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ABSTRACT

Al–O monolayers embedded in ultrathin SiO2 were shown previously to contain Al-induced acceptor states, which capture elec-
trons from adjacent silicon wafers and generate a negative fixed charge that enables efficient Si-surface passivation. Here, we
show that this surface passivation is just in part attributed to field-effect passivation, since the electrically active interface trap
density Dit itself at the Si/SiO2 interface is reduced by the presence of the acceptor states. For sufficiently thin tunnel-SiO2

films between the Si-surface and the Al–O monolayers, Dit is reduced by more than one order of magnitude. This is attributed to
an interface defect deactivation mechanism that involves the discharge of the singly-occupied dangling bonds (Pb0 defects) into
the acceptor states, so that Shockley-Read-Hall-recombination is drastically reduced. We demonstrate that the combined
electronic and field-effect passivation allows for minority carrier lifetimes in excess of 1 ms on n-type Si and that additional
H2-passivation is not able to improve that lifetime significantly.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5054703

I. INTRODUCTION

State of the art PERC (passivated emitter rear contact)
solar cells1 typically use a backside passivation that is opti-
mized to contain a high density of fixed charges (Qfix) together
with a very low interface trap density (Dit).

2 However, in the
PERC concept, a contact through the passivation is required,
leading to a significantly increased carrier recombination
below the contacts as well as additional processing steps. In
contrast, passivating carrier-selective contacts on Si hetero-
junction solar cells allow for nearly recombination-free inter-
faces and extraction of either electron or holes and avoid local
destruction of the passivation layers. These contacts can be
based on thin intrinsic and doped hydrogenated amorphous Si
or on dopant-free dielectric materials.3 Examples for the latter

include for electron selective contacts TiO2,
4 tunnel-SiO2/

TiO2,
5,6 LiFx,

7 or MgF2
8 and for hole selective contacts

MoOx
7,9,10 or WOx.

10 However, temperature stability of these
materials remains an issue3,5,10 as well as the scalability and
costs incurred with thermal evaporation under high vacuum
when alternative standard methods such as sputter deposition
or atomic layer deposition (ALD) cannot be used.

Recently, we demonstrated that one Al–O monolayer
(ML) from a single ALD-Al2O3 cycle embedded in thin SiO2

can create significant negative Qfix and this enables efficient
field-effect passivation combined with improved hole tunnel-
ing.11 The origin of Qfix was identified as Al-induced acceptor
states at the SiO2/Al2O3 interface with an energy level
0.5–0.8 eV below the Si valence band edge that capture
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electrons from the Si substrate and that act as hopping sites
for holes.11,12

In this contribution, the correlation between negative
Qfix and minority carrier lifetimes (τeff ) as a function of
the tunnel-SiO2 thickness and the role of H2-passivation are
investigated. We show that the interface trap density at the
Si/SiO2 interface depends decisively on the thickness of
the tunnel-SiO2 between the wafer and the ALD Al–O MLs.
A passivation mechanism is revealed in theory and experiment
that involves the electronic deactivation of dangling bonds
(DBs) at the Si/SiO2 interface by interaction with the
Al-induced acceptor states.

II. EXPERIMENTAL DETAILS

For lifetime measurements of double-side polished
n-type, <100>-oriented Cz-Si wafers (∼5Ω cm, 525 μm thick)
and for electrical characterization single-side polished
n-type, <100>-oriented Cz-Si wafers (∼2Ω cm, 525 μm thick)
were used. After RCA-cleaning (Radio Corporation of America)
including a final HF-dip, a wedge-shaped tunnel-SiO2 thick-
ness gradient was fabricated by rapid thermal oxidation (RTO;
13 nm) and motorized dipping in diluted buffered HF (slant-
etching) with an etch rate adjusted to fully etch the SiO2 at
the lower part of the wafer, followed by immediate rinsing in
DI-water and subsequent deposition of 6 plasma-ALD Al2O3

cycles (∼7.5 Å) and 20 nm capping SiO2 (PECVD). Reference
samples were identically processed except for omitting the
trimethylaluminum (TMA) pulses during ALD, so that no Al–O
MLs are grown. All samples were rapid thermally annealed
(RTA) in pure Ar at 900 °C for 30 s to form the Al-induced
acceptor states.11 H2-passivation took place in the pure-H2

atmosphere for 1 h at 400 °C. Aluminum contacts for electrical
characterization were thermally evaporated. High-frequency
capacitance-voltage (C-V) and conductance-voltage (G-V)
curves were measured at 300 kHz and interface trap densities
were determined via the method proposed by Brews.13 The
interface state energy distribution over the bandgap was deter-
mined by quasi-static C-V measurements.14 Effective minority
carrier lifetimes were measured by microwave detected photo-
conductance (MDPmap, Freiberg Instruments GmbH) using a
976nm laser with a power of 20mW.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the relative fixed charged densities
(Qfix.rel; derived from the flatband voltage (VFB) shift

15 of the
Al–O-samples (samples W) with respect to VFB of the
Al–O-free references (samples R), whose positive Qfix are in
the lower 1011 cm−2 range) as a function of tunnel-SiO2 thick-
ness. As demonstrated before, maximum |Qfix| values are
observed in the range of ∼2 nm tunnel-SiO2.

12 Thicker
tunnel-SiO2 layers result in very low electron tunneling
current densities from the substrate into the Al-induced
acceptor states. In contrast to Ref. 12 (where thermal ALD was
used for Al2O3 deposition), a clear minimum tunnel-SiO2

thickness is hardly observed here. Hence, in the case of
plasma-ALD for Al–O ML deposition, insufficient formation of

acceptor states due to too thin (or fully etched) SiO2 is less
expressed due to the oxidation of the exposed Si-surface by
the O-plasma.

The effect of H2-passivation appears to be detrimental to
the Qfix density. Though there is little effect of H2 on Qfix for
up to ∼2.5 nm tunnel-SiO2, the reduction is up to ∼30%
for thicker oxides (equivalent to a negative Qfix loss of up to
7.5 × 1011 cm−2). Taking the atomic structure of the Al-induced
acceptor state in SiO2 into account (i.e., a fully O-coordinated,

FIG. 1. (a) Relative fixed charge densities (Qfix,rel) and (b) interface trap densi-
ties (Dit) of the samples with slant-etched, wedge-shaped tunnel-SiO2 and 6 Al–
O MLs before and after H2-passivation, as a function of tunnel-SiO2 thickness.
The inset in (a) depicts a schematic cross section of the layer stack of sample
W. All lines (splines) are just a guide to the eye. H2-passivation causes a
decrease in Qfix. For ultra-thin tunnel-SiO2 thicknesses, Dit is decreased to the
level of H2-passivated samples due to the discharge of DBs into Al-induced
acceptor states in SiO2.
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trivalent Al-atom replacing a Si-atom in the Si–O tetrahedrons
of SiO2, which creates an O-DB),11 it seems possible that the
H2-passivation can deactivate some of the acceptor states from
which the negative Qfix originates. Apparently, a typically used
Si/SiO2 passivation process (400 °C, 1 h, 100% H2) is (luckily) far
less efficient for passivating the acceptor states than for
Pb-type DB-defects at the Si/SiO2 interface.16 In addition to
electrons from the Si-substrate, the Pb-type defects also repre-
sent a source of electrons to charge the acceptor states, as
shown before by electron spin resonance (ESR).12 Therefore, it
is conceivable that their removal by H2 results in less Qfix.

The well-known efficiency of H2-passivation in reducing
interface traps (Dit) is shown in Fig. 1(b): Dit of the Al-free refer-
ence samples is reduced from ∼4 × 1012 cm−2 eV−1 (orange data
points) to ∼5 × 1010 cm−2 eV−1 (black data points). Most surpris-
ingly, the presence of only 6 Al–O MLs (∼7.5 Å) separated by
≤2.5 nm tunnel-SiO2 from the Si-surface, causes a Dit drop to
the lower 1011 cm−2 eV−1 range (green data points, sample W),
without any H2-passivation. In fact, the additional passivation
with H2 (gray data points, sample W-H2) decreases Dit only
marginally in the tunnel-SiO2 thickness range. For tunnel-SiO2

thicknesses of ≥4 nm, Dit of sample W approaches the values of
the Al-free reference. The extremely steep increase of Dit by
one order of magnitude over less than 2 nm of tunnel-SiO2 in
sample W [green data points in Fig. 1(b)] does not resemble the
tunnel-SiO2 thickness function of the Qfix density [red data
points in Fig. 1(a)] and requires a detailed explanation. Please
note that the Dit values reported in Fig. 1(b) refer to a Fermi
energy at the Si/SiO2 interface near the flatband condition,
which for the substrate used here corresponds to ∼0.88 eV
above the Si valence band maximum.

The meanwhile established explanation for chemical pas-
sivation of thick ALD-Al2O3 films deposited directly on Si
involves the passivation of DBs by hydrogen17–19 and/or
oxygen20 diffusing from the Al2O3 to the Si/SiO2 interface.
This is supported by the fact that the typical annealing to
activate the surface passivation is often at 400–450 °C for
15–30min,21 i.e., conditions well suited to H-passivate DBs at
the Si/SiO2 interface.16 In contrast, the RTA conditions used
here have a temperature far too high (900 °C) and a time far
too short (30 s) for efficient interface defect passivation.16

We note that the H-atoms available from just one ALD-Al2O3

cycle (even if assuming low H-concentrations of only ∼1 at.%)18

would be sufficient for an almost complete DB passivation.
Also, the diffusion lengths of H- and O-related species from
Al2O3 through the SiO2 are several orders of magnitude longer
during the RTA than the tunnel-SiO2 thicknesses used here
(for diffusion parameters, see, e.g., Ref. 22). Hence, chemical
passivation of the Si-surface cannot be impeded by the critical
∼4 nm tunnel-SiO2 thickness found here, which clearly points
toward an electronic explanation.

At the (100)Si/SiO2 interface, two paramagnetic (singly
occupied) and amphoteric defect centers are observed,
Pb0 and Pb1. The Pb1 center is a Si point defect involving a
strained Si-backbond,23 whereas the Pb0 center is configured
as Si3≡Si• (where • symbolizes the unpaired electron).24 The
Pb0 center exhibits an electrically observable 0↔ 1 charge

transition level (sometimes also denoted +/0) at 0.3 eV above
the Si valence band edge.25 The electrical activity of Pb1 as an
interface trap is a matter of debate26,27 but the reported 0↔ 1
charge transition level is located ca. 0.45 eV above the Si
valence band edge.26

In order to study the interaction of the interface defects
with the Al-induced acceptor states in more detail, we plot in
Fig. 2 their energy distribution over the bandgap for the
samples with 1.2 nm tunnel-SiO2. For the Al-free reference
sample (orange data points), a clear peak at E = EV(Si) + 0.77 eV
is observed (dashed line), which corresponds to the 1↔ 2
charge transition level of the Pb0 center, i.e., the occupation
of the singly occupied defect level with a second electron.25

This peak is absent for all other samples, indicating that both
H2-passivation and Al–O MLs suppress the 1↔ 2 charge tran-
sition of the Pb0 center, in accordance with the data shown in
Fig. 1(b). In the lower half of the bandgap, where the trap
states cannot be probed with the high-frequency conduc-
tance method [Fig. 1(b)], the Al-free reference sample shows a
high density of 0↔ 1 charge transitions, which do not form a
clear peak due to limitations of the analysis method (too high
trap concentration and insufficient charge reversal of the
defect states under strong inversion). However, both samples
with Al–O MLs (green and gray data points) exhibit a distinct
peak at E = EV(Si) + 0.28 eV (dotted line) indicative of the 0↔ 1
charge transition,25 i.e., irrespective of H2-passivation,
whereas for the H2-passivated reference sample, no peak in
that energy range is observed.

The observation that the samples with Al–O MLs only
allow for the 0↔ 1 charge transition means that the defect
level can still be occupied with one electron during the C-V
measurements but not with a second electron, indicating that

FIG. 2. Energy distribution of the interface defects over the bandgap for the
samples with 1.2 nm tunnel-SiO2. The 0↔ 1 charge transition level is marked
with a dotted line and the 1↔ 2 charge transition level with a dashed line.
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the defect is in the charge state 0 in its ground state. This
strongly supports our explanation that Al-induced acceptor
states in a tunneling distance to the Si/SiO2 interface dis-
charge the Pb0 defect centers.

During annealing in H2 gas, molecular hydrogen diffuses
toward the Si/SiO2 interface, dissociates at the Si DB and
passivates the Pb0 center via an Si–H bond.16 Thereby, the
unpaired electron of the Si-atom is fixed in a bond with H and
no longer an electrically active point defect. Based on the
electronegativity values (EN[H] = 2.2, EN[Si] = 1.7), H is anionic
against Si so that the Si-atom has to provide the electron for
the polar covalent Si–H bond. On first sight, it might appear
as a surprise that the H2-passivated Al–O sample (gray data
points in Fig. 2) also shows the 0↔ 1 charge transition (in con-
trast to the H2-passivated reference sample, black data
points). However, taking the above discussion and the process
sequence into account, this can be explained as well: the
Al-induced acceptor states are formed during RTA and imme-
diately start capturing electrons from the Pb0 centers, which
discharges them and leaves no electron at the Si DB to bind
to H during the subsequent H2-annealing. Once discharged
the Pb0 centers cannot be chemically H2-passivated anymore,
but they can be temporarily occupied with an electron during
the C-V measurement with a transition energy in the lower
quarter of the Si-bandgap.

We calculate the energy level of the Al-induced accep-
tor EAl relative to the Si valence band edge EV(Si) at the Si/
SiO2 interface using a one-dimensional (1D) Poisson-Solver
(coded in MatLab following Nicollian and Brews15) and the
C-V data of Fig. 1. We presume for simplicity the ionized
acceptor states to be at one depth position in the center of
the 6 Al–O MLs instead of being located at both SiO2/Al–O
interfaces12 (due to the ultrathin Al–O layer, the discrepancy
is considered negligible) and having a relaxation energy of

FIG. 4. Schematic illustration of the dangling bond discharge model. (a) In the initial state, the Pb0 defect is occupied with one electron (charge state 1), whereas the
Al-induced acceptor state at the Al–O/SiO2 interface is unoccupied (Al0). Tunneling of the electron from the Pb0 defect into the acceptor state allows for a substantial
energy relaxation. (b) After tunneling, the Pb0 defect is unoccupied (charge state 0) and the acceptor state is occupied (Al

–). The additional electron in the dielectric has an
electric field (indicated by the reddish sphere), which allows for field effect passivation. We note that the density of Al-acceptors in SiO2 exceeds the interface trap density
considerably.

FIG. 3. Energy level of Al-induced acceptor states in SiO2 (EAl) as a function of
tunnel-SiO2 thickness relative to the valence band edge of Si at the interface to
SiO2 [EV(Si)], calculated by a one-dimensional Poisson-Solver over the entire
MIS structure. The Pb0 defects originating from DBs at the Si/SiO2 interface are
located 0.3 eV above EV(Si) as shown in dark yellow.
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EAl ≈ EV(Si)—0.6 eV.11 Half of the 6 ML Al–O thickness was
added to both the tunnel-SiO2 and the capping-SiO2.
Figure 3 shows the EAl values as a function of tunnel-SiO2

thickness for the unpassivated and the H2-passivated
W-sample. With increasing tunnel-SiO2 thickness, the high
field strength of the charged acceptors induces a potential
lift of their energy level. The strong drift field for ≤2.3 nm
tunnel-SiO2 leads to a nearly equal shift of EAl against EV(Si)
for both samples, which is corroborated by matching Qfix

values in Fig. 1(a). However, when EAl raises above EV(Si),
the samples show a very different behavior. For sample
W-H2, EAl remains energetically very close to EV(Si) for all
tunnel-SiO2 thicknesses ≥2.3 nm. In contrast, the unpassi-
vated sample W has a much steeper rise of EAl over EV(Si)
and reaches a maximum value of EV(Si) + 0.32 eV for a
tunnel-SiO2 thickness of 5.4 nm. This energy coincides
exactly with the 0↔ 1 charge transition level of Pb0 defects
(indicated by the dark yellow dotted line in Fig. 3). Hence, no
energy is gained by electrons tunneling from the Pb0 defects
into the Al-induced acceptor states, and consequently, the
Dit values of sample W and the Al–O-free reference sample
match for tunnel oxides ≥5.4 nm [cf. green and orange data
points in Fig. 1(b)].

In other words, when considering the not-H2-passivated
sample, the Pb0 defects are efficiently and nearly completely
unoccupied (deactivated) due to the large energy difference
for electron relaxation into Al-induced acceptor states for
tunnel-SiO2 thicknesses of up to ∼3 nm. As EAl approaches
the charge transition level of the Pb0 defects for tunnel oxides
thicker than ∼3 nm, the relaxation energy decreases and an
increasing number of Pb0 defects become reoccupied, which
restores their recombination activity. Accordingly, Dit increases
sharply around 3 nm tunnel-SiO2 thickness [Fig. 1(b)].

We note that these results support the concept of the
electrical inactivity of the Pb1 defect as an interface trap, in
accordance with Stesmans and Afanas’ev.27

An in-depth discussion of the tunneling properties,
accompanying schematic band structures (Fig. 7) as well as a
possible explanation for the EAl decrease for tunnel oxides
thicker than ∼5 nm can be found in the Appendix.

The process of interface defect deactivation described so
far implicates that a dangling bond defect electron becomes a
fixed charge in the dielectric, i.e., the defect is not only deac-
tivated, its electron is converted from a recombination center
into the source of field-effect passivation as depicted sche-
matically in Fig. 4. Hence, for sufficiently thin tunnel-SiO2

thicknesses (≤3 nm), these combined electronic passivation
mechanisms should result in excellent Si-surface passivation
irrespective of chemical defect passivation by H2.

Figure 5 shows MDP lifetime mappings at an injection
level of ∼1015 cm−3 of n-type Si half-wafers processed exactly
in the same way as the electrically characterized samples
discussed so far (except for symmetrical front- and back
side SiO2-wedge/Al–O MLs/SiO2-stacks as usual for lifetime
samples). Lifetimes of up to 1.4 ms are measured for sample W
in the range of 2–3.5 nm tunnel-SiO2, i.e., where Qfix is high
and Dit is small. This lifetime corresponds to an upper limit

for the surface recombination velocity Seff,max of ∼19 cm/s
(using Seff,max ¼ twafer=2τeff with the bulk-lifetime τbulk ! 1

and twafer as the wafer thickness). The loss of high lifetimes
toward thicker tunnel-SiO2 is readily explained by a lower Qfix

density, causing less efficient field-effect passivation and the
higher Dit densities. The reduced lifetimes for tunnel-SiO2

thicknesses below 1 nm might be attributed to the vicinity of
the wafer edge and associated lower surface quality. In addi-
tion, Si-surface contaminations from the nearly complete
HF-etching of the oxide and subsequent handling can alter
the interface properties. The mapping of sample W-H2 dem-
onstrates that H2-passivation is not capable to significantly
further improve the lifetimes in the optimum tunnel-SiO2

thickness range (2–3.5 nm)—as presumed above. A major influ-
ence of H2-passivation is mainly observed for tunnel-SiO2

FIG. 5. Minority carrier lifetime (τeff ) mappings at an injection level of
∼1015 cm−3 of half-wafers with symmetrical SiO2/Al–O-MLs/SiO2-stacks with
slant-etched, wedge-shaped tunnel-SiO2 (W-samples) and Al–O-free references
(R-samples), before and after H2-passivation. The tunnel-SiO2 thicknesses are
plotted on the right y axes. For the W-samples, similar lifetimes beyond 1 ms
are achieved in the optimum 2–3.5 nm tunnel-SiO2 range, irrespective of
H2-passivation, while the R-H2-sample shows less than half of that lifetime.
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thicknesses above 4 nm, where the influence of the Al-induced
acceptor states in Dit reduction is marginal. Still, sample W-H2

has a significantly better surface passivation quality than the
reference sample R-H2, originating from the additional field
effect passivation by a Qfix of yet around −1 × 1012 cm−2 even for
the thickest tunnel-SiO2 used here [cf. Fig. 1(a)]. The unpassi-
vated reference sample R has a featureless average lifetime of
about 25 μs. Hence, the presence of just 6 Al–O MLs within a
suitable tunnel distance from the substrate (sample W) there-
fore leads to a lifetime increase by a factor of more than 50.

A detailed discussion of the influence of H2-passivation
on the minority carrier lifetimes as a function of minority
carrier density (photoconductance measurements) is pro-
vided in the supplementary material.

IV. CONCLUSIONS

In summary, we demonstrated that the midgap interface
trap density (Dit) at the Si/SiO2 interface can be reduced to a
similar level as achieved by conventional H2-passivation due
to the presence of just a few Al–O MLs with Å-thicknesses on
an ultrathin tunnel-SiO2 of ≤2 nm thickness. The origin of this
effect is the discharge of the Pb0 DB-defects into Al-induced
acceptor states in SiO2. As a consequence, the discharged
DB-defects are no longer deep recombination states so that
Shockley-Read-Hall (SRH) recombination is drastically
reduced. This constitutes an interface defect deactivation
mechanism that is independent from field-effect passivation,
i.e., the avoidance of surface recombination at neutral (singly
occupied) DBs due to repelling one type of charge carrier by
fixed charges in the dielectric. Nevertheless, the transfer of
electrons from the Pb0 defects into the Al-induced acceptor
states generates a negative Qfix that additionally enables
field-effect passivation. The combination of this Dit reduction
effect with field effect passivation results therefore in equal
effective minority carrier lifetimes on n-type Si in the optimum
tunnel-SiO2 thickness range as chemical defect passivation by
annealing in H2. Furthermore, it was revealed that the dis-
charged Pb0 cannot be chemically passivated with H2 due to
the absence of an electron at the Si-DB to form the Si–H
bond. Hence, a final annealing in H2 (or forming gas)
becomes a less important process step for the Si-surface
passivation since most defects are already deactivated.
Importantly, we find little evidence for a direct
H2-passivation of the Al-induced acceptor states.

The requirement for tunnel-SiO2 thicknesses of below
3 nm to benefit from interface defect deactivation by the
Al-induced acceptor states are in line with the parameters
necessary to maximize Qfix

12 and to enable efficient hole tun-
neling,11 which represents optimum conditions for a passivat-
ing hole-selective contact for high-efficiency Si solar cells.

SUPPLEMENTARY MATERIAL

See supplementary material for photoconductance
lifetime measurements of H2-passivated and unpassivated
samples.
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APPENDIX: TUNNELING ENERGETICS AND DYNAMICS

In this appendix, we attempt to explain the energetics and
dynamics of tunneling into the Al-induced acceptor states in
SiO2 leading to experimental results shown in Figs. 1 and 3.

Direct electron tunneling from the DBs into the
Al-induced acceptor states is likely to become a time issue for
tunnel-SiO2 thicknesses (dt�Ox) thicker than ∼5 nm. A tremen-
dous delay in electron relaxation into the acceptor states
results from the macroscopic tunneling time constant τT�macro.
The time constant of the quantum-mechanical process τT�QM

28

(i.e., the inverse attempt frequency) is in the low fs range for an
electron tunneling through a few nanometer of SiO2. However,
the macroscopic time constant for exactly one electron being
transferred through SiO2 is the product of τT�QM with the
inverse of the electron tunneling probability TT. While
tunneling through ultra-thin barriers proceeds fast enough
to extract even hot carriers prior to thermalization,29

τT�macro ¼ τT�QM=TT reaches months or even years for reason-
ably thick tunnel barriers. For instance, the near-completion of
charging acceptor states by ionizing F-vacancies in AlF3 layers
on a comparatively thick (8.2 nm) tunnel-SiO2 was observed
after almost 4 years.30 The same slow tunneling dynamics
might influence the energetic position of Al-induced acceptors
in SiO2 relative to the valence band energy of Si [EV(Si)] at the
interface Si/SiO2.

In Fig. 6, the energy level values of the Al-acceptor
states (EAl) relative to EV(Si) as a function of tunnel-SiO2

thickness as calculated by a one-dimensional Poisson-Solver
are reproduced from Fig. 3. Figure 6 shows that the strong
drift field of ca. 2.8MV/cm (for dt�Ox ¼ 0:4 nm) to 1.6MV/cm
(for dt�Ox ¼ 2:3 nm) is nearly identical for both samples as
evident from the nearly equal shift of EAl against EV(Si) with
dt�Ox, which is confirmed by the nearly identical Qfix values in
Fig. 1(a). For dt�Ox . 2:3 nm, EAl raises above EV(Si) and the
H2-passivated and the unpassivated sample show significant
differences.

For sample W-H2, EAl slowly increases with dt�Ox, reaching
a maximum of EAl ¼ EV(Si)þ 0:007 eV for dt�Ox ¼ 5:4 nm,
before decreasing again to values just below EV(Si). With
electrons from EV(Si) relaxing into Al modulation acceptors,
their occupation probability PAl is PAl(dt�Ox ¼ 5:4 nm) ¼
exp {[EAl � EV(Si)]=kBT} ¼ 0:43 at T ¼ 300 K. The maximum
value of EAl presents the equilibrium point at which EAl stabi-
lizes against EV(Si) as indicated by the dashed blue line in
Fig. 6. The decrease in EAl for thicker dt�Ox might be due to
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the substantial time required to reach the charge equilibrium
between the Si wafer and the Al-acceptor states. As men-
tioned, τT�macro increases exponentially with increasing
tunnel barrier thickness dt�Ox due to its inverse dependence
on TT.30 This phenomenon is reflected in EAl /Max(EAl)�
exp(�τT�macro=t) and shown in Fig. 6 by the gray highlighted
area. We note that t ¼ constant since all samples were mea-
sured at the same (short) time after fabrication and the quo-
tient in the exponent is in reverse to the usual arrangement
due to τT�macro / 1=TT. Within this concept of the tunneling
dynamics of electrons through SiO2, the decrease of EAl in
the gray highlighted area in Fig. 6 would not be a direct
feature of the Al-acceptors in SiO2, but an effect related to
the time delay in occupying the acceptor states through
thick oxide barriers. Under this assumption, the dashed lines
in Fig. 6 (blue for sample W-H2, red for sample W) would be
the evolution of EAl with dt�Ox.

Sample W has a much steeper rise of EAl over EV(Si) than
sample W-H2. Its maximum value of EAl ¼ EV(Si)þ 0:324 eV at
the same dt�Ox value of 5.4 nm as sample W-H2 might be due
to the same time conditions for electron tunneling. We will
elucidate now what impact a H2-passivation has on EAl and PAl
as a function of dt�Ox, whereby we focus on the dt�Ox range
not affected by tunneling dynamics. As shown by the

reference sample in Fig. 1(b) (orange data points) traps states
as represented by Pb0 centers in the range of 4 × 1012 cm−2

are present at the Si/SiO2 interface without H2-passivation,
which exceeds all Qfix values of sample W measured by C-V
[cf. Fig. 1(a)]. Such Pb0 centers are occupied with one

FIG. 6. Energy level of Al-induced acceptor states EAl relative to the valence
band edge of Si at the SiO2-interface as a function of tunnel-SiO2 thickness
dt�Ox. The calculated data as derived from a one-dimensional Poisson-Solver
are the same as in Fig. 3. The decline of EAl in the gray highlighted area might
be due to increasingly reduced Al acceptor ionization by the large macroscopic
tunneling time constant, which considerably delays the charge relaxation
process. As proposed in the text, without this strong time dependence, EAl
should remain constant for dt�Ox . 5 nm. This is indicated by the dashed
lines. With increasing dt�Ox, the drift field due to ionized Al-acceptors in SiO2

decreases to keep the energy difference EAl(SiO2)� EV (Si) constant. As a
result, the occupation probability PAl of Al-acceptors decreases with increasing
dt�Ox, which leads to a decrease in Qfix as shown in Fig. 1(a).

FIG. 7. Simplified band diagrams for the MIS structure of sample W with
tunnel-SiO2 thicknesses of 1 nm, 3 nm, and 5 nm based on the Qfix and Dit data
in Fig. 1 and the EAl values in Fig. 3. (a) 1 nm tunnel-SiO2: Pb0 defects are effi-
ciently discharged by Al-induced acceptor states due to a large energy differ-
ence between EAl and EPb0 (relaxation energy). Furthermore, the acceptor
states capture electrons from the Si valence band, which creates a two-
dimensional hole gas in Si. (b) 3 nm tunnel-SiO2: the EAl level increases beyond
EV (Si) and ionization of Al-acceptor states with electrons from the Si valence
band is energetically not favorable and no two-dimensional hole gas exists. In
addition, the relaxation energy to the Pb0 defects is significantly reduced so that
some of the defects regain electrical activity as interface trap states Dit
[cf. Fig. 1(b)]. (c) 5 nm tunnel-SiO2: the relaxation energy for Pb0 defect elec-
trons vanishes as EAl approaches EPb0 . Therefore, the recombination at Pb0
defects is widely restored and the Dit values of sample W equal those from the
Al-acceptor-free reference sample.
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electron and have a characteristic 0↔ 1 charge transition
energy of EPb0 ¼ EV(Si)þ 0:31 eV at the interface Si/SiO2.
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These electrons have a preference for relaxing into Al
acceptors over electrons relaxing from EV(Si) since they
lose more energy. This process is suppressed mainly by
H2-passivation of Pb0 centers and—to a minor extent—by
H2-passivation of O-DBs at unoccupied Al acceptors which
explains the much lower rise of EAl over EV(Si) with increas-
ing dt�Ox. The occupation probability of Al acceptors in
sample W is PAl(dt�Ox ¼ 5:4 nm) ¼ exp [(EAl � EPb0 )=kBT] ¼ 0:37
at T ¼ 300 K, which is very close to the PAl(dt�Ox ¼ 5:4 nm)
value of sample W-H2. The conditions for Coulomb repulsion
between ionized Al-acceptors in SiO2 are virtually identical for
both samples, resulting in ∼1.4% of ionized acceptors.12,31

Figure 7 shows schematic band structures of sample W
for dt�Ox values of 1, 3, and 5 nm illustrating the discussion
above. For ultra-thin tunnel-SiO2 of 1 nm [Fig. 7(a)], electrons
from Pb0 defects relax into the Al-induced acceptor states in
addition to electrons tunneling from the Si valence band into
acceptor states, generating a two-dimensional hole gas in Si.
As a consequence, Pb0 defects cannot provide electrons
for recombination with Si valence band holes, which deacti-
vates their recombination activity. As dt-Ox increases to 3 nm
[Fig. 7(b)], the high field strength of charged Al acceptors
induces a potential lift over the tunnel-SiO2 which decreases
their occupation probability, resulting in reduced Si band
bending and the loss of hole-degeneracy. Pb0 defects start to
participate in surface recombination with the rising Fermi
level (increasing occupation probability) due to reduced band
bending in Si. Further increase in dt-Ox to 5 nm [Fig. 7(c)]
eventually leads to Pb0 defects approaching their nominal
occupation probability for undoped SiO2 with the associated
recombination activity.
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