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Improving ALD-Al,O3 Surface Passivation of S1
Utilizing Pre-Existing S10y

Michael N. Getz

Abstract—Al; O3 has rapidly become the surface passivation
material of choice for p+ layers of solar cells because of its high
negative fixed charge, good long-term and thermal stability, and no
parasitic absorption. In this article, the surface saturation current
density, fixed charge, and interface state density are compared for
Al>Oj3 deposited on Si substrates where the pre-existing out-of-the-
box SiO, layer was not removed, with substrates where the SiO,
was removed by hydrofluoric acid. The depositions are performed
by atomic layer deposition at temperatures in the 150-300 °C
range, using trimethylaluminium, H> O, and O3 as precursors. The
samples where the native oxide was not removed achieve a higher
level of surface passivation for every tested deposition temperature,
with the sample deposited at 200 °C exhibiting a surface saturation
current density of only 0.9 fA/cm? after annealing, a fixed charge
of —4.2 x 10'> cm~2, and a density of interface states of 9.8 X
10° em~2 eV~!. Capacitance and conductance voltage character-
istics reveal a strong correlation between the surface saturation
current density and the density of interface states and fixed charges.
It is also determined that the long-term stability of the surface
passivation depends on the deposition temperature, with higher
deposition temperatures resulting in improved long-term stability.
The results indicate that H-terminated Si prior to Al> O3 deposition
may have a detrimental effect on the surface passivation.

Index Terms—Al>O3 growth rate, effect of HF-dip, long-term
stability Al O3, optimal deposition temperature Al, O3, out-of-the-
box silicon oxide, surface passivation, TMA + O3 + H>O ALD.

1. INTRODUCTION

1,03 deposited by either atomic layer deposition (ALD)
A or plasma-enhanced chemical vapor deposition (PECVD)
has become the industry material of choice for surface passiva-
tion of commercial Si solar cells [1], because of its high negative

Manuscript received October 29, 2021; revised January 26, 2022 and March
16, 2022; accepted April 20, 2022. Date of publication May 11, 2022; date of
current version June 21, 2022. This work was supported in part by The Research
Council of Norway under Grant 289437. The Norwegian Micro- and Nano-
Fabrication Facility, NorFab, was supported by The Research Council of Norway
under Project 295864. (Corresponding author: Michael N. Getz.)

Michael N. Getz is with the Department of Microsystems and Nanotech-
nology (MiNaLab), SINTEF Digital, 0373 Oslo, Norway, and also with the
Department of Physics, University of Oslo, 0315 Oslo, Norway (e-mail:
michael.getz @sintef.no).

Marco Povoli is with the Department of Microsystems and Nan-
otechnology (MiNaLab), SINTEF Digital, 0373 Oslo, Norway (e-mail:
marco.povoli @sintef.no).

Eduard Monakhov is with the Department of Physics, University of Oslo,
0315 Oslo, Norway (e-mail: eduard.monakhov @uio.no).

This article has supplementary material provided by the au-
thors and color versions of one or more figures available at
https://doi.org/10.1109/JPHOTOV.2022.3169985.

Digital Object Identifier 10.1109/JPHOTOV.2022.3169985

, Marco Povoli

, and Eduard Monakhov

fixed charge being suitable for passivating p-type or lowly
doped n-type Si [2]-[8], while also exhibiting excellent thermal,
long-term, and UV-stability [9], [10]. The PECVD-Al;O3/SiNy
stack is currently dominating the market, however, ALD-Al;0g3
with PECVD SiNy capping layer is gaining market shares and
is projected to have an almost 50% market share by 2025 [1].

While the origin of the negative fixed charge in AloO3 has
been studied rigorously, it still remains a matter of debate.
Dicks et al. [11] have shown that both oxygen interstitials and
aluminum vacancies form stable deep acceptor levels in oxygen-
rich environments. These states could potentially be filled by
electrons tunneling from Si through the 0.5-2 nm SiOy that
forms at the Si-Al>Os5 interface [2], [12], [13], and hence become
negatively charged. However, Hiller et al. [14] have performed
calculations showing that replacing Si atoms in the SiOy layer
with Al also results in acceptor levels with energies below the
valence band-edge of Si [15], and thus may be an alternative
or complimentary cause for the fixed negative charge associated
with Al,O3. The number of trapped electrons in the SiOx-Al2 O3
interface layer has previously been shown to be >10'> cm~2
[3], [16]-[18], implying that the electron concentration near the
surface region of silicon is significantly reduced, thereby sharply
reducing the probability of electron-hole recombination [19].

Annealing at >400 °C in Ny, forming gas (FG), or O, reduces
D;;, from >102eV-!ecm 2 to <10 eV~ em =2 [3], [16]-[18],
commonly attributed to either hydrogen diffusion toward the
Si-SiO, interface passivating the Si dangling bonds near the
surface and in the bulk, or by increased SiO formation between
Si and Al,O3 [2]-[4], [20], [21]. However, Dingemans et al.
[22] previously observed similar D;; and increased negative
fixed charge density when using O3 or Oy plasma instead of
H>O as oxidants during the ALD deposition of Al,O3. Later,
von Gastrow ef al. [23] reported that films prepared using H,O
contain significantly more interfacial hydrogen and less carbon,
indicating that the role of hydrogen in the surface passivation
of Si using Al,Oj3 is complicated. The lowest surface recom-
bination velocities were achieved when using a combination of
H50 and O3, which resulted in higher hydrogen concentration
and less fixed charge than films prepared using only Os, but
significantly lower carbon concentration and consequently D;;
[23].

The SiO, layer that forms between the Al,O3 and Si is
important for both Dj; and Qg formation, and thus critical for
the surface passivation of AlsO3. The fixed interface charge can
be tuned by changing the thickness of the layer [24], and the
hydrogen, carbon, and aluminum concentration, in addition to
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the Si-O ratio of the layer, are all likely to affect D;; and possibly
QOsx. Comparing the surface passivation of AlsO3 deposited on
SiO, formed in different conditions is likely to lead to increased
understanding of how this layer affects the surface passivation.
The effect of various pretreatments on the surface passivation
of Al;O3 has been investigated previously [25]-[30], demon-
strating significant differences. However, as these studies do not
compare the surface saturation current density, Jos, considered
to be the most useful metric to quantify surface passivation of
dielectrics with high Qg [31], it is challenging to establish a
general method. However, methods resulting in a thin SiOy or
SiCy layer forming prior to AlsO3 deposition appear to yield
better results than when depositing directly on H-terminated Si
[25], [30], [32], [33].

Using the HoO + O3 combination as oxygen precursors,
we previously demonstrated superior surface passivation for
Al,O3 deposited on as-received wafers with a SiOy layer already
present, compared with wafers subjected to a 3 min HF-dip prior
to the ALD deposition at 150 °C [32]. In this article, the aim
has been to investigate if using an out-of-the-box oxide remains
beneficial at higher deposition temperatures, and to determine
the optimal process parameters with respect to reducing Jos. We
also investigate how the deposition temperature and pretreat-
ment affects the long-term stability.

II. EXPERIMENTAL

The substrates that were used for impedance measurements
were cut from single-side polished (SSP) p-type Cz 525 £ 20 um
< 100>oriented silicon wafers with a doping level of 1.8-2.0 x
10'® cm™3 from Siegert Wafer. Half of the substrates received
no further pretreatment, referred to as “no-HF” from here on,
while the other half of the substrates were submerged in 2% HF
solution for 3 min, followed by a ca. 1 min bubble rinse in DI
water, referred to as “HF-dipped” from here on. The unpolished
side (back side) of all the substrates were contacted with ca.
180 nm Al by thermal evaporation.

For lifetime measurements, 12 cm? substrates were cut from
double-side polished (DSP) p-type FZ 500 pzm <100>oriented
silicon wafers with a reported resistivity of 5-12 k) - cm
from Topsil. The manufacturer reports that the wafers are
subjected to SC1 (NH4,OH/H2O/H205, 85°C, 10 min) and a
SC2 (HCI/H30/H204, 85°C, 10 min) cleaning after chemical
mechanical polishing before being placed in shipping boxes
after some hours. The oxide that forms during the SC1 and SC2
process and later in air will be referred to as a “SC2-last oxide”
from here on.

Half of the substrates were subjected to the HF-dip pretreat-
ment, while the other half received no pretreatment. Note that
the properties of the Si—Al;O3 interface have been shown to be
independent of substrate doping [34].

A Beneq TFS-200 ALD reactor was used for the Al,Oj3
deposition by using trimethyl-aluminium (TMA) (99.999%)
from Strem chemicals, H»O, and O3, with a pulse duration of
0.4/2/0.4/2/1/2.5 s for 145 cycles of TMA/No/H20/N2/O3/Nay,
respectively. The depositions were carried out with background
pressure of 2 mbar and deposition temperatures of 150°C,
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200°C, 250°C, and 300°C. The depositions were preceded by
an in-situ 5 min Og pretreatment (30 cycles of 1 s O3/ 9 s N») at
the deposition temperature to remove potential organic contami-
nants, flush the O3 line, and improve the surface reactivity toward
TMA. For each deposition temperature, one HF-dipped and one
no-HF substrate was loaded into the reactor. Each deposition
was performed twice, once for the SSP substrates that were only
coated on one side, and once more for the DSP substrates that
were coated simultaneously on both sides.

The SiOy and deposited AloOj3 film thicknesses were deter-
mined with a J. A. Woollam ellipsometer in the 380-890 nm
range. The spectroscopic ellipsometry (SE) experimental data
of the samples prior to deposition was fitted using the native
silicon oxide model provided by the CompleteEASE software,
which uses optical constants determined by Herzinger et al.
[35]. The Cauchy model was used to parameterize the SE
data of the films after deposition. Three measurements were
performed at different locations on the surfaces of samples.
The uncertainty provided in the reported thicknesses reflect the
different thicknesses measured across the surface and includes
the uncertainties in the fitted values.

Annealing was performed in a tube furnace at 435 °C for 10
min in FG (10% H,). The temperature at the sample position
was monitored with an external thermocouple.

Ca. 180 nm thick circular Al gate electrodes were deposited
using shadow masks with hole diameters of ca. | mm by thermal
evaporation. A contact area of 0.709 mm? was deduced from
optical microscopy and this value is used for the calculations
performed in this article.

The capacitance-voltage (CV) characteristics and conduc-
tance-voltage (GV) characteristics were recorded at various
probe frequencies in the range of 500 Hz to 250 kHz, with an
oscillation voltage of 30 mV using Precision Impedance LCR
Analyzer (4284 A, Agilent Technologies) in parallel conduc-
tance mode. The samples were briefly illuminated prior to the
voltage sweep, which were performed in darkness. The gate
voltage was swept at room temperature from depletion (5 V) to
accumulation (—3 V) and back again. Note that the presented
figures show the G/w vs. V characteristics, but are referred to as
GV characteristics for brevity.

The effective minority carrier lifetimes of the as-deposited and
post annealed samples were recorded using a Sinton Instruments
WCT-120 with the generalized quasi-static photoconductance
(QSSPC) mode for the as-deposited samples, and the transient
photoconductance decay (PCD) mode for the annealed samples.
The sample stage was kept at 25 °C. The measurements of the
annealed samples were performed after the sample temperature
cooled down to ca. 25°C, ca. 10 min after they were extracted
from the furnace.

III. RESULTS

The thicknesses obtained by SE for the samples before and
after deposition are provided in Table S1 and S2. Because of
the similarities in refractive index of SiO, and Al,Os in the
amorphous state, SE measurements will yield the total dielectric
thickness [36], the growth per cycle (GPC) presented in Fig. 1
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Fig. 1. Growth rates of no-HF and HF-dipped samples at 150 °C-300 °C for
the TMA + H20 + O3 process. SE thickness measured using a model for
native SiOx prior to deposition was subtracted from the final thickness before
GPC was calculated. Note that for HF-dipped samples, some of the growth may
be attributed to additional SiOy formation during the deposition.
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Fig. 2. Effective carrier lifetime of as-deposited HF-dipped (red-scale) and
no-HF (blue-scale) samples.

has therefore been calculated for films deposited on SSP sub-
strates after subtracting the thickness measured by SE prior to
deposition. There is no literature describing the growth rate of the
TMA + H50 + Og system, however, the growth rates are in close
agreement with those observed for TMA + O, plasma [37], and
slightly higher for each temperature than previously observed
for just TMA + Oj3 [38]. The apparent increased growth rate of
HF-dipped samples relative to the no-HF samples is attributed to
formation of SiOy during the initial ALD-cycles, as previously
demonstrated by transmission electron microscopy (TEM) [2],
[12], [13]. There is little or no significant difference in total
film thickness between HF-dipped and no-HF samples when
deposited at the same deposition temperature. This indicates that
the thickness of the SiO, layer that forms on HF-dipped samples
during the deposition is similar to the SC2-last SiOy thickness
of ca. 1.6 nm (Table S1), provided that little or no further SiOy
is formed on no-HF samples.

A. Lifetime Measurements

The effective lifetime in the as-deposited no-HF and HF-
dipped samples is presented in Fig. 2. The no-HF samples con-
sistently exhibit lifetimes at least one order of magnitude longer
than the HF-dipped samples for all deposition temperatures,

T4ep, over the recorded injection level range. The sample de-
posited at 300 °C exhibits the longest lifetime in the as-deposited
state, which is attributed to the deposition temperature having
an effect similar to that of annealing.

Post FG annealing, the lifetime improves significantly for all
samples, as shown in Fig. 3(a) and (b) for no-HF and HF-dipped
samples, respectively. Jos was deduced from the linear fit of the
linear region of inverse lifetime data at high injection, shown for
no-HF and HF-dipped samples in Fig. 3(c) and (d), respectively,
using the Kane—Swanson slope method [39]

1 1 1 Jos(Na + An)
— - = 2
+ qn%

Teff

where T g is the measured effective excess carrier lifetime,
T Auger 18 the intrinsic Auger lifetime [40], Tgry is the defect-
related bulk lifetime, N, is the base doping level, An is the
excess carrier density, ¢ is the elementary charge, n; is the
intrinsic carrier concentration (8.305 x 10° cm™3 at 298.15
K), and W is the wafer thickness. The no-HF samples exhibit
consistently lower Jys at each deposition temperature, suggest-
ing that the findings reported previously at 150°C [32], are
valid for all deposition temperatures using this process. The
lowest Jos is observed for deposition temperatures of 200 °C for
both no-HF and HF-dipped, with the no-HF sample exhibiting
Jos = 0.9 fA/cm?.

Fig. 4 shows how Jys changes for each sample after 8 months
of storage while wrapped in Al-foil inside a zip-lock bag in a
cleanroom. The corresponding lifetime data used to determine
Jos are available in Fig. S1. The surface passivation provided by
ALD-Al;O3 has previously been reported to be stable over time,
and in some cases an improvement over time is observed [3],
[10]. The results in this article indicate that the long-term stabil-
ity depends on the deposition temperature, with lower deposition
temperatures resulting in reduced stability. Samples deposited at
150 °C and 200 °C exhibit increases in Jos on the order of ~50%
(see Fig. S2 for accurate values). However, because of the low
initial Jos of the no-HF sample deposited at 200 °C, this only
amounts to a <0.4°fA/cm? increase and can thus be said to be
reasonably stable in absolute terms. For the HF-dipped sample
deposited at 250 °C, Jy increased by 10%, while for the no-HF
sample, Jos was reduced by ca. 25%. For samples deposited at
300°C, Jos was reduced by 33%—-40%. The long-term stability
shows no clear dependence on the pretreatment, indicating that
the observed changes are primarily related to the Al;O3 and not
to the SiOy interface layer. No further changes in the lifetime or
Jos were observed in the two weeks following the 8 months of
storage, indicating that the films have become stable. Annealing
an HF-dipped sample deposited at 150 °C again after aging had
no effect on the lifetime.

Despite the significantly improved surface passivation over
time of the samples deposited at 300°C, they still perform
worse than samples deposited at 200 °C, which appears to be
the optimal deposition temperature when depositing on SC2-
last SiOy and taking long-term stability into account. 200 °C
was also determined to be the optimal deposition temperature
for HF-dipped samples, in agreement with previous studies
(6], [38], [41].
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Fig.4. Jos foreach deposition temperature for HF-dipped and no-HF samples,

10 min after anneal (filled), and after storing for ca. 8 months in a cleanroom
(open).

B. Capacitance-Voltage and Conductance-Voltage
Characteristics

QOsx and Dj; were estimated from impedance measurements
using parallel conductance mode. Series resistance correction
was performed according to the method described in the sup-
plementary material. Fig. 5(a) and (b), respectively, show the
corrected CV and GV characteristics of the no-HF sample de-
posited at 200 °C in the as-deposited state, while the CV and GV
characteristics of the annealed sample are presented in Fig. 5(c)
and (d), respectively. Qg can be approximated to be equal to

the effective charge, Q.g, obtained from CV characteristics,
provided that the contribution from fixed charges is much larger
than contributions from other charges. These can be chargeable
traps near the Si-AlyO3 interface, traps near the AloO3/Al-gate,
and mobile charges in the Al;O3 [42]. The frequency response
of the chargeable traps cause an apparent shift in the flatband
voltage, Vpp, at low frequencies, while at high frequencies (hf),
the filling and emptying of interfacial traps are too slow to follow.
If Dj; is low, then the apparent effect of chargeable traps on Vi
can be neglected at high frequencies, however, if D;; is high, it
will have a significant effect. The as-deposited samples contain
a large number of interfacial traps, as evidenced by the hump in
the CV characteristics. A similar hump was previously observed
for AlyO3 prepared using O3 [36]. The highest frequency used
in this article, 250 kHz, was not sufficient to completely avoid
apparent contributions from interfacial traps. However, consid-
ering the clear exponential dependence of Vrp on the frequency
in Fig. 5(a), it is possible to estimate Q.g for a given frequency
by fitting the resulting data points to a double exponential
[32]. Using this approach and letting f approach infinity for
the data in Fig. 5(a), Qcg(hf) ~ —4.6-10'> cm™2 is obtained
(fit is available in Fig. S3). The contribution from mobile or
trapped charges can be estimated from the hysteresis that arises
by first sweeping the voltage from inversion to accumulation and
then back again to inversion at 250 kHz (shown for the no-HF
sample deposited at 200 °C, post annealing, in Fig. S4). For the
as-deposited samples, the hysteresis at Crp is in the range of
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Fig. 5.
sample deposited at 200 °C.

—100 to —200 mV, indicating significant amounts of positive
trapped charge. The annealed samples contain low amounts of
interfacial traps and exhibit a hysteresis of <40 mV, indicating a
negligible contribution from trapped charges to the total shift in
Vrp of ca. 2 V relative to built-in potential, ¢ 5. For the annealed
samples the approximation Qeg(hf) ~ Qg thus appears to be
reasonable, while for the as-deposited samples, the large amount
of trapped charge results in a slight overestimation of the fixed
charge. The obtained values are in agreement with previously
reported values of Qg for Al, O3 (—10"13 cm=2) [3],[17], [24].
D;; was determined using the conductance method devised by
Hill and Coleman [43]

i maxz(%) _
g4 (rnax (%) C%x) + (1 — C(“;)

where max(G/w) is the peak value of the largest peak in Fig. 5(b)
and (d), and C is the corresponding capacitance at that voltage.
D;; for the as-deposited films deposited at 200 °C was deter-
mined to be 2.4 x 10'? and 2.1 x 10'> eV~ cm™2 for the
HF-dipped and no-HF samples, respectively. The values are
in agreement with previously reported values for as-deposited
Al>,O3 [44], [45]. Note that with max(G/w) occurring at the
lowest frequency used, i.e. 500 Hz, it is likely that the actual

maximum is at a lower frequency, and the reported D;; values
may thus be slightly underestimated. It is also possible that the
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interface state distribution at the Si-AlyOj is particularly low in
the lower part of the bandgap that has been probed in this article.

Post annealing, the D;; was determined to be 2.8 x 10'° and
9.8 x 10° eV~! cm~? for the HF-dipped and no-HF samples de-
posited at 200 °C, respectively, with the no-HF sample exhibiting
the lowest D;; among the samples in this article. The two peaks
in the GV characteristics of the annealed no-HF sample (5-D)
could be because of two similarly populated defect levels that
respond differently to the frequency. The other samples only
exhibit one significant peak with max(G/w) at 500 Hz, shown
for the samples deposited at 250°C in Fig. S5. The 500 Hz
peak was consequently used for D;; extraction for all samples
(Fig. S6).

Fig. 6(a) shows the obtained Qg of all samples, while the
corresponding Dj¢ of the samples are presented in Fig. 6(b).
The exact values are available in Table S3 and S4. The no-HF
samples consistently exhibit lower D;; values and equal or more
QOsix, agreement with the reduced Jos of no-HF samples relative
to HF-dipped samples observed from the PCD measurements
in Fig. 3. Fig. 6(b) also shows that D;; increases for deposition
at temperatures >200°C. We did not observe any significant
changes in the CV or GV characteristics over time for any
of the samples. The apparent decrease in Qgny post anneal-
ing can be attributed to the overestimation of the Qg in the
as-deposited samples because of trapped negative interfacial
charges.
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IV. DISCUSSION

Both the results from PCD and impedance measurements
demonstrate that the no-HF samples exhibit superior surface
passivation to the HF-dipped samples when comparing samples
deposited at the same deposition temperature. We previously
demonstrated this for samples deposited at 150 °C [32], and the
present study indicates that this is generally true for deposition
temperatures in the 150-300 °C range for the TMA + HO +
O3 process. Importantly, this includes depositions at 200 °C,
previously determined to be the optimal deposition temperature
[6], [38], [41], where the no-HF sample exhibits more than three
times lower Jos post annealing, which CV and GV characteristics
indicate is because of an almost three times lower D, and slightly
increased Qfy.

A possible reason for the HF-dipped samples performing
worse than the ones with a SiOy layer is likely related to the
differences in the reaction of TMA with Si-H and Si-OH. We
previously proposed Al and C may be incorporated into the
SiOy layer that is formed during the initial ALD cycles on
H-terminated Si [32]. We will elaborate a bit further on this
here.

A key difference in depositing on SiO and H-terminated Si is
the reaction mechanisms during the initial ALD cycles. Previous
studies have shown that while steady-state growth of 4 Al/nm?
occurs already after the first ALD cycle on OH-terminated SiOy,
only ca. 0.1 Al/nm? is deposited during the first ALD cycle on
H-terminated Si at 300 °C, which increases to the steady-state
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growth rate after ca. 15-20 cycles [12], [46], [47]. During the
first TMA cycle, in-situ transmission infra-red spectroscopy has
shown only small reductions in Si-H bonds, while significant
Si-CH3 and small amounts of Al-CH3 bond formation are
observed [48]. Only the Al-CHj3 species are reactive toward
H,O0, therefore in the subsequent HoO pulse, Si-Al-OH species
are formed only at these locations. The Al-OH species are
highly reactive toward TMA, which can result in island growth
formation of Al;Og, as previously indicated by TEM [47]. Most
of the Si-CHj species can eventually become hydrolyzed by
neighboring Al-OH species once the coverage of Al-OH is
large enough [48], and the H-terminated Si may eventually also
become oxidized during the HoO and O3 pulses. The oxidation
of H-terminated Si by H>O has been studied in detail previously,
and itis believed that Si-OH and Hj are formed initially, and that
the OH- group then inserts into a Si-Si back bond, creating Si-O-
Si and regenerates a Si-H bond at the surface, which then reacts
with more HO [49], [50]. The low growth rates are thus likely
to result in an AlOy layer with a different structure and density
than an AlOy layer growing at steady-state growth conditions
after the first cycle. The 0.5-2 nm SiOy layer that is formed
during the deposition, as demonstrated by TEM of as-deposited
samples [2], [12], [13], is formed while Si-CH3 and Si-Al-CHj
are covering the surface, possibly causing both Al and C to be
incorporated into the SiOy layer, likely resulting in increased Dj;
[51]. Annealing should enable the rearrangement of the interface
atoms in a way that reduces the high energy associated with
dangling bonds and uncompensated charges in the disordered
Si04-AlOy layer. This could explain why the lifetime between
HF-dipped and no-HF samples differs by more than an order of
magnitude as-deposited, while it is much less after annealing.
However, annealing may also cause Al to diffuse into the SiOy
layer, particularly if the SiOy layer is highly disordered [52].
Secondary ion mass spectrometry of an annealed ALD Al;O3
film deposited on H-terminated Si has also previously shown
that at the depth where 1/3 of the detected atoms are Si, which
would be expected from tetrahedrally coordinated Si in SiOs,
1/5 of the detected atoms are Al, thus revealing large amounts
of Al in the SiOy layer [53]. Electron energy loss spectroscopy
measurements have similarly detected the presence of Al all the
way down into the Si substrate [54]. As the SiOy layer of the no-
HF samples has not been formed in the presence of Si-Al-CHs,
itlikely has a lower aluminum concentration, and possibly lower
carbon concentration, depending on the conditions in which the
SC2-last SiO, was formed.

An alternative or complimentary reason for the reduced
surface passivation of the HF-dipped samples may be related
to differences in hydrogen concentration at the interface. As
H-terminated Si is known to be resistant to oxidation, it is
possible that less Si-O bonds are formed at the interface during
the ALD deposition. When the Si-H bonds break at a later
stage, the Dj; increases [55]. That these bonds can break can
also be inferred from the reduced lifetime of <10 nm Al>,Os3
films, which previously been attributed to hydrogen effusion
from the interface [56], [57]. As the Si-H bonds dissociate
over time, it may consequently be better to wait for this to
happen before oxidizing the surface or to grow a thin layer



GETZ et al.: IMPROVING ALD-AL>O3 SURFACE PASSIVATION OF Si UTILIZING PRE-EXISTING SiOy 935

that minimizes the coverage of Si-H bonds at the interface.
However, after the initial Si-O formation, any hydrogen that
diffuses toward the interface may passivate leftover dangling
bonds and is thus likely to reduce D further. As these bonds may
break again, this improvement may not be permanent, however,
increasing Al;Oj3 layer thickness appears to reduce hydrogen
effusion, indicating that the Si-H bonds can be stabilized this
way [56], [57].

It follows that the increased Jys over time observed for sam-
ples deposited below 300 °C in this article could also be related
to hydrogen effusion. As Al,O3 deposited using HoO at lower
temperatures contains significantly more hydrogen [58], and
these samples exhibit the largest increase in Jyg over time, a
likely explanation for the observations is that more hydrogen
effuses away from the interface in samples where the AloO3
layer supplies large amounts of hydrogen to the interface. The
lower density of these films also suggest that hydrogen effusion
may be more efficient. Samples deposited at 300°C should
contain very low amounts of hydrogen and consequently have
a higher mass density, and the improvement observed over time
may possibly be attributed to hydrogen trapped in the AlxO3
being released and diffusing toward the interface over time. It
is our interpretation that a longer annealing step or higher tem-
perature would be beneficial for samples with lower hydrogen
concentration and higher mass density.

More research is necessary to completely understand how
the SiOy layer formation influences Qg and D;;. However, the
results indicate that an excellent level of surface passivation
can be achieved by depositing 20 nm AlyO3 using a mixture
of HoO and Og3 at a deposition temperature of 200°C on ca.
1.6 nm of SC2-last SiO,. Supported by a Jos of only 0.9 fA/cm?
ca. 10 min after annealing for 10 min in FG at 435 °C, which
stabilizes 1.2 fA/cm?. Jos values have rarely been reported for
polished surfaces passivated with AloO3 previously. However,
Steinhauser et al. [33], recently presented results that indicates
a Jogs of ca. 1 fA/cm? for the sample with the current highest
reported lifetime. They performed extensive pretreatments, in-
cluding a thin a-SiCy layer, i.e. the Al;O3 was not deposited
on H-terminated Si. The results in the present study indicate
that a similar level of surface passivation can be achieved by
simply depositing AloOs on the SiOy that forms during and
after chemical mechanical polishing and SC1/SC2 rinsing when
using the process presented in this article. The key importance
being that the surface should not be H-terminated prior to Al;O3
deposition and that a thin layer of e.g. SiOy or SiCy significantly
reduces Dj;. A thin SiOy layer was also previously suggested to
be beneficial by Breitenstein et al. [30]. To achieve more control
of the process, it is our interpretation that an HF-dip followed
by SC1/SC2 rinsing and subsequent SiOy growth in air until ca.
1.5 nm SiOy has formed, which should yield similar results as
those presented in this article. However, the presented results
demonstrate that an out-of-the-box oxide in combination with
Al;O3 can result in excellent surface passivation, supported by
the exceptionally low Dy and high Qg of a similarly processed
sample. The process that resulted in the lowest Jys in this article
thus offers an affordable alternative for achieving a high level of
surface passivation.

V. CONCLUSION

We have demonstrated that the TMA + H,O + Oz ALD
process results in excellent surface passivation of p-type Si when
followed by FGA at 435°C for 10 min. The highest level of
surface passivation was achieved for a sample where the SC2-last
SiOy layer already present on the wafer was not removed prior
to AlyO3 deposition carried out at 200 °C, resulting in Jos of
0.9 fA/cm? shortly after annealing, which had increased to
1.2 fA/cm? after 8 months of storage. CV and GV revealed
that the sample processed in the same way exhibited the lowest
Dy of 9.8 x 10° eV~! cm™? and the highest Qg, of —4.2 x
102 ¢cm~2 among the annealed samples investigated in this
article. For every deposition temperature, samples subjected to
a 3 min HF-dip consistently exhibited higher Jos and Dj; than
samples where the SC2-last SiO layer was not removed prior to
deposition. We propose that H-terminated Si may impede Si-O
bond formation during deposition, and subsequent hydrogen
effusion results in increased Dj;.

Most of the samples deposited at 150 and 200 °C exhibited
a ca. 50% increase in Jys after 8 months of cleanroom storage
after annealing, while for samples deposited at higher temper-
atures, either a minor increase or a significant decrease was
observed. Because of the low initial Jos of samples deposited
at 200°C, these samples still exhibited significantly lower Joq
compared with similarly processed samples deposited at other
temperatures. The observed differences in long-term stability are
proposed to related to the hydrogen concentration in the AlyOg3
layers.
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