with random pyramid surface texture. The
optical factors were determined via superimposing transient and
generalized lifetime curves.

III. RESULTS AND DISCUSSION

In the first test symmetrical planar lifetime samples with
40 nm thick poly-Si on both sides were annealed in ambi-
ent air with or without being sputter-coated in advance with
ITO of varying hydrogen content. In Fig. 1(a), the passivation
level between the respective processes is expressed in terms
of implied open circuit voltage iV, at one sun illumination.
Due to the comparatively defect-poor poly-Si/SiOy/c-Si(100)
interface characteristics and the supporting poly-Si(n)-induced
field-effect, the iV, . was already at a proper level of 715 mV
after the poly-Si formation step and before any rehydrogenation
process. For the rather thick poly-Si used in this experiment, the
iVoc was not degraded during the ITO deposition, in case no
hydrogen was intentionally added to the process atmosphere. It
is reported that sputtering can generate defects in the vicinity of
the SiOy passivation region [35]-[37]; however, the invasivity
of the species coming from the plasma is strongly dependent on
poly-Si thickness and interface morphology [35], [38]. Increas-
ing the hydrogen partial pressure clearly increased the surface
recombination velocity (reducing the iV, to 672 and 657 mV)
after sputtering, which is a phenomenon we constantly observe
but the mechanism behind is still under investigation. In [39],
the intensity of the plasma radiation in the UV significantly
increased when hydrogen was added to the argon working gas,
likely affecting the surface passivation. However, in our case the
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Fig. 1. Passivation level of planar FZ Si samples with 40 nm thick poly-Si
(n) contacts. The lifetime samples were exposed to (a) ITO sputtering with
different hydrogen concentration in the atmosphere or (b) ALD coated with AZO
and/or AlOy. Postdeposition thermal treatments were performed on a hotplate
subsequently for 5 min at increasing temperatures.

induced defects were effectively curable and a high passivation
quality could be achieved after conducting annealing steps at
temperatures > 300 °C for the low, moderate, and high hydrogen
contents, peaking in an iV, of 742, 743, and 738 mV, respec-
tively. Lying around 30 mV above the initial level this excellent
passivation strongly indicates that not only the sputter-induced
damage was annealed effectively but also hydrogen was released
to support the saturation of defects at the SiOy interface. This
assumption is sustained by the drop in iV, for T > 450 °C,
which was related to the effusion of hydrogen out from the
contact structure [40]. Note that the passivation of the reference
sample without any TCO coating also improved up to 730 mV
after exposure to 300 °C in air. This possibly originated from
hydrogen entering from the ambient and/or from the relaxation
of strain within the structure which can be present after the
quite rapid cooling down after the poly-Si formation step. Here,
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TABLE I
SUMMARY ERD AND RBS ANALYSIS OF ITO AND ITO:H
H | In+Sn | (0) | Ar
(atomic percentage, at.%)
ITOgq 1.0 37.8 60.6 0.2
ITO:H 43 37.9 57.2 0.2

it can be mentioned that the lacking antireflective coating in
this sample also affects the charge carrier injection at one sun
illumination, which might have a slightly reducing impact on
the iV, values. The reason for the effective boost in iV, in case
of the nonintentionally hydrogenated ITO, denoted as ITOgq
in the following, can potentially be related to the comparatively
high base pressure in the utilized sputter system. To compare the
atomic composition of this ITOgq layer and the films deposited
under moderate Hs addition (ITO:H) Rutherford backscattering
spectrometry and elastic recoil detection (ERD) measurements
were performed for as-deposited layers and summarized in
Table I. The hydrogen content of about 1 at.% in the ITOgq films
might be sufficient to saturate residual dangling bonds in case of
the planar c-Si(100) surface. Introducing hydrogen at a flow rate
of 0.7 % of the total gas flow led to a hydrogen concentration of
4.3 at.% in the resulting ITO:H films. Interestingly, but being a
side information in this context, the increase in hydrogen comes
at the expense of oxygen atoms (60.6 to 57.2 at.%), whereas the
relative metal (indium + tin) fraction stays constant at around
37.8 at.%.

Fig. 1(b) summarizes a similar study with AZO replacing ITO
to check the ability of this hydrogen-rich ALD layer to work as a
hydrogenation source. It was reported that a thin aluminum oxide
capping can effectively prevent hydrogen to effuse out of the
zinc oxide film [31] leading to an increased effective hydrogen
diffusion flux toward the SiO, interface. Hence, an A10,/AZO
layer stack as well as a single AlOy film were included. In both
cases the AlOy thickness amounted to 10 nm. As expected, no
degradation in iV, occurred during the relatively soft ALD
process, where no plasma was present. Again thermal treatments
at T > 300 °C improved the iV, to above 735 mV for all samples
whereby the AlOy capping was not beneficial here. Coating
the poly-Si solely with the thin AlOy film led to a reduction
of passivation quality for T > 400 °C, likely due to limited
hydrogen reservoir in this layer. Nevertheless these experiments
showed that it is relatively simple to achieve a good defect
passivation in case of a planar Si(100) interface and thick poly-Si
(n) contacts and a moderate amount of incorporated hydrogen
is sufficient therefore. Noteworthy, the hydrogen content within
the selected indium-and zinc oxide-based layers simultaneously
enables suitable electro-optical properties of the respective films
[32]. [41].

The next experiment then addressed the passivation properties
on a random pyramid textured surface together with the impact
of a reduced poly-Si thickness in order to investigate a contact
structure more relevant for the cell’s front side

As shown in Fig. 2(a), the initial iV, was now significantly
lower (~660 mV), indicating the larger defect density at the
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Fig. 2. Effect of surface texture and reduced poly-Si thickness. Symmetric
textured samples containing (a) 28 and (b) 20 nm thick poly-Si layers were
sputter-coated with ITOgq or ITO:H and received various annealing processes
afterward.

textured interface. For the 28 nm thick poly-Si layer present here,
the additional interface defects caused by the ITO sputtering
with and without intentional hydrogen addition were hardly
observable in the already low passivation quality.

Annealing the samples at 350 °C for 6 min in ambient air
improved the passivation to 666, 685, and 725 mV in case of no
capping layer, ITOgq and ITO:H, respectively. An additional
5 min exposure to 400 °C further increased the iV, values of
these samples to 689, 713, and 728 mV. These results strongly
indicated the relevance of a hydrogen containing capping layer
for proper chemical passivation in case of the more challenging
textured surface. A rather large thermal budget was required to
achieve a moderate iV, for the hydrogen-poor ITOgq capping,
whereas the hydrogen-rich ITO:H counterpart was already quite
effective after the 350 °C anneal.

It has been reported that the electrical contact between the
poly-Si and the TCO rapidly degrades during thermal treatments
in ambient air at T > 300 °C [35] Hence, as an alternative
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Fig. 3. Passivation level of textured CZ Si samples with 15 nm thick poly-Si

(n) contacts. Various capping layers and annealing processes were applied on
textured poly-Si(n)/SiOx passivated Cz wafers.

annealing process, we investigated dynamical infrared irradia-
tion in vacuum, which was shown previously [38] to enable both
low interface recombination and low contact resistivity. Fig. 2(b)
depicts the iV, evolution during sputtering of ITO:H onto 20 nm
thick poly-Si. For these thinner contacts, the additional defects
generated during sputtering were reflected in a loss of around
50 mV to a level below 600 mV. The effectiveness of short
(cumulated irradiation of 35 s) and longer (42 s) exposure to IR
light in vacuum as well as of hot plate annealing in air at 350 °C
and 380 °C for 3 min was quantified by iV, values of 723, 730,
725, and 730 mV, respectively. For the 42 s irradiation and the
380 °C hotplate anneal, the obtained passivation level was on par
with the one achieved after an optimized RPHP step (~730 mV,
data not shown here).

Finally, to test the discussed processes on a layer structure
simulating an optically well performing passivating front side
contact, the poly-Si (n) layer thickness was further reduced to
15 nm. For this experiment, commercial Cz wafer were used
and cut into 5 x 5 cm? substrates subsequent to the etching
of random pyramids and the symmetrical application of SiOy
and poly-Si(n). The passivation level after various processes is
shown in Fig. 3 and quantified this time by the minority carrier
lifetime 7. at a fixed injection density of 10'> cm™ in order
to reduce the (slight) impact of the varying optical properties.
Before any rehydrogenation treatment 7. was around 300 ps.
After ALD deposition of either intrinsic (75 nm), or aluminum
doped zinc oxide (75 nm), or A1O,/AZO layer stacks (10/75 nm)
the lifetime 7. was slightly reduced to 200 ps. Subsequently,
the AZO, Al10/AZO, and ZnO coated samples were annealed in
ambient air successively at 380, 410, 430, and 450 °C dwelling
3 min at each temperature point. Hereby, the lifetime in every
sample gradually increased with temperature, peaking at0.9, 3.9,
and 1.9 ms, respectively, after the 450 °C step. Other samples,
which had received the same ALD processes, were exposed to
the 42 s irradiation step in vacuum, resulting in 0.7, 2.5, and
1.5 ms for AZO, AlO,/AZQO, and ZnO.
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Receiving the same vacuum anneal, two substrates which
were priorly sputter-coated with ITO:H showed 7.4 values of
2.7 and 3.6 ms. As a reference, samples exposed to the RPHP
process showed a 7. of around 2.5 ms.

The results indicate that there is a certain temperature (>350
°C) required for hydrogen to become sufficiently mobile in
order to migrate to the SiOy interlayer and/or to overcome
the activation energy for effectively supporting the chemical
passivation at the poly-Si/SiOy /c-Si interface region (compare,
e.g., [15]). In particular, the binding of hydrogen to interface
defects is attached importance when considering reported results
on AlO,/ZnO/SiOy passivation [31], where already ample hy-
drogen was present at the SiOy, interface in the as-deposited state,
but still a ~400 °C step was required to activate the chemical
passivation.

Moreover in case of the textured interface, the relevance of
the AlOy capping layer was now observable in the lifetime after
both the air and the vacuum anneals. As studied in [31], the
effusion of hydrogen from the ZnO to the ambient becomes
significant at temperatures above 300 °C. Especially when bound
to molecules hydrogen can pass quite easily through the ZnO
grain boundaries. In case an AlOy capping layer is omitted, the
hydrogen flux toward the SiOy is reduced. To what extent the
hydrogen-rich AlOy film itself has importance as a hydrogen
source cannot be distinguished in this experiment.

The reason for the better performance of the intrinsic ZnO lay-
ers compared with the Al-doped counterpart for samples without
AlOy capping remains unclear. During the ALD supercycles
the Al-doping is introduced in horizontal planes, which tend
to disrupt the crystal growth. Since the ZnO grain boundaries
are presumably an efficient transport path for hydrogen atoms,
one hypothesis is that these horizontal planes by this means
hamper the hydrogen transport. In contrast, an influence of the
different work function of the TCOs on the interface passivation
is considered improbable, due to the high doping level of the
poly-Si layer in between.

IV. SUMMARY AND OUTLOOK

In conclusion, it has been demonstrated that hydrogenation
of n-type poly-Si contacts through hydrogenated TCOs can be
highly effective. The passivation level of such contact structures
could be improved significantly both by means of ALD and
sputter-deposition of hydrogen-containing TCOs in conjunction
with a postdeposition thermal treatment at temperatures above
300 °C. A differing behavior was observed between planar sam-
ples, where a first-rate interface passivation could be achieved
even with hydrogen-poor ITO and AZO without capping layer,
and their textured counterparts, which seemed to require a larger
hydrogen content or an effusion barrier layer, respectively, to-
gether with a slightly elevated activation energy. Nevertheless,
also in case of textured interface morphology a passivation
quality on par with the RPHP reference could be achieved with
both TCO types combined with air or vacuum annealing steps.
As a feasible next step, ITO can be replaced by cerium doped
indium oxide, which was shown in [38] to facilitate a broadband
transparent contact with low electrical transport losses when
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sputter-deposited under the same hydrogen partial pressure as
in case of the here applied ITO:H.

Future work will deal with a similar study on p-type contacts
as well as the demonstration of the obtained findings on solar
cell level.
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