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ABSTRACT

The effect of the native silicon oxide layer on the passivation properties of Al2O3 on p-type Si surfaces has been investigated. This was
done by comparing effective carrier lifetime, surface saturation current density, fixed charge, and density of interface states of samples,
where the native oxide was not removed prior to Al2O3 passivation, with samples subjected to a 3 min HF-dip. The sample with the
native oxide exhibits excellent surface passivation post-annealing, with a surface saturation current density of 13 fA/cm2 and significantly
longer effective lifetime compared to the sample, where the native oxide was removed. Capacitance–voltage measurements of a sample
with the native oxide revealed a remarkably low density of interface states (1010 eV−1 cm−2), almost three times lower than a sample
where the native oxide was removed prior to Al2O3 deposition. The results indicate that a thin layer of native oxide improves the Al2O3

surface passivation of silicon.

© 2021 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/10.1063/5.0051215

I. INTRODUCTION

As microelectronic devices are continuously scaled down
in size, the surface becomes an increasingly larger part of the
device. For applications relying on the collection of excited
charge carriers, minimizing surface recombination losses associ-
ated with the dangling bonds at the surface has become critical
for device performance, particularly in the silicon-based photo-
voltaics, where cost reductions in recent years have been
achieved by continuously reducing wafer thickness down to the
current gold standard of 160 μm,1 development made possible
due to excellent passivation of the dangling bonds associated
with the silicon surface.

Historically, two strategies have been employed to reduce surface
recombination: reducing the number of electronically active defect
states at the surface and/or reducing the presence of one type of
charge carrier from the surface by creating an internal electric
field.2–8 Reducing the number of electrically active defects at the
surface is assumed to be achieved by hydrogen or halide ions
attaching to the dangling Si bonds at the surface, a process referred
to as chemical passivation. Creating an internal electrical field is

achieved by coating the surface with a material containing fixed
charges, Qfix, that repels charges of the same polarity and thus
reduces the possibility for electron–hole recombination.

Surface passivation of p-type Si using ultrathin layers of
Al2O3 by atomic layer deposition (ALD) has been employed in
the state of the art PERC (passivated emitter rear contact) solar
cells,9 due to their high level of field-effect passivation by fixed
negative charges (Qfix > 10

12 cm−2) and low interface defect density
(Dit≤ 1011 eV−1 cm−2).2,3,7,10

The origin of the high Qfix in Al2O3 was recently identified as
Al-induced acceptor states at the interface between the deposited
Al2O3 and the 1–2 nm thick SiO2 that is unintentionally formed
before and during the first cycles of Al2O3 deposition.11–14 The
states have been predicted to have an energy level 0.5–0.8 eV below
the Si valence band edge that captures electrons from the Si sub-
strate and that act as hopping sites for holes.14 The Al-induced
acceptor states have also been shown to reduce the electrically
active Dit at the Si/SiO2 interface, attributed to an interface defect
deactivation mechanism that involves the discharge of the singly
occupied dangling bonds (Pb0 defects) into the acceptor states,
without any need for passivation with H2.
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The SiO2 layer is thus required for the negative Qfix in Al2O3,
and the thickness, oxygen content, impurities, and structure of this
layer should affect the surface passivation properties. Indeed, it has
previously been demonstrated that thermally grown SiO2 has a sig-
nificantly reduced positive field-effect passivation compared to
deposited SiO2.

16,17 It has also been shown that the thickness of the
layer can be used to tune the effective charge, Qeff, enabling Al2O3

to also passivate n-type Si by still reducing Dit, while avoiding a
negative inversion layer to form that causes minority carriers to be
transported to poorly passivated or damaged areas.18,19

As it has become evident that the interfacial SiO2 layer plays a
crucial part in the Al2O3 passivation, it is of interest to investigate
how the conditions under which the layer is formed have impact
on the passivation properties. With a very few exceptions,10 studies
performed on the passivation properties of Al2O3 generally use
some sort of pretreatment in order to achieve an H-terminated
surface prior to deposition. In most cases, a standard or modified
RCA procedure or a simple HF-dip has been employed. A study
comparing HF-dip and a modified RCA pretreatment before Al2O3

deposition revealed minor differences in the minority carrier life-
time post-annealing;20 however, an HF-dipped sample stored in a
cleanroom for one week prior to deposition exhibited significantly
improved lifetime, indicating that the native oxide may result in
superior passivation properties. A completely untreated sample was
not included in the study.

In the present study, the minority carrier lifetime, Qfix, and Dit

of Al2O3 deposited at 150 °C on p-type Si substrates and dipped in
diluted HF for 3 min, is compared with untreated versions of the
same wafer, i.e., the native oxide is still present. Al2O3 was carried
out using H2O and O3 as oxidants, as this has previously been
shown to result in the lowest surface recombination velocities.21,22

Comparing samples with SiO2 formed under different conditions
could provide more information on how SiO2 affects the passivation
properties of Al2O3 and whether it is beneficial to wait for the native
oxide to regrow following an HF-dip, or even omit the HF-dip entirely
for processes where that is an option, thus reducing processing steps
and the use of HF. Improved surface passivation at a reduced cost
would make Al2O3 more attractive for silicon passivation for any
application relying on the collection of mobile charge carriers.

II. EXPERIMENTAL

The substrates that were used for the fabrication of the MOS
capacitors in this study were cut from single side polished (SSP)
p-type 525 ± 20 μm h100i oriented silicon wafers with a doping
of 1.8–2.0 × 1016 cm−3 from Siegert Wafer. The wafers were cut
into ∼ 3 cm2 pieces with a diamond pen. Two of the substrates
were submerged in 2% HF solution for 3 min, followed by a
∼ 1 min bubble rinse in DI water, labeled as “HF-dipped” from
here on, while another two substrates received no further pre-
treatment, labeled as “no-HF” from here on. The unpolished side
(back side) of all the substrates were contacted with ∼ 180 nm Al
by thermal evaporation.

The substrates were loaded into a Beneq TFS-200 ALD reactor
preheated at approximately 125 °C. The reactor was evacuated and
heated up to the deposition temperature of 150 °C. The time from
the DI-H2O rinse and until the samples were inside the reactor and

evacuated is estimated to be 1–2min. ALD deposition was carried
out at a background pressure of 2mbar. The deposition was preceded
by an in situ 5min O3 pretreatment (30 cycles of 1 s O3/9 s N2) at
the deposition temperature to remove potential organic contaminants
and flush the O3 line while the reactor temperature stabilized.

Al2O3 deposition was carried out using trimethyl-aluminum
(TMA) (99.999%) from Strem chemicals, H2O and O3, with a pulse
duration of 0.4/2/0.4/2/1/2.5 s for 145 cycles of TMA/N2/H2O/N2/
O3/N2, respectively. Native SiO2 and deposited Al2O3 film thick-
nesses were determined with a J. A. Woollam ellipsometer in the
380–890 nm range. The Cauchy-model was used to parameterize
the ellipsometry experimental data. Three measurements were per-
formed at different locations on the surfaces of samples. The uncer-
tainty provided in the reported thicknesses reflect the different
thicknesses measured across the surface and includes the uncertain-
ties in the fitted values. The SiO2 thicknesses were fitted using the
native silicon oxide model provided by the CompleteEASE software,
which uses optical constants determined by Herzinger et al.23

Post-deposition, one HF-dipped and one no-HF sample were
annealed in a tube furnace at 435 °C for 10 min in a forming gas.
The temperature at the sample position was monitored with an
external thermocouple.

Approximately 180 nm thick circular Al gate electrodes were
deposited using shadow masks with holes diameters of ∼ 1 mm by
thermal evaporation. Optical microscopy and the resulting CV
measurements revealed that the effective contact area is somewhat
smaller than the hole diameter of the shadow mask. A contact area
of 0.709 mm2 was deduced and this value is used for the calcula-
tions performed in this study.

The impedance was measured at various probe frequencies in
the range of 500 Hz–250 kHz, with an oscillation voltage of 30 mV
using a Precision Impedance LCR Analyzer (4284 A, Agilent
Technologies) in a parallel conductance mode. The samples were
briefly illuminated prior to the voltage sweep, which were per-
formed in darkness. The gate voltage was swept in ambient condi-
tions from depletion (−5 V) to accumulation (3 V) and back again
at a rate of 0.02 V/s.

The substrates that were used for lifetime measurements were
∼ 12 cm2 double side polished p-type 500 μm h100i oriented silicon
wafers with a nominal resistivity of >5 kΩ cm from Topsil. Different
substrates than the ones used for CV measurements had to be used
as the 1–5Ω cm substrates required for low series resistance in the
bulk and back contact for the CV measurements exhibited too low
bulk lifetime to observe surface recombination. Samples were pre-
pared using the same pretreatment as for the CV measurement
(HF-dip and no-HF) and Al2O3 was deposited on each side of the
wafers simultaneously using the same deposition parameters. The
effective minority carrier lifetimes were recorded by quasi-static
photo conductance (QSSPC) using a Sinton Instruments WCT-120
post-deposition, and once again post-annealing in a tube furnace at
435 °C for 10min in the forming gas (90% N2/10% H2).

III. RESULTS

The samples used for the CV measurements deposited on
single-side polished (SSP) wafers were characterized by spectro-
scopic ellipsometry (SE) before and after back side contacting and
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before and after the deposition. The measured thickness of the two
HF-dipped samples less than 1 min after the bubble rinse was
0.6 ± 0.04 nm, and 0.7 ± 0.06 nm after back side contacting, similar
to previously observed values.24–27 The thickness of no-HF samples
was 1.8 ± 0.2 nm before back side contacting and 1.9 ± 0.2 nm after.
While the fit to the SE data was excellent using the optical con-
stants for native SiO2,

23 accurate thickness determination of such
thin layers is considered unreliable below 1 nm due to the gradual
change in the oxidation state of Si close to the interface. The chem-
ical composition of this layer and the reactions that occur during
the HF-dip, the DI-H2O rinse, and the exposure to air has been
extensively discussed previously.24–31 Comparison of the native
oxide thickness by SE and x-ray photoelectron spectroscopy gener-
ally suggest a small overestimation of the thickness by SE, and the
error is considered to be on the fraction of a monolayer and thus
acceptable.32 The optical thickness obtained by SE is also highly
reproducible and the value should thus be comparable with others
using a similar model and differences in the measured SE thickness
may be useful for understanding changes in lifetime, Dit and Qfix.

After Al2O3 deposition, the extracted Al2O3 + SiO2 thickness
was 20.7 ± 0.05 nm for the HF-dipped samples and 21.3 ± 0.2 nm
for no-HF samples. The actual Al2O3 thickness is not possible to
determine precisely without knowing how much SiO2 was grown
during the deposition; however, for HF-dipped samples, previous
studies observe SiO2 thicknesses in the range of 1.0–1.4 nm
post-Al2O3 depositions by ALD.12,33–35 The Al2O3 thickness of the
samples deposited on SSP substrates is thus likely to be ∼ 19.5 nm,
indicating that there is little or no SiO2 growth during the deposi-
tion for the no-HF samples. The film thicknesses post-annealing in
the forming gas for 10 min at 435 °C were within the measured
ranges before annealing for both samples. The thicknesses for the
samples prepared on the DSP wafers are provided in Table S1 in
the supplementary material.

Note that another set of samples were also prepared on CZ
DSP wafers with a similar resistivity and from the same producer
as the SSP wafers for lifetime determination by QSSPC. However,
due to the low bulk lifetime of these wafers, both pretreatments
resulted in the same lifetime of 600 μs over a wide injection level
range post-annealing (Fig. S1 in the supplementary material), and
FZ wafers with quoted bulk lifetimes of ∼ 20 ms were used instead
in order to observe the effect of the pretreatments post-annealing
(Fig. 1). The no-HF samples exhibit lifetimes approximately an
order of magnitude longer both as deposited and post-annealing,
reaching the bulk lifetime at low injection levels post-annealing.

The surface saturation current density, J0s, used to quantify
the passivation of the films, was extracted by the relation proposed
by Kane and Swanson,36

1
τeff

� 1
τAuger

¼ 1
τSRH

þ 2
J0s(Na þ Δn)

qn2i W
, (1)

where τeff is the measured effective excess carrier lifetime, τAuger is
the intrinsic Auger lifetime,37 τSRH is the defect-related bulk life-
time, Na is the base doping level, Δn is the excess carrier density, q
is the elementary charge, ni is the intrinsic carrier concentration,
and W is the wafer thickness. J0s can be extracted from the slope of

the linear fit of the inverse lifetime data in the high-injection region,
provided that Shockley–Read–Hall and Auger recombination is neg-
ligible, available for these samples in Fig. S2 in the supplementary
material. J0s was determined to be 13 fA/cm2 and 20 fA/cm2 for the
no-HF sample and HF-dipped sample, respectively. Note that J0s is
analogous to the more commonly reported emitter saturation
current density, J0e.

38 J0s provides a better comparison of dielectric
passivation quality than J0e for samples without an emitter and with
significant field-effect passivation.8 The implied 1 sun open-circuit
voltage, Voc, was 712mV for the no-HF sample and 657mV for the
HF-dipped sample. Previously reported values for Al2O3 passivation
that resulted in a solar cell efficiency of 23.3% was J0e = 29 fA/cm2

and Voc = 703.6 mV,39 implying that the no-HF sample exhibits an
excellent level of surface passivation.

A bare no-HF reference wafer was annealed at the same condi-
tions, with negligible improvement in the lifetime (Fig. S3 in the
supplementary material), demonstrating that the annealed native
SiO2 by itself does not passivate the surface.

Capacitance–voltage measurements were performed to deter-
mine how the pretreatments affect Qfix and Dit, and how these cor-
relate to the observed lifetimes. The measured capacitance and
conductance obtained from the parallel conductance mode, Cm and
Gm, respectively, are not compensated for series resistance, Rs. The
effect of series resistance on capacitance–voltage measurements is
well established in the literature40 and needs to be corrected for
before any parameters can be extracted. Rs was determined by41

Rs ¼ Gma

G2
ma þ ω2C2

ma

, (2)

where Cma and Gma are the measured capacitance and conduc-
tance in accumulation, respectively, and ω is the angular fre-
quency, 2πf. The series corrected capacitance, C and G was then

FIG. 1. Injection level-dependent effective lifetime of HF-dipped (red) and
no-HF (blue) samples as deposited (open) and post-annealing (filled).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 205701 (2021); doi: 10.1063/5.0051215 129, 205701-3

© Author(s) 2021

https://www.scitation.org/doi/suppl/10.1063/5.0051215
https://www.scitation.org/doi/suppl/10.1063/5.0051215
https://www.scitation.org/doi/suppl/10.1063/5.0051215
https://www.scitation.org/doi/suppl/10.1063/5.0051215
https://www.scitation.org/doi/suppl/10.1063/5.0051215
https://aip.scitation.org/journal/jap


determined by41

C ¼ (G2
m þ ω2C2

m)Cm

a2 þ ω2C2
m

, (3)

G ¼ (G2
m þ ω2C2

m)a
a2 þ ω2C2

m
, (4)

where

a ¼ Gm � (G2
m þ ω2C2

m)Rs: (5)

The corrected CV and G/ω vs V data of an as-deposited, HF-dipped
sample is presented in Fig. 2. The raw parallel conductance CV and
G/ω vs V data are available in Fig. S4 in the supplementary material.
The effective charge, Qeff, was determined by first calculating the
flatband capacitance, CFB, given by

CFB ¼ CoxεSiA/λ
Cox þ εSiA/λ

, (6)

where Cox is the Al2O3 capacitance given by the corrected capaci-
tance in strong accumulation, εSi is the relative dielectric constant of
silicon assumed to be 1.03 F/cm,42 A is the area of the gate elec-
trode, and λ is the Debye length given by

λ ¼ εSikBT
q2Na

, (7)

where kB is the Boltzmann constant and T is the measurement tem-
perature. The flatband voltage, VFB, was then extracted by reading

out the voltage at CFB. Qeff was finally calculated from40

Qeff ¼ Cox(wms � VFB)
q

, (8)

where wms is given by

wms ¼ Fm � χSi �
Eg
2
� kBT

q
ln

NA

ni

� �
, (9)

where Fm = 4.08 eV43 is the work function of Al, and χSi, Eg, and ni
are the electron affinity (4.05 eV),44 bandgap (1.12 eV), and intrinsic
doping (9.65 × 109 cm−3)45 of silicon, respectively. wms was deter-
mined to be ≈−0.9 V for the samples used in this study.

The calculated Qeff is the sum of all charges, including the
fixed, mobile, and interfacial charges. To find the fixed oxide
charge, Qfix, which quantifies the contribution of Al2O3 to the
field-effect passivation of Si, it is necessary to use CV data where
only contributions from the fixed charge significantly affect VFB.
For this, a high frequency (hf ) measurement is required as the
filling and emptying of interfacial traps is too slow to follow the
frequency and will eventually no longer contribute to the CV
signal, as can be observed by the gradual shift in the capacitance
with increased frequency in Fig. 2. The highest frequency used in
this study, 250 kHz, was not high enough to completely avoid
contributions from interfacial states, however, by calculating Qeff

for each frequency and fitting it to a double exponential (Fig. 3),
it is possible to estimate what Qeff would be at a given frequency.
Letting f approach infinity for the as-deposited HF-dipped sample,
Qeff(hf)≈−4 × 1012 cm−2 is obtained.

The contribution from mobile charges can be roughly esti-
mated from the hysteresis that arises by first sweeping the voltage
from inversion to accumulation and then back again to inversion

FIG. 2. CV (a) and G/ω vs V (b) of an HF-dipped as-deposited sample.
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(Fig. S5 in the supplementary material). The hysteresis for the
250 kHz sweep was ∼ 50 mV at VFB, indicating that the contribu-
tion from mobile charges is negligible so that the approximation
Qeff(hf)≈Qfix is valid, where Qfix is the sum of positive fixed
charges in SiO2 and the negative fixed charges in Al2O3. The
obtained value is in line with previously reported values of Qfix for
Al2O3 (−1011–13 cm−2).3,10,12

There are several methods to determine Dit, but given the lack
of real high and low frequency measurements, the optimal method

was considered to be the conductance method devised by Hill and
Coleman,46

Dit ¼ 2
qA

max
G
ω

� �

max
G
ω

� �
1
Cox

� �2

þ 1� C
Cox

� �2 , (10)

where max(G/ω) is the peak value of the largest peak in Fig. 2(b)
and C is the corresponding capacitance at that voltage. Dit was
determined to be 2.7 × 1012 ev−1 cm−2, which is similar to previ-
ously reported values for as-deposited Al2O3.

47,48 Note that with
max(G/ω) occurring at the lowest frequency used, i.e., 500 Hz, it
is probable that the actual maximum is at a lower frequency, so
the value obtained is likely to be a small underestimation of the
actual Dit.

The as-deposited no-HF sample exhibits similar behavior
(Fig. 4), with the fit to Qeff available in Fig. S6 in the supplementary
material, and the values should thus be comparable. The estimated
Qfix and Dit for the as-deposited no no-HF samples was determined
to be −4.7 × 1012 cm−2 and 2.0 × 1012 eV−1 cm−2, respectively.

The no-HF sample exhibits both higher Qfix and lower Dit,
indicating that it will have a higher effective carrier lifetime than
the HF-dipped sample, in agreement with the lifetime measure-
ments presented in Fig. 1.

The CV and G/ω vs V measurements of the annealed
samples are presented in Fig. 5. Post-annealing, there is no fre-
quency dispersion in the depletion of the CV measurement for
either of the samples, and the magnitude of the G/ω peaks have
been reduced by approximately two orders of magnitude. Qfix and
Dit of the HF-dipped sample is calculated to be −3.6 × 1012 cm−2

and 2.7 × 1010 eV−1 cm−2, respectively, while for the no-HF sample,

FIG. 3. Calculated Qeff for each frequency in Fig. 2 and fitted to a double expo-
nential in order to estimate Qeff at high frequencies.

FIG. 4. CV (a) and G/ω vs V (b) of a no-HF sample as deposited.
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Qfix =−3.3 × 1012 cm−2 and Dit = 1 × 1010 ev−1 cm−2. A summary of
the results obtained in this study is presented in Table I.

Qfix has been reduced post-annealing for both pretreatments,
particularly for the no-HF sample, while Dit is reduced by around

two orders of magnitude for both samples. As the lifetime
increases dramatically post-annealing, it indicates that a Qfix of
∼ −3 × 1012 cm−2 provides sufficient field effect passivation, and
that the reduction in interface states is the main factor for the

FIG. 5. CV (a) and G/ω vs V (b) of an annealed HF-dipped sample, and CV (c) and G/ω vs V (d) of an annealed no-HF sample. The 250 kHz G/ω vs V data for the
HF-dipped sample are affected by an instrument error occurring at high frequencies that are not accounted for by the parallel conductance model.

TABLE I. Summary of results—fitted thicknesses before and after deposition, and estimated Qfix and Dit for as-deposited and annealed samples deposited on SSP substrates
for both pretreatments.

Pretreatment Thickness before deposition (nm) Thickness post-deposition (nm) Annealing Qfix (cm
−2) Dit (eV

−1 cm−2)

3 min HF dip 0.7 ± 0.06 20.7 ± 0.05 … −4.0 × 1012 2.7 × 1012
… 1.9 ± 0.2 21.3 ± 0.2 … −4.7 × 1012 2.0 × 1012

3 min HF dip 0.7 ± 0.06 20.7 ± 0.05 10 min FG 435 °C −3.6 × 1012 2.7 × 1010
… 1.9 ± 0.2 21.3 ± 0.2 10 min FG 435 °C −3.3 × 1012 1.0 × 1010
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improvement in lifetime. The no-HF sample has a Dit 2.7 times
lower than the HF-dipped sample, in agreement with the
improved lifetime observed for the no-HF sample used for the
QSSPC measurements.

IV. DISCUSSION

The QSSPC data show that the lifetime for HF-dipped sample
is approximately an order of magnitude less than the no-HF
sample both as-deposited and post-annealing, while J0e is signifi-
cantly increased. With the pretreatment being the only difference
between the samples, it is evident that it has a significant effect on
the performance of the passivation layer.

The purpose of the HF-dip and similar pretreatments, like the
standard RCA procedure, is to achieve a clean hydrophobic
H-terminated silicon surface and remove impurities present in the
native SiO2; however, the exact state of the surface following an
HF-dip depends on several variables. For example, it has previously
been determined that the surface is primarily H-terminated after
an HF-dip, with 10%–50% F-termination.28,30 During the DI-H2O
rinse, any F bonded to the surface is replaced by OH, and conden-
sation of OH in air results in Si–O–Si formation, which leads to
SiOx growth.

27 There are numerous studies on native oxide growth
and surface analysis following an HF-dip or DI-H2O rinse, indicat-
ing or demonstrating that the ratio of OH- and H-terminated Si,
and hence the SiOx growth rate, depends on the Si surface orienta-
tion,27 doping concentration,24 dissolved oxygen concentration in
the HF solution,49,50 HF-concentration and pH,31 dip duration,
rinse-duration,27 illumination,31 and dissolved oxygen content in
the rinsing water.24 Achieving an exclusively H-terminated surface
while using a DI-H2O rinse and allowing for air exposure prior to
Al2O3 deposition, is unrealistic without, e.g., H2S treatment to
exchange the adsorbed OH with H. TMA is also known to react
poorly with H-terminated Si, resulting in low deposition rates
during initial ALD-cycles and island growth formation,51,52 indicat-
ing that the TMA primarily reacts with OH-terminated Si. Any
H-terminated Si likely needs to be oxidized before the reaction with
TMA will take place, which is why 1–2 nm of SiOx at the interface
between Si and Al2O3 is unavoidable, even for H-terminated Si
regardless of Al2O3 thickness, as observed by transmission electron
microscopy.10,33,34,53 In situ ellipsometry has shown increased
growth rates during the first cycles of an ALD-Al2O3 deposition,12

despite the reduced Al2O3 growth rate during the initial ALD-cycle,
indicating that the majority of the SiO2 growth occurs during this
process step. As some amount of the surface will be OH-terminated
for an HF-dipped sample, some TMA will chemisorb and Si–O–Al–
CH2 bonds will form, while the H-terminated Si will be less reactive
toward TMA. During the H2O and O3 pulse, a mixed oxide phase
will form, containing both SiOx and AlOx, in agreement with previ-
ous secondary ion mass spectrometry results.54 The SiOx layer
should thus contain more Al than the native oxide layer formed in
air and will possibly also contain more carbon impurities stemming
from the TMA precursor.55

The SE results indicated that the total film thickness post-
deposition was only slightly less for the HF-dipped sample com-
pared to the no-HF sample. This indicates that the SiO2 growth
previously observed during the first ALD-cycles is significantly

reduced if there already is a >1.9 nm SiO2 layer present on top of
the silicon substrate. The likely reason being that the native SiO2

present on the no-HF sample is impeding further oxidation of the
underlying Si.

As the SiO2 thickness is similar for both pretreatments, while
the QSSPC and CV measurements show significant differences in
lifetime and Dit, the results suggest that the SiOx grown at the start
of the deposition forms a poorer interface with Si and/or Al2O3

than the native oxide formed at ambient conditions. The reason
could be that the mixed SiOx-AlOx interface reduces H-diffusion
through the layer, resulting in more Pb0 defects.

The differences in oxidizing agent and temperature, i.e., 20 °C
in air vs 150 °C in H2O and O3 for the HF-dipped one, may also
affect the oxygen content in SiOx and positive fixed oxide charge
formation. This is probable considering thermally grown SiO2 has
a significantly reduced positive field-effect passivation compared to
deposited SiO2,

16,17 so it is also reasonable to assume that there will
be a difference in the field-effect of the native SiO2 and the one
grown during deposition, which could also explain small differ-
ences observed in Qfix in the as-deposited samples. Finally, dis-
solved oxygen content in the HF-solution has been shown to have
a significant impact on defect formation at a low pH due to oxida-
tion of Si, resulting in small amounts of Si dissolving and increased
surface roughness.49 It is possible that a 3 min 2% HF dip may not
only etch the oxide, but also etch a small amount of Si, resulting in
increased surface roughness.

Post-annealing, Qfix is slightly reduced for both pretreatments.
This has been observed previously,4 but more commonly, an increase
in Qfix is observed. Hoex et al. previously observed significantly
smaller increases in Qfix post-annealing for Al2O3 layers with a thick-
ness of 32 nm, compared to samples with 6 and 11 nm thickness,
and proposed that this could be due to the longer deposition time
causing an effect similar to that of annealing.56 In this study, the use
of O3 increases the deposition time by ∼ 40% relative to the standard
process that only uses H2O as an oxidant. This could thus be one of
the reasons for the large Qfix in the as-deposited samples, as the use
of O3 has previously been shown to have a beneficial effect on the
minority carrier lifetime,21,22 and that the use of O3 increases the
amount of Qfix in the as-deposited sample.

As the Qfix is reduced post-annealing and not simply unchanged,
it indicates the SiO2 thickness increases slightly during annealing.
Previous studies on similar samples show that the SiO2 thickness
increased by ∼ 0.2 nm when annealed in the forming gas,33 and as
SiO2 has a slight positive fixed charge, this would result in an overall
decrease in Qfix. However, the total film thickness did not change
during annealing for the samples investigated in this study. If the SiO2

thickness has increased without the total film thickness changing, it
implies that the density of the Al2O3 film has increased during anneal-
ing, which previous results also seem to indicate,35 and which is con-
sistent with the observed increase in capacitance and the reduced
negative Qfix observed post-annealing.

As the differences in Qfix are minor, both between the two
pretreatments and between the as-deposited and annealed samples,
while the changes in lifetime are large, it is our interpretation that
the differences in Dit between the HF-dipped and no-HF sample
and the sharp reduction in Dit observed post-annealing has a larger
significance for the lifetime.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 205701 (2021); doi: 10.1063/5.0051215 129, 205701-7

© Author(s) 2021

https://aip.scitation.org/journal/jap


It is evident that obtaining a Si–Al2O3 interface without a
SiOx interface layer in between is not readily achieved by perform-
ing the usual pretreatments, and the effect of the pretreatments
using HF is thus primarily replacing the native oxide with an oxide
formed under different conditions and that contains significant
amounts of Al. The results obtained in this study indicate that the
process used for the HF-dipped samples result in more electrically
active interface states. The native oxide and the deposited Al2O3

used in this study yields excellent surface passivation in line with
the lowest Dit values reported for Al2O3,

3 and with similar J0s as
that of high-efficiency solar cells.57 So while excellent surface pas-
sivation has been achieved using HF pretreatments before, the
results in this study indicate that using any type of pretreatment
that removes the native SiO2 should thus be performed with care,
and may not only be unnecessary, but is likely to have a negative
impact on device performance. For processes where a thick surface
layer has to be removed prior to the surface passivation process,
e.g., POCl3 diffusion, it may be beneficial to wait for a thin native
oxide layer to grow before the Al2O3 deposition is performed.

V. CONCLUSION

The minority carrier lifetime, Qfix, and Dit of samples sub-
jected to an HF-dip prior to Al2O3 passivation, has been compared
with samples where the native oxide was not removed. An excellent
surface saturation current density of 13 fA/cm2 was observed post-
annealing in the forming gas at 435 °C for the sample with a native
silicon oxide layer, while the sample where this layer was removed
prior to Al2O3 deposition exhibited lower lifetime, both as depos-
ited and post-annealing and exhibited a higher J0s.

CV measurements on highly doped wafers receiving similar
pretreatments revealed lower Dit in samples with the native oxide
compared to samples where the native oxide was removed, both as
deposited and post-annealing, which could explain the observed
differences in lifetime.

The results indicate that Dit has a larger impact on the
carrier lifetime than Qfix, and that the SiOx that is formed during
deposition results in a higher Dit compared to the native oxide.
The standard procedure of removing the native oxide prior to
Al2O3 passivation may, based on these results, reduce the lifetime
of excited charge carriers and increase Dit and thus reduce device
performance.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional sample infor-
mation, measurements on reference samples, raw measurement
data, and measurement data that support findings in the article
without being critical to the drawn conclusions.

AUTHORS’ CONTRIBUTIONS

M.N.G. contributed to the investigation, data curation, writing—
original draft, visualization. M.P. contributed to the funding
acquisition, resources, supervision, writing—review and editing.
E.M. contributed to the resources, supervision, writing—review
and editing.

ACKNOWLEDGMENTS

This research was funded, in whole or in part, by The
Research Council of Norway (Grant No. 289437). A CC BY or
equivalent licence is applied to any Author Accepted Manuscript
(AAM) version arising from this submission, in accordance with
the grant’s open access conditions. The Research Council of
Norway is acknowledged for support to the Norwegian Micro- and
Nano-Fabrication Facility, NorFab (Project No. 295864).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1Z. Liu, S. E. Sofia, H. S. Laine, M. Woodhouse, S. Wieghold, I. M. Peters, and
T. Buonassisi, Energy Environ. Sci. 13, 12 (2020).
2B. Hoex, J. Schmidt, R. Bock, P. P. Altermatt, M. C. M. van de Sanden, and
W. M. M. Kessels, Appl. Phys. Lett. 91, 112107 (2007).
3G. Dingemans and W. M. M. Kessels, J. Vac. Sci. Technol. A 30, 040802 (2012).
4M. Pawlik, J. P. Vilcot, M. Halbwax, D. Aureau, A. Etcheberry, A. Slaoui,
T. Schutz-Kuchly, and R. Cabal, Energy Proc. 60, 85 (2014).
5J. Panigrahi, Vandana, R. Singh, and P. K. Singh, Sol. Energy Mater. Sol. Cells
188, 219 (2018).
6J. Ott, T. P. Pasanen, P. Repo, H. Seppaenen, V. Vaehaenissi, and H. Savin,
Phys. Status Solidi A 216, 1900309 (2019).
7T. Niewelt, A. Richter, T. C. Kho, N. E. Grant, R. S. Bonilla, B. Steinhauser,
J. I. Polzin, F. Feldmann, M. Hermle, J. D. Murphy, S. P. Phang, W. Kwapil, and
M. C. Schubert, Sol. Energy Mater. Sol. Cells 185, 252 (2018).
8R. S. Bonilla, B. Hoex, P. Hamer, and P. R. Wilshaw, Physica Status Solidi A
214, 1700293 (2017).
9H. Huang, J. Lv, Y. Bao, R. Xuan, S. Sun, S. Sneck, S. Li, C. Modanese,
H. Savin, A. Wang, and J. Zhao, Sol. Energy Mater. Sol. Cells 161, 14 (2017).
10D. K. Simon, P. M. Jordan, T. Mikolajick, and I. Dirnstorfer, ACS Appl. Mater.
Interfaces 7, 28215 (2015).
11D. Hiller, J. Göttlicher, R. Steininger, T. Huthwelker, J. Julin, F. Munnik,
M. Wahl, W. Bock, B. Schoenaers, A. Stesmans, and D. König, ACS Appl. Mater.
Interfaces 10, 30495 (2018).
12G. Dingemans, N. M. Terlinden, M. A. Verheijen, M. C. M. van de Sanden,
and W. M. M. Kessels, J. Appl. Phys. 110, 093715 (2011).
13B. Hoex, S. B. S. Heil, E. Langereis, M. C. M. van de Sanden, and
W. M. M. Kessels, Appl. Phys. Lett. 89, 042112 (2006).
14D. König, D. Hiller, S. Gutsch, M. Zacharias, and S. Smith, Sci. Rep. 7, 46703
(2017).
15D. Hiller, P. M. Jordan, K. Ding, M. Pomaska, T. Mikolajick, and D. König,
J. Appl. Phys. 125, 015301 (2019).
16D. A. Buchanan, J. H. Stathis, and P. R. Wagner, Appl. Phys. Lett. 56, 1037
(1990).
17G. Dingemans, M. M. Mandoc, S. Bordihn, M. C. M. van de Sanden, and
W. M. M. Kessels, Appl. Phys. Lett. 98, 222102 (2011).
18A. Ek, C. Reichel, A. Richter, and J. Benick, J. Appl. Phys. 127, 235303 (2020).
19B. Veith, T. Ohrdes, F. Werner, R. Brendel, P. P. Altermatt, N.-P. Harder, and
J. Schmidt, Sol. Energy Mater. Sol. Cells 120, 436 (2014).
20Y. Bao, S. Li, G. von Gastrow, P. Repo, H. Savin, and M. Putkonen, J. Vac. Sci.
Technol. A 33, 01A123 (2015).
21G. von Gastrow, S. Li, M. Putkonen, M. Laitinen, T. Sajavaara, and H. Savin,
Appl. Surf. Sci. 357, 2402 (2015).
22G. von Gastrow, S. Li, P. Repo, Y. Bao, M. Putkonen, and H. Savin, Energy
Proc. 38, 890 (2013).
23C. M. Herzinger, B. Johs, W. A. McGahan, J. A. Woollam, and W. Paulson,
J. Appl. Phys. 83, 3323 (1998).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 205701 (2021); doi: 10.1063/5.0051215 129, 205701-8

© Author(s) 2021

https://www.scitation.org/doi/suppl/10.1063/5.0051215
https://doi.org/10.1039/C9EE02452B
https://doi.org/10.1063/1.2784168
https://doi.org/10.1116/1.4728205
https://doi.org/10.1016/j.egypro.2014.12.347
https://doi.org/10.1016/j.solmat.2018.08.018
https://doi.org/10.1002/pssa.201900309
https://doi.org/10.1016/j.solmat.2018.05.040
https://doi.org/10.1002/pssa.201700293
https://doi.org/10.1016/j.solmat.2016.11.018
https://doi.org/10.1021/acsami.5b06606
https://doi.org/10.1021/acsami.5b06606
https://doi.org/10.1021/acsami.8b06098
https://doi.org/10.1021/acsami.8b06098
https://doi.org/10.1063/1.3658246
https://doi.org/10.1063/1.2240736
https://doi.org/10.1038/srep46703
https://doi.org/10.1063/1.5054703
https://doi.org/10.1063/1.103327
https://doi.org/10.1063/1.3595940
https://doi.org/10.1063/1.5135391
https://doi.org/10.1016/j.solmat.2013.06.049
https://doi.org/10.1116/1.4901456
https://doi.org/10.1116/1.4901456
https://doi.org/10.1016/j.apsusc.2015.09.263
https://doi.org/10.1016/j.egypro.2013.07.361
https://doi.org/10.1016/j.egypro.2013.07.361
https://doi.org/10.1063/1.367101
https://aip.scitation.org/journal/jap


24M. Morita, T. Ohmi, E. Hasegawa, M. Kawakami, and M. Ohwada, J. Appl.
Phys. 68, 1272 (1990).
25S. I. Raider, R. Flitsch, and M. J. Palmer, J. Electrochem. Soc. 122, 413 (1975).
26C. Cotirlan, A. Galca, C. Carmen, and C. Logofatu, J. Optoelectron. Adv.
Mater. 12, 1092 (2010).
27D. Gräf, M. Grundner, and R. Schulz, J. Vac. Sci. Technol. A 7, 808 (1989).
28W. K. Yeh, M. C. Chen, and M. S. Lin, J. Vac. Sci. Technol. B 14, 167 (1996).
29F. P. Fehlner, J. Electrochem. Soc. 122, 1745a (1975).
30D. Gräf, M. Grundner, R. Schulz, and L. Mühlhoff, J. Appl. Phys. 68, 5155 (1990).
31H. F. Okorn-Schmidt, IBM J. Res. Dev. 43, 351 (1999).
32Y. Chen and G. Jin, Spectroscopy 21, 26–31 (2006).
33C.-H. Hsu, Y.-S. Cho, W.-Y. Wu, S.-Y. Lien, X.-Y. Zhang, W.-Z. Zhu,
S. Zhang, and S.-Y. Chen, Nanoscale Res. Lett. 14, 139 (2019).
34L. E. Black, B. W. H. van de Loo, B. Macco, J. Melskens, W. J. H. Berghuis,
and W. M. M. Kessels, Sol. Energy Mater. Sol. Cells 188, 182 (2018).
35C. Barbos, D. Blanc-Pelissier, A. Fave, C. Botella, P. Regreny, G. Grenet,
E. Blanquet, A. Crisci, and M. Lemiti, Thin Solid Films 617, 108 (2016).
36D. E. Kane and R. M. Swanson, in 18th IEEE Photovoltaic Specialists
Conference (IEEE, Las Vegas, 1985), p. 578.
37M. J. Kerr and A. Cuevas, J. Appl. Phys. 91, 2473 (2002).
38K. R. McIntosh and L. E. Black, J. Appl. Phys. 116, 014503 (2014).
39J. Benick, B. Hoex, M. C. M. van de Sanden, W. M. M. Kessels, O. Schultz,
and S. W. Glunz, Appl. Phys. Lett. 92, 253504 (2008).
40D. K. Schroder, Semiconductor Material and Device Characterization, 3rd ed.
(John Wiley & Sons, Inc, NJ, 2005).
41E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor) Physics
and Technology (Wiley, NY, 1982).
42M. Wolf, The Physics of Computing (Elsevier, Cambridge, 2017).

43P. A. Tipler and R. A. Llewellyn, Modern Physics, 5th ed. (W. H. Freeman, 2008).
44B. El-Kareh, Silicon Devices and Processes (Springer, 2009).
45A. Wolf, D. Biro, J. Nekarda, A. Kimmerle, S. Mack, and R. Preu, J. Appl.
Phys. 108, 124510 (2012).
46W. A. Hill and C. C. Coleman, Solid-State Electron. 23, 987 (1980).
47R. Hezel and K. Jaeger, J. Electrochem. Soc. 136, 518 (1989).
48J. Benick, A. Richter, T. A. Li, N. E. Grant, K. R. McIntosh, Y. Ren,
K. J. Weber, M. Hermle, and S. W. Glunz, in Effect of a Post-Deposition Anneal
on Al2O3/Si Interface Properties (35th IEEE Photovoltaic Specialists Conference,
2010), p. 000891.
49S. P. Garcia, H. Bao, and M. A. Hines, Surf. Sci. 541, 252 (2003).
50F. Li, M. K. Balazs, and B. E. Deal, Solid State Technol. 43, 87 (2000).
51G. P. Gakis, C. Vahlas, H. Vergnes, S. Dourdain, Y. Tison, H. Martinez,
J. Bour, D. Ruch, A. G. Boudouvis, B. Caussat, and E. Scheid, Appl. Surf. Sci.
492, 245 (2019).
52A. Delabie, S. Sioncke, J. Rip, S. Van Elshocht, G. Pourtois, M. Mueller,
B. Beckhoff, and K. Pierloot, J. Vac. Sci. Technol. A 30, 01A127 (2012).
53A. M. Albadri, Thin Solid Films 562, 451 (2014).
54Z. Chen, P. Dong, M. Xie, Y. Li, X. Yu, and Y. Ma, J. Mater. Sci. Mater.
Electron. 30, 1148 (2019).
55O. M. E. Ylivaara, X. Liu, L. Kilpi, J. Lyytinen, D. Schneider, M. Laitinen,
J. Julin, S. Ali, S. Sintonen, M. Berdova, E. Haimi, T. Sajavaara, H. Ronkainen,
H. Lipsanen, J. Koskinen, S.-P. Hannula, and R. L. Puurunen, Thin Solid Films
552, 124 (2014).
56B. Hoex, J. J. H. Gielis, M. C. M. van de Sanden, and W. M. M. Kessels,
J. Appl. Phys. 104, 113703 (2008).
57J. Schmidt, R. Peibst, and R. Brendel, Sol. Energy Mater. Sol. Cells 187, 39
(2018).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 205701 (2021); doi: 10.1063/5.0051215 129, 205701-9

© Author(s) 2021

https://doi.org/10.1063/1.347181
https://doi.org/10.1063/1.347181
https://doi.org/10.1149/1.2134225
https://doi.org/10.1116/1.575845
https://doi.org/10.1116/1.589021
https://doi.org/10.1149/1.2134129
https://doi.org/10.1063/1.347056
https://doi.org/10.1147/rd.433.0351
https://doi.org/10.1186/s11671-019-2969-z
https://doi.org/10.1016/j.solmat.2018.07.003
https://doi.org/10.1016/j.tsf.2016.02.049
https://doi.org/10.1063/1.1432476
https://doi.org/10.1063/1.4886595
https://doi.org/10.1063/1.2945287
https://doi.org/10.1063/1.3506706
https://doi.org/10.1063/1.3506706
https://doi.org/10.1016/0038-1101(80)90064-7
https://doi.org/10.1016/0038-1101(80)90064-7
https://doi.org/10.1149/1.2096673
https://doi.org/10.1016/S0039-6028(03)00952-X
https://doi.org/10.1016/j.apsusc.2019.06.215
https://doi.org/10.1116/1.3664090
https://doi.org/10.1016/j.tsf.2014.03.071
https://doi.org/10.1007/s10854-018-0383-4
https://doi.org/10.1007/s10854-018-0383-4
https://doi.org/10.1016/j.tsf.2013.11.112
https://doi.org/10.1063/1.3021091
https://doi.org/10.1016/j.solmat.2018.06.047
https://aip.scitation.org/journal/jap

	Effect of the native oxide on the surface passivation of Si by Al2O3
	I. INTRODUCTION
	II. EXPERIMENTAL
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSION
	SUPPLEMENTARY MATERIAL
	AUTHORS’ CONTRIBUTIONS
	DATA AVAILABILITY
	References


