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Abstract—In recent years, passivating contacts based on
SiO2/poly-Si have proven to be an enabling technology for Si solar
cells. Effective hydrogenation of the interfacial SiO2 is vital for
realizing efficient contacts. Hydrogen-rich dielectrics, such as SiNx

and Al2O3, are commonly employed for hydrogenation, whereas
also recently, n-type conductive oxides, such as In2O3:Sn and ZnO,
have been demonstrated to yield excellent hydrogenation. This
study presents the use of a p-type metal oxide, specifically NiO, as a
suitable hydrogenation source. The p-type character of NiO makes
it an interesting candidate for hydrogenation because of its poten-
tial use in selective contacting structures. Herein, we show that
NiO, synthesized by atomic layer deposition (ALD), can be used
to hydrogenate poly-Si/SiO2 contacts effectively. Furthermore, we
benchmark its hydrogenation performance to the established ALD
ZnO/Al2O3 stack and provide insights into the hydrogenation
process. On planar surfaces, NiO yields almost as excellent results
as ZnO/Al2O3 stacks, whereas it lags behind on more challenging
textured surfaces. Interestingly, even though elastic recoil detection
analysis reveals that ALD NiO is rich in hydrogen, secondary ion
mass spectrometry measurements show that, when NiO is com-
pared to the ZnO/Al2O3 stack, less hydrogen is present at the
Si/SiO2 interface after annealing. This is explained from effusion
measurements, which show substantial effusion of hydrogen from
NiO around 300 °C. Hence, Al2O3 capping is further employed
to prevent hydrogen loss and on textured wafers, the NiO/Al2O3

stacks on poly-Si achieve an implied open-circuit voltage of 728 mV,
confirming the excellent hydrogenation from ALD metal oxides.

Index Terms—Hydrogenation, nickel oxide, passivating contact,
silicon solar cells, surface passivation.
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I. INTRODUCTION

ONE of the key developments in silicon solar cell technol-
ogy consists of the improvement of the absorber surface

passivation quality and development of charge carrier-selective
layers [1], [2], [3], [4], [5]. Serving both as a selective contact
and surface passivation layer, doped poly-Si with an ultrathin
SiO2 tunneling oxide has been adopted increasingly in silicon
photovoltaics (PV). The poly-Si passivating contact enables
highly efficient devices, so called TOPCon and POLO structures,
achieving more than 26% due to excellent charge selectivity
and well-passivated silicon surfaces [6], [7], [8]. This structure
enables commercialized TOPCon PV modules with efficiencies
in excess of 23% [9]. It has been proposed that the surface
passivation originates from field-effect passivation (also referred
to as carrier population control [3]) by the doped poly-Si layer.
Due to the degenerate doping of poly-Si, it induces a strong
band bending at the SiO2/c-Si(n) interface reducing the surface
recombination as can be seen in Fig. 1. A higher doping level of
poly-Si is expected to have higher field-effect passivation level
and better surface passivation.

In addition to field-effect passivation, the surface passiva-
tion of poly-Si/SiO2 passivating contact is due to chemical
passivation at the interfacial SiO2. Hydrogen plays a key role
in chemical passivation of the interfacial oxide by binding to
defects. However, during high temperature processing of poly-Si
(700–900 °C), hydrogen effuses from the structure, reducing
the passivation quality [10]. Hence, it is desirable to resupply
hydrogen after the formation of doped poly-Si for an effective
chemical passivation, as also shown schematically in Fig. 1. This
hydrogenation step can be done by hydrogen plasma treatment
or by employing H-rich dielectric materials, such as SiNx and
Al2O3 [11], [12], as well as hydrogenated transparent conductive
oxides, such as indium tin oxide (ITO) and Al-doped ZnO
[4], [13].

Among the fabrication methods for depositing hydrogenated
metal oxides, atomic layer deposition (ALD) has been used
widely for silicon surface passivation, mainly thanks to the
ability to make ultrathin layers with a high material quality [14],
[15], [16], [17]. In fact, various ALD metal oxides have proven
to give excellent hydrogenation quality. Previous reports have
shown that ALD Al2O3 is an excellent hydrogenation source
for poly-Si passivating contacts [14], [18], [19]. It has been
demonstrated that the chemical passivation from ALD Al2O3 on
a poly-Si/SiO2 stack roots from hydrogen diffusion (partially)
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Fig. 1. Schematic of a poly-Si passivating contact consisting of n-type Si
layer, ultrathin SiO2 layer, and poly-Si (n+) layer with a hydrogenated metal
oxide overlayer. The surface passivation at SiO2/c-Si(n) interface is achieved
due to chemical passivation (hydrogenation) and field-effect passivation (carrier
population control) thanks to band bending. The chemical passivation from
metal oxides originates from hydrogen released from the metal oxide layer upon
annealing, diffusing through the poly-Si to passivate the defects at SiO2/c-Si(n)
interface. The released hydrogen from the metal oxide layer can also diffuse
to the surface of the metal oxide and effuse from the metal oxide (effusion).
Note that for simplicity, the work functions of the poly-Si and the generic
hydrogenated metal oxide were assumed to be equal in the schematic.

from the ALD layers hydrogenating the SiO2/c-Si(n) interface
to reduce the interfacial defects (see Fig. 1) [20]. Furthermore,
it has been shown that ALD Al-doped ZnO on thin SiO2 with
Al2O3 capping is an excellent passivating contact for n+ diffused
doped Si surfaces [21], [22], [23]. In this case, hydrogenation of
poly-Si enables an implied open-circuit voltage (iVOC) of more
than 735 mV [13]. In these studies, the Al2O3 capping layer was
employed to prevent hydrogen effusion from the ZnO layer and
enhance the optical and electrical quality of the ZnO [21], [22].

In this work, we explore the use of ALD nickel oxide (NiO) as
a hydrogen source for poly-Si based contacts. While literature
reports have so far focused on the hydrogenation via dielectrics
or n-type metal oxides/transparent conductive oxides, NiO is a
p-type metal oxide and as such widely used as a charge selective
contact in solar cells. For example, NiO is already established
as p-type contact layer in metal halide perovskite solar cells,
by delivering conversion efficiency values as high as 21% [24].
By having a p-type contact layer, NiO can potentially be used
in a tunnel recombination junction in tandem silicon/perovskite
cells, which has recently been demonstrated in the literature [25].
Here, we demonstrate the hydrogenation of poly-Si(n)/SiO2

contacts from ALD NiO and provide insights into this hydro-
genation process. Furthermore, the passivation performance is
tested on different poly-Si contact structures, where the doping
level and thickness of the poly-Si layer are varied, as well
as the surface finish (polished or textured). The reasons for
these variations are as follows. First, hydrogenation is typically

more critical for less doped poly-Si since the field effect is
less pronounced. Second, passivation on textured surfaces is
typically more challenging than polished surfaces, presumably
due to the enhanced surface area and nanoscale roughness of
the pyramids [26], [27]. Finally, thicker, highly doped poly-Si
finds its industrial relevance in the i-TOPCon structure [28]. On
the other hand, thin and less doped poly-Si is preferred on the
front of the Si bottom cell in silicon-perovskite tandems, since
this leads to less parasitic absorption of infrared light. Regarding
the latter application, both planar and textured Si surfaces are
currently pursued [29], [30], [31]. Furthermore, we include a
comparison with the established ZnO/Al2O3 stack to aid the
investigation of hydrogenation of the poly-Si stack by NiO.

Our results show that on planar wafers, hydrogenation from
lowly doped poly-Si/ALD NiO stacks is highly effective and
on par with ZnO/Al2O3, reaching iVOC values of 730 mV. On
textured wafers, hydrogenation is still effective (711 mV), yet
lags behind the ZnO/Al2O3 stack (724 mV). By tracking the
diffusion of hydrogen, it has been found that although NiO yields
hydrogenation of the SiO2 tunnel oxide, less hydrogen diffuses
toward this interface during the annealing step, as compared
to ZnO/Al2O3 capping layers. This is supported by effusion
measurements, which show the onset of hydrogen effusion from
NiO about 100 °C lower than for ZnO suggesting a higher
loss of hydrogen before the optimal annealing temperature is
reached. Building on this insight, it is shown that adding an
Al2O3 capping layer to NiO significantly improves its hydro-
genation performance on textured surfaces, resulting in an iVOC

of 728 mV.

II. EXPERIMENTS

A. Sample Preparation

Poly-Si layers were deposited using low-pressure chemical
vapor deposition (LPCVD). After standard RCA chemical sur-
face cleaning of the wafer, a very thin thermal oxide layer was
grown by in situ oxidation in the LPCVD process tube. Subse-
quently, an amorphous silicon layer was deposited by LPCVD
from silane, in situ doped with phosphorus from PH3. Note that
the layer might be partially crystallized during the process at
this step as reported from a previous study [32]. Finally, this
layer was annealed in a tube furnace for crystallization into
a polysilicon layer and to activate the dopants. Two types of
poly-Si were used. One type was 140 nm thick with a doping
level of 1.8 × 1020 cm−3 on a 4 Ω·cm Si(n) wafer, labeled as
“thick, more doped poly-Si” onward. The other type was 65 nm
with a doping level of 1 × 1020 cm−3 on a 2.5 Ω·cm Si(n)
wafer, labeled as “thin, less doped poly-Si.” Prior to the ALD
metal oxide deposition, the poly-Si(n)/SiO2/c-Si(n) wafers were
treated in diluted hydrofluoric acid (1%) for 1 min to remove any
surface oxide, then rinsed thoroughly with deionized water to
remove any excess of hydrofluoric acid.

ALD of NiO was performed in a home-built ALD reactor
with a base pressure of 5 × 10−6 mbar (the reactor is described
in details elsewhere [33]). The process used nickel bis(N,N’-
di-tert-butylacetamidinate) [Ni(tBu-MeAMD)2] and water as
coreactant. The precursor bubbler was kept at 90 °C and Ar



PHUNG et al.: EFFECTIVE HYDROGENATION OF POLY-SI PASSIVATING CONTACTS BY ATOMIC-LAYER-DEPOSITED NICKEL OXIDE 1379

TABLE I
PROCESS DETAILS FOR ALD METAL OXIDES USED IN THIS WORK

flow was used for bubbling. The precursor was first synthesized
in a report by Li et al. [34] and subsequently used for ALD
processes [35], [36], [37], however, no saturation curves were
reported. Thus, a detailed study of the ALD NiO process will be
presented in a separate publication. ALD of ZnO was performed
in an Oxford Instruments OpAL ALD reactor using diethylzinc
(DEZ) as precursor and water as coreactant. Details of the ALD
ZnO process can be found in our previous publication [38].
ALD Al2O3 was prepared in the same reactor using dimethylalu-
minum isopropoxide (DMAI) and water as reported previously
[39]. All the process parameters are summarized in Table I.

To study the hydrogenation, the c-Si(n)/SiO2/poly-Si(n)/NiO
and c-Si(n)/SiO2/poly-Si(n)/ZnO/Al2O3 stacks were subjected
to different annealing temperatures for 5 min in air on a hotplate
up to 500 °C. For higher annealing temperatures, a rapid thermal
annealing (RTA) setup was used where annealing was performed
in N2 (accumulated steps) at near-ambient pressure.

B. Characterization Methods

The lifetime measurements were performed with a Sinton
Lifetime Tester WCT-120TS using transient/quasi-steady-state
photoconductance decay measurements [40]. We extracted life-
time at an injection level of 1015 cm−3

, the implied open-circuit
voltage at 1 sun illumination and the dark saturation current at
an injection level of 5 × 1015 cm−3. For these measurements,
symmetrical lifetime samples were used.

Secondary ion mass spectrometry (SIMS) depth profiling was
performed using an Ion-Tof TOF-SIMS IV instrument, operated
in negative mode with 2-keV Cs+ ions for sputtering. Depth
scale calibration of the profiles was done on the basis of the total
nominal thicknesses. A constant erosion rate in each sample and
each layer was assumed, which introduces systematic errors up
to a factor of 2 in the depth scale since different materials may
have different erosion rates. Concentrations were calculated us-
ing literature values for the sensitivity factors in a Si matrix [41].
This implies that possible systematic errors are up to a factor of 3
for measurement on NiO, Al2O3, and ZnO layers. Nonetheless,
within Si, the error of the concentrations is ±25%. Considering
these estimated errors, it was not possible to quantify accurately
the hydrogen concentration versus depth, however, qualitative
changes in the hydrogen distribution profile can be discerned.

Fig. 2. (a) Minority charge carrier lifetime and (b) implied VOC of poly-
Si(n)/SiO2/c-Si(n) (140 nm, doping concentration of 1.8 × 1020 cm−3) stack
with ALD metal oxide (7-nm NiO or 20-nm ZnO/20-nm Al2O3) and wafers
without metal oxide layer. Filled symbols are polished wafers (planar) and
open symbols are textured wafers. The wafers used were symmetrical sam-
ples of NiO/poly-Si(n)/SiO2/c-Si(n) and Al2O3/ZnO/poly-Si(n)/SiO2/c-Si(n)
subjected to different annealing temperature for 5 min in ambient condition
on a hotplate up to 500 °C (accumulated steps). Subsequent annealing steps
(>500 °C) were done in a RTA system in N2 atmosphere.

Hydrogen effusion measurements were performed by heating
samples at a constant ramping rate of 20 °C/min in a quartz tube
evacuated by a turbomolecular pump. The effused species were
detected by a quadrupole-mass spectrometer. The setup was
described in detail elsewhere [42]. For effusion measurements,
symmetrical samples were prepared using polished FZ silicon
wafers as substrates.

The optical properties of poly-Si layers were determined
from spectroscopic ellipsometry (NIR (0.75–5 eV) Ellipsometer
M2000, J.A. Woollam Company, Lincoln, NE, USA). Measure-
ments were performed on Si wafers with a 100-nm-thick SiO2

that serves to give an optical contrast between the Si wafer and
poly-Si film. The poly-Si was modeled using two Tauc–Lorentz
and one Drude oscillator to consider the contributions from
bandgap and free carrier absorption, respectively.

Atomic force microscopy (AFM) imaging was carried out
using a Veeco Dimension MultiMode microscope connected to
a Nanoscope III controller in a tapping mode at the scan rate of
1 Hz using PPP-NCH probes (Nanosensors).

III. RESULTS AND DISCUSSION

A. Passivation Quality

Fig. 2 reports the minority charge carrier lifetime and iVOC

of the thick, more doped poly-Si stacks at different annealing
temperatures. The c-Si(n)/SiO2/poly-Si(n) stack without metal
oxide overlayer (labeled as no metal oxides in the figure) exhibits
an approximately constant lifetime of 9 ms during the annealing
steps up to 500 °C. Although it has been reported that annealing
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Fig. 3. (a) Minority charge carrier lifetime and (b) implied VOC of poly-
Si(n)/SiO2/c-Si(n) (65 nm, doping concentration 1.0 × 1020 cm−3) stack with
ALD metal oxide (7-nm NiO or 20-nm ZnO/20-nm Al2O3) and wafers without
metal oxides layer (black lines). Filled symbols are polished wafers (planar)
and open symbols are textured wafers. The wafers used were symmetrical sam-
ples of NiO/poly-Si(n)/SiO2/c-Si(n) and Al2O3/ZnO/poly-Si(n)/SiO2/c-Si(n)
subjected to different annealing temperature for 5 min in ambient condition
on a hotplate up to 500 °C (accumulated steps). Subsequent annealing steps
(>500 °C) were done in a RTA system in N2 atmosphere.

in air can improve the iVOC of poly-Si stack due to positive
effect of water vapor in annealing environment [43], [44], in
our case, the iVOC stays constant without metal oxide layers.
In contrast, as can been seen in Fig. 2(a), the minority charge
lifetime increases from 350 °C for the stack with a 7-nm NiO
layer. For polished wafers, the lifetime reaches 13.2 ms for NiO
at an optimal annealing temperature of 500 °C, corresponding to
an excellent iVOC value of 731 mV [see Fig. 2(b)]. On the other
hand, the lifetimes obtained on textured wafers are generally
lower and only a modest improvement in lifetime is obtained for
the sample with a NiO layer. After annealing at 500 °C, lifetime
and iVOC values of 2.4 ms and 710 mV have been achieved,
respectively. These values are very similar to the reference
wafer without a metal oxide capping layer, suggesting that the
hydrogenation by NiO on these textured wafers is ineffective.

Fig. 3 displays the passivation results for a very similar
experiment, in which thinner and less doped poly-Si was used.
The thinner and lower doping level allow for better transparency
in the IR region due to lower free charge carrier absorption in
agreement to a previous report [45]. As can be seen in Fig. 3(a),
the initial lifetime of the bare planar thin, less doped poly-Si
stack is lower compared to thick, more doped poly-Si stack (3 ms
versus 9 ms for planar wafers). This is most likely related to a
lower field-effect passivation of thinner less doped poly-Si layer
compared to the thicker more doped counterpart. Hence, it is
expected that hydrogenation plays a more crucial role in thin
poly-Si stacks to achieve a high minority charge carrier lifetime
and high iVOC. Indeed, as can be seen from Fig. 3(b) for thin, less
doped poly-Si/NiO samples, a stronger increment in iVOC can
be seen compared to the thick, more doped poly-Si/NiO stacks

[see Fig. 2(b)]. For polished wafers, the improvement is roughly
15 mV, whereas for textured wafers, the improvement in iVOC

is significant, increasing by 23 mV for the poly-Si/NiO-based
stack. This highlights the vital role of hydrogenation in a thin,
less doped poly-Si stack to achieve high iVOC compared to
the thick, more doped poly-Si. Also note that although dopant
deactivation by hydrogen has been reported in [46], [47], and
[48], annealing induces a reduction in sheet resistance of the
stack from 71.1 to 61.5 Ω/�. This is likely due to an increase
in conductivity of the poly-Si upon annealing. Hence, we do
not expect dopant deactivation by hydrogen and accompanying
decrease in field-effect passivation in this case.

In Figs. 2(a) and 3(a), beyond the annealing temperature at
450–500 °C, the passivation quality decreases with further an-
nealing. This trend is most likely related to the loss of hydrogen
from the SiO2/c-Si(n) interface. It has been reported that Si–H
bonds are broken upon annealing at 550 °C, thereby increasing
the surface trap state density [49]. Moreover, annealing steps
up to 500 °C were carried out in ambient atmosphere whereas
subsequent annealing steps were done in N2 atmosphere. To
examine the effect of annealing atmosphere, we compare the
lifetime values of wafers annealing in ambient condition and
annealing in N2. We observe that annealing in N2 degrades the
bare wafer faster than annealing in air as the lifetime of the
minority charge carrier rapidly decreases already from 400 °C
annealing temperature onward in N2 atmosphere. Therefore,
both effects of high temperature and annealing atmosphere are
likely to explain the passivation quality loss shown in the lifetime
test. We acknowledge that the initial lifetime values are different
from different investigated wafers, which can be likely attributed
to the variation in processing and handling, however, considering
that the achieved value after annealing is higher than initial value
as well as values obtained in bare wafers (without ALD metal
oxide), we trust that ALD metal oxides effectively hydrogenate
the poly-Si stacks on polished wafers.

Figs. 2 and 3 additionally show passivation results for samples
capped with an ALD ZnO/Al2O3 stack. Similar to NiO stacks,
the lifetime of the sample with a ZnO/Al2O3 stack exhibits a
constant lifetime up to 350 °C, then the lifetime values increase
rapidly. Interestingly, better passivation results are obtained for
this stack, suggesting a better degree of hydrogenation. Espe-
cially on textured surfaces, the difference is pronounced, where
the ZnO/Al2O3 stack achieves on the order of 10-mV higher iVoc

values. To elucidate the hydrogenation mechanism from ALD
NiO layers and to gain insights into the observed passivation
differences between NiO and ZnO/Al2O3 stacks, the remainder
of this work focuses on dedicated studies of hydrogen within
these stacks and how this evolves upon thermal annealing.

B. Role of Hydrogen Content

The first consideration for an effective hydrogenation from a
metal oxide is its hydrogen content. In other words, it can be ex-
pected that higher lifetimes can be achieved with thicker layers,
which is evidenced in the comparison of different thicknesses of
the metal oxide, i.e., capping with 20-nm ZnO performs better
than 7-nm ZnO.
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TABLE II
ERD RESULT OF DIFFERENT ALD LAYERS MEASURED ON 20-NM LAYERS

DEPOSITED ON CZ WAFERS

Elastic recoil detection (ERD) was used to quantify the
amount of hydrogen in as-deposited (pristine) metal oxide lay-
ers. The hydrogen atomic areal densities of the ALD metal
oxides are presented in Table II. In this case, the thickness of
NiO is 20 nm so that the signal of NiO can be distinguished
clearly from the layers’ underneath. ERD shows that 20-nm
NiO has 31 × 1015 hydrogen atoms/cm2 corresponding to a
hydrogen concentration of 1.6 × 1022 cm−3, which is higher
than the hydrogen concentration in ZnO/Al2O3 at a value of
0.3 × 1022 cm−3. Although the spatial sensitivity of ERD is
limited to about 20 nm, the peak position can indicate whether
the hydrogen is concentrated mainly on the surface of NiO
or distributed homogeneously. The simulated ERD spectra of
the hydrogen profile in NiO show that hydrogen is distributed
homogeneously throughout the layer. Thus, it is valid to assume
a linear dependence between the amount of hydrogen and the
film thickness. Therefore, a 7 nm (similar to the thickness value
used in lifetime test) thick NiO film would likely have 11 × 1015

hydrogen atoms/cm2, which is slightly less than 13 × 1015

hydrogen atoms/cm2 present in the ZnO/Al2O3 layer. However,
this difference is only marginally higher than the error presented
in Table II, hence, the total hydrogen content in the pristine
metal oxides seems not to play a decisive role in the differences
in observed lifetime. Furthermore, note that this high hydrogen
content in ALD metal oxides is a few orders of magnitude higher
than the interfacial defect density on the surface of Si—of the
order of 1012 cm−2 [15]. Therefore, we hypothesize that the total
hydrogen concentration in the ALD metal oxides is not the sole
reason behind the difference seen in passivation tests.

C. Role of Hydrogen Retainment in the Layers

Previous reports have demonstrated a clear link between hy-
drogen concentration at the SiO2/c-Si interface and the achieved
surface passivation, where higher hydrogen concentration seen
in SIMS has been coupled with better lifetime of the investigated
stacks [21], [50]. Hence, SIMS was employed to detect the
hydrogen redistribution due to annealing. SIMS analysis of the
NiO/poly-Si(n)/SiO2/c-Si(n) stack is shown in Fig. 4¸ both in
the pristine state and after annealing. We further use a similar
thickness of 20-nm NiO in subsequent characterizations to en-
sure a high hydrogen content in NiO, on par with ZnO/Al2O3

to examine other underlining factors affecting hydrogenation
besides total hydrogen content.

Fig. 4(a) shows the pristine layer (prior to annealing),
whereas Fig. 4(b) presents the elemental traces after annealing
at 500 °C in air, which gives the optimal passivation. Comparing
the hydrogen profiles before and after annealing can provide

Fig. 4. SIMS of (a) pristine and (b) after annealing at 500 °C for 5 min in
air of NiO/poly-Si(n)/SiO2/c-Si(n) stack; (c) pristine and (d) after annealing at
500 °C for 5 min in air of Al2O3/ZnO/poly-Si(n)/SiO2/c-Si(n) stack. The blue
trace is O, black trace is H, and green trace is Si signal. The color scheme is
to guide the eyes toward different layers as inferred from the Si and O signals.
The dashed line is to indicate the background H level. Note that the NiO layer
thickness is 20 nm in this measurement to ensure no limitation from hydrogen
content as explained earlier.

evidence for chemical passivation. The oxygen and silicon
signals are plotted alongside the hydrogen signal, which helps
to identify the layers, as shown in different color schemes in
Fig. 4. The yellow layer can be assigned to SiO2 due to a strong
signal of oxygen, which is significantly higher than the values
in adjacent layers namely poly-Si and c-Si layers. Even though
SiO2 is ultrathin (on the order of 1–2 nm), the oxygen signal is
broadened significantly, most likely due to nonuniformity of the
etch front. Moreover, since the used planar wafers are not mirror
polished (the rms roughness value of around 264 nm obtained
from AFM scan), additional broadening of the signal might be
expected. However, we believe that the qualitative change of the
trend is valid when comparing wafers before and after annealing.

As can be seen in Fig. 4, the hydrogen concentration is low
throughout the stacks except for the ALD metal oxides. The
background hydrogen level (indicated by the dashed line) is
around 2 × 1019 cm−3, as can be seen in the poly-Si and c-Si
regions. A slightly higher hydrogen concentration in the SiO2

region compared to the Si regions can be seen in the pristine
NiO stack, however, the signal is relatively noisy. When the
NiO stack is annealed at 500 °C in ambient condition, it can
be seen that the hydrogen content in the annealed NiO layer
[depicted as red area in Fig. 4(b)] is slightly lower compared
to the pristine stack [see Fig. 4(a)]. Notably, after annealing
at 500 °C, a slight increase of H concentration at SiO2/c-Si(n)
interface can be seen in Fig. 4(b). We note that SIMS mea-
surement is inadequate to clearly distinguish whether hydrogen
content increases within the SiO2 layer or at the SiO2 interface
with the c-Si layer. Nonetheless, the improvement in minority
charge carrier lifetime and iVOC after annealing indicates that
chemical passivation occurs at SiO2/c-Si(n) interface, as also
reported in the literature [51]. Even though the increment of
hydrogen content at the SiO2/c-Si(n) interface of the NiO stack
is modest reaching 1 × 1020 cm−3, the peak is visible compared
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to the background level and the signal is less noisy compared
to pristine case [see Fig. 4(a)]. Thus, it is strongly evident
that NiO can provide hydrogen for chemical passivation of
poly-Si(n)/SiO2/c-Si(n)stack.

Fig. 4(c) shows the pristine wafer with the ZnO/Al2O3 stack.
We observe a similar hydrogen background level in this stack.
Upon annealing, comparing to the NiO case, the decrease in H
content is less in ZnO/Al2O3 layers [see Fig. 4(d)]. This is likely
due to the effective Al2O3 capping layer to prevent H effusion
from ZnO. This result is in agreement with a previous report,
where Al2O3 capping reduces significant H effusion signal from
ZnO [21]. Comparing the black trace between Fig. 4(c) and
(d), the hydrogen content increases clearly at the SiO2/c-Si(n)
interface after annealing. Here, the annealed ZnO/Al2O3 sample
shows a clear peak of hydrogen at the region identified as SiO2

layer similar to previous observations [21], [52]. This increase in
hydrogen content is more pronounced in ZnO/Al2O3 compared
to the NiO case [see Fig. 4(b) and (d)] and can explain the higher
obtained lifetime for ZnO/Al2O3 stacks. For both poly-Si stacks,
the hydrogen content stays low in the poly-Si layer before or
after 500 °C annealing near the SIMS detection limit of about
1019 cm−3. We note, however, that this lack of high hydrogen
trapping levels does not contradict hydrogen diffusion through
the poly-Si. Reported hydrogen concentration levels in poly-Si
arising from solid diffusion source layers are also in the range
of 1–3 × 1019 cm−3 [53].

As the SIMS results show a loss in hydrogen content of NiO
after high temperature annealing, we used effusion measure-
ments to detect the effused gases from the layers upon high tem-
perature annealing. Effusion measurements have proven useful
to understand the hydrogenation of various systems reported in
the literature, where the hydrogen effusion signal can indicate the
temperature at which hydrogen atoms become mobile and also
provide an insight into the hydrogen content of different layers
[14], [21], [42], [54]. Similar to SIMS, effusion measurements
were done with 20-nm NiO for a direct comparison. Note,
however, that the investigated stacks did not involve the poly-Si
layer. Fig. 5 presents the effusion results from NiO deposited
symmetrically on a float zone Si wafer. Fig. 5(a) shows the
hydrogen (mass 2) and water (mass 18) effusion rates as a
function of temperature. Fig. 5(b) presents the quantification of
effusion rate of hydrogen (dNH/dt). A pronounced effusion spike
for both species is observed at a temperature near 300 °C. Since
for detection of molecules by the quadrupole mass analyzer,
a heated filament and a voltage of about 80 V were used for
ionization by electron impact, the hydrogen signal could, in
principle, arise from the fractionation of water in the ionization
process. However, fractionation of water in the same effusion
system gives ratios of mass 18 to mass 2 signals exceeding
two orders of magnitude, whereas in the present case shown
in Fig. 5(a), this ratio is about 2. Thus, the effusion spikes of
hydrogen and water must have a different nature. It appears
likely that hydrogen is incorporated in NiO predominantly in
various hydroxyl groups. For instance, Koushik et al. [55]
reported for ALD NiO surfaces the presence of NiOOH and
Ni(OH)2 species and a decrease of their signal upon anneal-
ing at 300 °C based on X-ray photonelectron spectroscopy

Fig. 5. Effusion results of 20-nm ALD NiO on an FZ Si wafer (symmetrical
samples—double sided deposition) using a 20 °C/min temperature ramp. (a) Red
trace is hydrogen and green trace is H2O effusion rate. (b) Quantified hydrogen
effusion rate, i.e., hydrogen atoms per volume per time.

measurements. Elbaz et al. [56] reported for various nickel
oxy/hydroxyl materials the diffusion of atomic hydrogen. The
release of water upon annealing was reported for various Ni
hydroxyl materials [57], [58], [59], [60]. In three of these studies,
a H2O desorption temperature near 300 °C was also found [58],
[59], [60].

However, such a dehydroxylation process cannot explain why
the hydrogen and water effusion spikes occur at the same temper-
ature. As H2O molecules are too large to effuse from a compact
material [42], we expect that the water desorption comes either
from the film surface or from internal voids where water is
trapped. One possibility is that part of the (interstitial) hydrogen,
which diffuses toward the surface, reduces the NiO there, and
forms H2O, resulting in the H2O effusion spike. Evidence for
the reduction of NiO by hydrogen has been reported in the
literature at similar temperature ranges [59]. However, our SIMS
data (within accuracy) show no evidence for NiO reduction.
Yet, as the SIMS data was obtained from samples annealed in
ambient (as opposed to vacuum annealing for effusion), it is well
possible that any reduction of NiO by hydrogen is counteracted
by oxidation from the ambient.

Another possibility is that the diffusing hydrogen (and des-
orbing H2O) gets trapped in voids, which may open up at high
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pressure releasing both H2O and H2. Both models thus can
explain the simultaneous H2 and H2O effusion peaks. Support
for the presence of water molecules within the NiO comes
also from a comparison of the hydrogen content measured by
hydrogen effusion and ERD. Integration over the hydrogen
effusion curve in Fig. 5(b) gives about 0.5 × 1022 cm−3 hy-
drogen atoms in the layer. Note that this number is lower than
the ERD result (1.6 × 1022 cm−3), which indicates that there
might be some water trapped in the grain boundaries of the
layer. Since the ERD result can be influenced by hydrogen in
water molecules, whereas water molecules cannot contribute to
the hydrogen effusion results (in the effusion spike), trapped
water molecules might be present in the layer. Furthermore,
some fraction of hydrogen in the layer is also expected to
contribute to the H2O effusion spike, which can further explain
the difference between effusion and ERD measurements. The
pronounced effusion of hydrogen (and water) starting around
200 °C shows that hydrogen in the NiO becomes mobile at
rather low temperatures. In combination with the SIMS data
interpretation earlier, we postulate that hydrogen from the NiO
upon annealing can partially effuse to the ambient and partially
diffuse inside the stack resulting in chemical passivation.

This study shows that the main hydrogen effusion from NiO
starts near 200 °C, whereas previous work showed that hydrogen
effusion from ZnO starts at about 100 °C higher temperatures,
despite that similar process temperatures (150 °C/200 °C) had
been applied [21], [38]. This indicates that the energy barriers
for the mobilization and surface desorption of hydrogen for
these two metal oxides are not the same. Using the relation
between H effusion temperature and Arrhenius dependence
(D = D0 exp(−ED/kT), with D the diffusion coefficient, D0

the diffusion prefactor, ED the activation energy for diffusion,
and k Boltzmann’s constant) of hydrogen diffusion [61], one can
estimate the involved hydrogen diffusion energies by assuming
a hydrogen diffusion prefactor. Using the theoretical diffusion
prefactor D0= 10−3 cm2/s as often assumed [42], [53] activation
energies of 1.36 eV for the ZnO and 1.27 eV for the NiO
are obtained. Nonetheless, we observe a similar trend and a
similar optimal temperature of passivation in Figs. 2 and 3
for the NiO and ZnO/Al2O3 stacks. Moreover, even though
both the thicknesses and the doping levels are different in the
data of the mentioned figures, the lifetime and iVOC increase
with similar trends as a function of annealing temperatures.
There are two likely mechanisms that can contribute to this
similarity.

First, such similar behavior is to be expected if the diffusion
of hydrogen through the poly Si layers plays an important role.
Using the poly-Si layer thicknesses of the stacks and H diffusion
data for poly-Si with randomly distributed grain boundaries by
Nickel et al. [53] (D0 = 10−3 and 4 × 10−3 cm2/s, ED = 1.50
and 1.69 eV), respectively, one can estimate the temperature
of maximum H effusion, i.e., the temperature of maximum
flow of hydrogen toward the c-Si interface [61]. For the stack
of Fig. 2, 485–505 °C is obtained, for the stack of Fig. 3,
450–460 °C. Thus, the differences in the lifetime maxima in
Figs. 2 and 3 agree quite well with this result and suggest that
passivation depends on the temperature (and time) required for

hydrogen diffusion inside poly-Si to reach SiO2/c-Si(n) interface
for chemical passivation [53], [62].

A second likely mechanism is the presence of a separate en-
ergy barrier for hydrogenation of the SiO2/c-Si(n) interface aside
from the temperature required for hydrogen to diffuse through
the poly-Si. In related work from our group, the passivation by
c-Si/SiO2/ZnO:Al/Al2O3 stacks has been studied, which closely
resemble the c-Si/SiO2/poly-Si(n)/ZnO:Al/Al2O3 stacks of
[21], [22], and [23]. While in that case, the hydrogen present
in the ZnO:Al does not have to diffuse through the poly-Si,
very similar optimal annealing temperatures for passivation were
found in the range of 450–500 °C. Importantly, it has been
observed that the annealing temperature at which the passivation
is activated does depend on the preparation method of the
ultrathin SiO2. This implies that also the SiO2 layer plays a
role in the activation temperature, although the exact nature of
the associated energy barrier is difficult to pinpoint.

Looking at the decay of passivation quality at temperatures
exceeding the optimal annealing temperatures, it can readily be
seen that the ZnO/Al2O3 stacks yield better thermal stability
as compared to the NiO layer. This is attributed to the much
greater loss of hydrogen from the NiO layer as compared to the
ZnO/Al2O3 layer during annealing.

The discussion on the effusion measurements and SIMS data
both show that a substantial amount of hydrogen is lost prior
to the optimal passivation temperature. It is worth noting that
the hydrogen reduction seen in SIMS data before and after
annealing is only about half, whereas about 80% of the amount
of hydrogen of the total quantified amount of hydrogen in the
effusion measurement (going up to 1000 °C) is already lost prior
to 500 °C. This difference suggests that even as 1000 °C, the
NiO films still contain hydrogen, most likely trapped as H2O
or H2 in voids. A high stability of trapped molecules in voids
is well known from a-Si:H at 1000 °C [42] and more is needed
for effusion of argon, which is of smaller size than H2O, from
a-SiOx [42]. However, these H2O and H2 molecules trapped in
voids in NiO at temperatures near 500 °C and above are not
considered to contribute to the surface passivation.

D. Effective Capping by Al2O3

Aiming to retain the hydrogen in the NiO layer and prevent hy-
drogen loss before the optimal annealing temperature, a 20-nm
Al2O3 capping layer on NiO was employed to prevent hydrogen
effusion from this layer, as Al2O3 has been demonstrated to be
an effective capping layer for ZnO [21]. Furthermore, it has been
shown in the literature that Al2O3 can supply additional hydro-
gen for chemical passivation [50]. Here, we focus on the textured
wafers as it is more challenging to achieve good passivation of
textured wafers compared to the planar counterpart. The Al2O3

capping on NiO increases the iVOC compared to NiO alone for
both poly-Si stacks, reaching more than 717 mV for thick poly-Si
and excellent value of 728 mV for thin poly-Si. This confirms
that an additional Al2O3 layer can (either) prevent hydrogen
effusion from NiO, and/or supply additional hydrogen to achieve
better surface passivation. Therefore, although a large amount
of hydrogen is present in NiO, it is crucial to keep the hydrogen
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within the stack until the temperature needed for activation of
the surface passivation is reached.

IV. CONCLUSION

It has been demonstrated in this study that ALD NiO can
be a good hydrogen source for chemical passivation of poly-
Si(n)/SiO2/c-Si(n) stacks. Evidenced from lifetime measure-
ments, we found that ALD NiO can improve the minority
charge carrier lifetime and implied open-circuit voltage upon
annealing. SIMS measurements demonstrate that the chemical
passivation from NiO originates from the increment of hydrogen
at SiO2/c-Si(n) surface. However, despite being richer in hydro-
gen, we found that for NiO, this increment in hydrogen at the
interface was less than for the ZnO/Al2O3 stack, explaining the
higher iVOC values achieved for the latter. The relatively lower
hydrogenation performance of NiO was linked to substantial
hydrogen effusion from the layer at temperatures below the
optimal temperature for activation of the surface passivation.
Hence, to prevent hydrogen effusion, Al2O3 capping on NiO
was used, which resulted in excellent value of 728-mV iVOC

for the thin, less-doped poly-Si stack. These results underline
the potential to use ALD metal oxides, including p-type metal
oxide, for hydrogenation of poly-Si stacks.
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