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Comparison of SiNx-Based Surface Passivation Between
Germanium and Silicon

Hanchen Liu, Toni P. Pasanen, Tsun Hang Fung, Joonas Isometsä, Oskari Leiviskä,
Ville Vähänissi, and Hele Savin*

1. Introduction

Germanium (Ge) draws currently attention as an attractive
material for many applications. The high intrinsic carrier
mobility makes it a potential candidate to replace silicon (Si)
as an active channel material in future high-performance
metal–oxide–semiconductor (MOS) devices.[1] The narrow
bandgap (�0.66 eV) makes it also an attractive material for pho-
tovoltaic devices and sensors, such as the bottom cell of multi-
junction solar cells and near-infrared (NIR) photodetectors.

In all these devices, the reduction of
charge carrier recombination at Ge surfaces
and interfaces is crucial. However, the pas-
sivation of Ge surfaces has historically been
challenging due to the lack of a stable oxide.
For instance, the high amount of interface
traps, especially the acceptor-like trap states,
has been a concern in Ge-based NMOS
field-effect transistors due to the resulting
mobility degradation.[2]

The density of interface defect states (Dit)
has earlier been successfully reduced by gen-
erating a high-quality germanium dioxide
(GeO2) layer at the surface. Yukio et al.
obtained a high-quality Ge/GeO2 interface
by using a low-temperature electron cyclo-
tron resonance (ECR)-generated oxygen
plasma stream and achieved a midgap Dit

of �4.5� 1010 cm�2 eV�1 with an atomic-
layer-deposited (ALD) aluminum oxide
(Al2O3) capping.

[3] Bellenger et al. achieved
a Dit of �2� 1011 cm�2 eV�1 at the midgap
by thermally growing GeO2 in molecular
oxygen, followed by the deposition of an

ALD Al2O3 or hafnium oxide (HfO2) capping.
[4] Kuzum et al. real-

ized a Ge/GeO2 interface by using ozone oxidation at 400 °C and
achieved a minimum Dit of 3� 1011 cm�2 eV�1.[5]

Besides reducing the interface defects, surface passivation can
be improved via field-effect passivation. Some progress on this
topic has recently been achieved: Isometsä et al. achieved a low
surface recombination velocity (SRV) of 6.55 cm s�1 and a high
negative charge density (Qtot) over �2� 1012 cm�2 by ALD
Al2O3 combined with a hydrochloric acid (HCl) pre-treatment.[6]

Simultaneously, Berghuis et al. reported an exceptionally high
negative Qtot of ��1� 1013 cm�2 and a low SRV of �2.6 cm s�1

using a hydrogenated amorphous silicon (a-Si:H)/Al2O3 stack,
synthesized by plasma-enhanced chemical vapor deposition
(PECVD) and plasma-enhanced ALD (PEALD), respectively.[7]

The aforementioned research on field effect passivation of Ge
has focused on ALD Al2O3 which is known to have a high nega-
tive charge. Another promising material that utilizes strong field-
effect passivation is silicon nitride (SiNx) deposited by PECVD.
This material is commonly used for example in Si solar cells as it
provides efficient surface passivation thanks to its high positive
Qtot.

[8] The hydrogenated SiNx provides also excellent chemical
passivation, which is activated by post-deposition anneal
(PDA).[9] Some preliminary results on the passivation of Ge
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Germanium (Ge) has attracted much attention as a promising channel material in
nanoscale metal–oxide–semiconductor devices and near-infrared sensing because
of its high carrier mobilities and narrow bandgap, respectively. However, efficient
passivation of Ge surfaces has remained challenging. Herein, silicon nitride (SiNx)-
based passivation schemes on Ge surfaces are studied and the observations are
compared to Si counterparts. These results show that instead of a high positive
charge density (Qtot) that is found in SiNx-passivated Si samples, similar Ge
samples contain a high amount of negative Qtot (in the range of 1012 cm�2). The
maximum surface recombination velocity of the samples is shown to reduce by
a factor of three in both Si and Ge samples by a post-deposition anneal at 400 °C.
The SiNx-coated samples are capped with an atomic-layer-deposited aluminum
oxide (Al2O3) layer, which reduces the midgap interface defect density (Dit) after
annealing to 7� 1010 and 4� 1011 cm�2 eV�1 in Si and Ge, respectively.
Interestingly, while the Al2O3 capping seems to have no impact on Qtot of the
Si samples, it turns the stack virtually neutral (��1.6� 1011 cm�2) on Ge. The
presented SiNx-based passivation schemes are promising for optoelectronic
devices, where a low Dit and/or a low charge are favored.
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via PECVD SiNx have also been reported, but the data available is
still rather limited.[10,11]

It is rather common to enhance the passivation of Si surfaces
by capping the PECVD films with another thin film, such as
Al2O3. During a subsequent anneal, the Al2O3 capping layer acts
both as a hydrogen source as well as a hydrogen diffusion barrier,
which enables efficient hydrogen diffusion to the Si–thin-film
interface and consequently a high level of chemical
passivation.[12–14] This approach has been used for several differ-
ent thin films on Si, including PECVD SiO2 and SiNx.

[14,15]

However, research on a similar approach for the passivation
of Ge is limited.

In this work, we study SiNx-based passivation schemes on Ge
surfaces and compare our observations to Si counterparts. We
study the passivation performance both without and with
post-deposition annealing. We also investigate the impact of
an Al2O3 capping layer on the passivation efficiency. To get more
understanding of the Ge–thin-film interface properties, we com-
plement our studies with corona charging experiments.

2. Experimental Section

Figure 1 outlines the process flow of the experiments. The same
process was applied to both Ge and Si wafers. The Ge substrates
were 175 μm thick n-type (antimony-doped) Czochralski-grown
(CZ) wafers with <100> orientation, 50mm diameter, and
5–15Ωcm resistivity. The Si substrates were 280 μm thick n-type
(phosphorous-doped) Float-zone (FZ) wafers with <100> orien-
tation, 100mm diameter, and 1–5Ωcm resistivity. To clean the
wafers and to remove the native oxide, the Ge wafers were dipped
to 31.6% HCl for 90 s without a (consecutive) de-ionized water
(DIW) rinse,[6] whereas the Si wafers were cleaned by the stan-
dard RCA cleaning sequence with a hydrofluoric acid (HF) dip
for 90 s followed by DIW rinsing as the last step. After the clean-
ing, a 20 nm-thick SiNx layer was deposited on both sides of the
Ge and Si substrates using a radio-frequency (RF, 13.56MHz)
PECVD system (Plasmalab 80 Plus) at 380 °C with silane
(SiH4, gas flow 17.5 sccm), ammonia (NH3, gas flow 50 sccm)
and nitrogen (N2, gas flow 332.5 sccm) as the precursor gases.
The pressure was 1000mTorr, and the plasma power was

25W. An additional double-sided 20 nm-thick Al2O3 capping
layer was deposited on some of the samples to create a
SiNx/Al2O3 stack. The deposition was done by thermal ALD at
200 °C using trimethylaluminum (TMA) and H2O precursors.
To study the impact of heat treatment on surface passivation,
the samples were annealed at 400 °C in an ATV PEO-601 furnace
for 30min in forming a gas (FG, 95% N2þ 5% H2) atmosphere.
The anneal temperature was limited to 400 °C, which is somewhat
lower than the typical temperature used for SiNx in silicon solar
cells. This is because dopants diffuse faster in Ge than in Si,[16,17]

and hence much higher temperatures cannot be applied to
Ge-based devices without affecting doped p-n junctions or other
diffused regions. The lower temperature also helps to avoid severe
blistering that is often encountered in annealed SiNx films.[18]

To study the effectiveness of surface passivation obtained via
the applied thin films, injection-level-dependent effective minority
carrier recombination lifetime (τeff ) was measured by quasi-
steady-state microwave photoconductance decay (QSS-μPCD) with
Semilab PV2000A. The τeff was additionally measured from some
of the Si samples using the transient photoconductance technique
with Sinton Instruments WCT-120TS. To more directly evaluate
the amount of surface recombination, infinite bulk lifetime was
assumed and the resulting maximum surface recombination
velocity (SRVmax) was calculated by the equation

SRVmax ¼
W

2�τeff
(1)

where W is the wafer thickness. The SRVmax is reported around
the excess minority carrier density (Δn) that yielded the highest
lifetime within the measured injection level range, i.e., 1� 1014

and 1� 1015 cm�3 for Ge and Si, respectively.
A corona charge (Qc) lifetime experiment was performed to

obtain information on the polarity and magnitude of
Qtot.

[7,19,20] For this measurement, the samples were cleaved into
halves. For one of the halves, negative Qc was uniformly depos-
ited on both sides in a gradual manner by a linear corona charger
to modulate the field-effect passivation. The exact amount of the
deposited Qc was determined by measuring the potential change
over the sample using a Kelvin probe-based measurement setup.
After each incremental charging step, the SRVmax was calculated
from the measured carrier lifetime. The measurement was
repeated for the other half of the sample, in the same manner,
using positive Qc. Finally, the Qtot and Dit were assessed with the
corona oxide characterization of semiconductor (COCOS)
method by Semilab PV2000A from the samples with a SiNx/
Al2O3 stack to obtain more quantitative information on the inter-
face properties.

3. Results

Figure 2a shows the injection-level-dependent minority carrier
lifetime of the Si and Ge samples passivated by 20 nm of
SiNx. On the Si substrate, the as-deposited SiNx provides
only limited surface passivation with a maximum lifetime of
100 μs (minority carrier diffusion length Lp¼ 346 μm,
SRVmax¼ 140 cm s�1). Surface passivation is enhanced after a
PDA by a factor of three, and a τeff of �300 μs is achieved
(Lp¼ 600 μm, SRVmax¼ 46 cm s�1). The obtained results are

Figure 1. Process flow for the studied samples showing the most
important processing and characterizing steps.
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consistent with the literature, which shows that a similar
improvement can be achieved with a 400 °C PDA.[21] A higher
temperature would likely result in a larger improvement,[21] how-
ever, it is not practical for Ge-based devices as discussed
earlier. Similar behavior is observed on the Ge substrate but
with a slightly higher SRVmax: the as-deposited SiNx passivated
sample has a maximum lifetime of �60 μs (Lp¼ 542 μm,
SRVmax¼ 146 cm s�1) and after a PDA the τeff increases to
150 μs (Lp¼ 857 μm, SRVmax¼ 58 cm s�1).

To study the polarity of Qtot, SRVmax was measured as a func-
tion of Qc. The effect of added Qc on SRVmax is shown in
Figure 2b. The SRVmax of the as-deposited Si/SiNx sample
increases with added negative Qc, while it reduces with added
positive Qc. This indicates that the SiNx film on Si has a positive
Qtot (the order of magnitude is �1012 cm�2). The surface is thus
initially in accumulation, which transforms towards depletion
when adding negative Qc resulting in weaker field effect

passivation (SRVmax increases). The high positive Qtot is a
well-known property of SiNx on Si and hence the result is con-
sistent with previous studies.[22,23] Interestingly, the Ge samples
passivated with as-deposited SiNx show an opposite trend: the
SRVmax reduces with added negative Qc, while it increases with
added positive Qc. This indicates the presence of a negative Qtot

(in the range of 1012 cm�2) within the thin film. A similar obser-
vation (i.e., a negative Qtot within SiNx film on the Ge surface)
has been reported recently by Berghuis et al.[10]

The PDA seems to have almost no impact on the trend of
SRVmax of Si/SiNx samples as a function of Qc: both the polarity
andmagnitude ofQtot remain similar which is in agreement with
previous studies.[24] In contrast, for the Ge/SiNx samples, the
charge polarity remains the same but the SRVmax behaves differ-
ently as a function of Qc after the PDA, indicating changes in the
magnitude of Qtot.

To study the effect of a capping layer on surface passivation, a
20 nm thick ALD Al2O3 thin film was deposited on top of the SiNx

layer. The bar plot in Figure 3a presents the τeff of Ge and Si
passivated with as-deposited SiNx, annealed SiNx, and annealed
SiNx/Al2O3 stack. The results demonstrate that the Al2O3 capping
has a much larger impact on the surface passivation than a PDA
alone for both substrates. For Si, the enhancement is very impres-
sive with a τeff of around 7ms (Lp¼ 2898 μm, SRVmax¼ 2 cm s�1)
in the SiNx/Al2O3-passivated sample, which agrees with earlier
reports on similar improvements with Al2O3 capping.[13,25] For
Ge, the annealed SiNx/Al2O3 stack results in a lifetime of around
500 μs (Lp¼ 1565 μm, SRVmax¼ 17.5 cm s�1), which is more than
double as compared to the bare SiNx film, although the enhance-
ment ismuch smaller than in Si counterpart. It is good to note that
here the Ge bulk likely has an impact on the measured lifetime,
since we achieved only a slightly higher lifetime of �800 μs from
the same substrate material using well-optimized Al2O3 surface
passivation.[6] This means that the SRV for the Ge sample with
the annealed SiNx/Al2O3 stack is in reality somewhat lower than
the calculated maximum value.

To get more understanding of the interface properties of
the samples passivated with the SiNx/Al2O3 stack, the Qtot

and Dit were quantitatively characterized by the COCOS
method, as shown in Figure 3b,c. In Si, the measured
Qtot is þ2.7� 1012 cm�2 indicating that the Al2O3 capping has
no influence on the field effect passivation. Interestingly, the
charge density of the Ge samples has reduced drastically, and
the thin film stack is virtually neutral (��1.6� 1011 cm�2).
This means that the capping layer affects the field-effect passiv-
ation of Ge surfaces rather dramatically.

Figure 3c presents the Dit distribution within the bandgap for
the same samples. The midgap Dit of the Si samples passivated
with the stack is �7� 1010 cm�2 eV�1, which demonstrates an
excellent level of chemical passivation.[12–15] Indeed, the low
amount of interface defects combined with the high Qtot

explains the very high τeff reported in Figure 3a. In the case
of Ge, the midgap Dit is �4� 1011 cm�2 eV�1, which is low
enough for enabling highly-efficient optoelectronic devices, such
as solar cells and photodetectors.[26,27] Interestingly, the
midgap Dit achieved with the SiNx/Al2O3 stack on Ge is
lower than recently reported for PEALD Al2O3-passivated Ge
(�1� 1012 cm�2 eV�1).[7] The improvement in surface passiv-
ation obtained with the capping layer is indeed mainly due to

Figure 2. a) Injection-level-dependent effective minority carrier lifetime
and b) surface recombination velocity versus deposited corona charge
density for Ge and Si samples passivated by SiNx in the as-deposited
and annealed state. The dashed lines are guides for the eyes.
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the excellent chemical passivation, since the Qtot of the samples
is virtually zero, providing only weak field-effect passivation.

Hence, the SiNx/Al2O3 stack would be optimal for Ge surface
passivation in applications where field-effect cannot be utilized.

4. Discussion

SiNx on Si usually exhibits a high positive Qtot (typically several
times 1012 cm�2), which is very beneficial e.g., for n-type emitters
on solar cells with a p-type substrate.[28,29] This high density of
charge originates from the predominant defects, the threefold
coordinated Si atoms (·Si≡N3), called K centers.[30] They
contribute positive charges when turning into stable states
þSi≡N3 (Kþ centers) on Si substrate.[29] Unexpectedly, it was
found earlier that SiNx on Ge contains a negative charge instead
of a positive charge. One possible explanation for this overall neg-
ative Qtot could be the Ge surface trap states and the amphoteric
property of the K centers. The position of the charge neutrality
level (CNL) at the Ge surface is determined by the weights of
acceptor-like and donor-like states. If the Fermi level is higher
than the CNL, the ionized acceptor-like states will lead to a nega-
tive charge at the interface. In contrast, if the Fermi level is lower
than the CNL, the empty donor-like states will build a positive
interface charge. Since there is a large number of acceptor-like
states, which consist of dangling bonds (DBs), the bond strain,
vacancies, and Ge ad-atom formation,[31–33] the position of the
CNL in Ge is located very close to the valence band, only
�0.09 eV above it.[34,35] In addition, the Fermi level at the
interface overlaps the CNL, regardless of the doping type of
Ge, causing Fermi level pinning.[34] These unpassivated interface
trap states could contribute to the measured high negative Qtot.
Moreover, the amphoteric K centers of SiNx can also be occupied
by a negative charge with the following reactions

K0 þ e� ! K� (2)

Kþ þ 2e� ! K� (3)

We speculate that those K� centers originate from the electron
injection from the high density of ionized acceptor-like states and
the band alignment. This indicates that the polarity of Qtot on Ge
interface heavily relies on the passivation of the surface trap
states.

The well-known hydrogenation passivation works very well to
improve passivation on Si. The PDA of SiNx at an appropriate
temperature can promote hydrogenation, which is known to
improve the chemical passivation of Si.[36,37] The activation of
the hydrogenation from the SiNx passivation layer relies not only
on the sufficient H source but also on the encapsulation effect.[38]

Therefore, an ALD Al2O3 layer may act not only as a hydrogen
source but also as an H diffusion barrier,[18,39] showing its high
importance in the stack passivation structure. This could explain
the efficient passivation obtained in the Si/SiNx/Al2O3 samples.

An interesting difference between the passivation of Si and Ge
surfaces with annealed SiNx/Al2O3 stack is how the annealing
affects the passivation efficiency and the properties of the
substrate-thin film interface. In Ge, H can passivate some of
the recombination-active interface defects, which is seen as an
improved lifetime and a reduced Dit in annealed SiNx/Al2O3

samples. However, H passivation is much less efficient in Ge

Figure 3. a) Theminority carrier lifetime of Ge and Si samples passivated by
as-deposited SiNx, annealed SiNx, and annealed SiNx/Al2O3 stack at the
injection level of 1� 1014 cm�3. b) Qtot and c) Dit for Ge and Si samples
passivated with annealed SiNx/Al2O3 measured by corona oxide characteri-
zation of semiconductor (COCOS). The dashed lines are guides to the eyes.
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compared to Si,[40] which explains why efficient passivation can-
not be achieved as in Si.

5. Conclusions

In this article, a surprisingly high negative Qtot was found in
PECVD SiNx-passivated Ge samples, which was opposite to the
Si substrate counterpart that had a high positive charge. This
might be due to the abundant Ge surface trap states and SiNx

chargeable defect centers. The SRVmax of the SiNx-passivated sam-
ples was reduced by a factor of three after a 400 °C PDA in FG
ambient on both Si and Ge without affecting Qtot. It was discov-
ered that the deposition of an ALD Al2O3 capping layer followed by
the PDA has a significant impact on further improving the surface
passivation. For Si samples, an SRVmax as low as 2 cm s�1

was achieved with a high positive Qtot of �2.7� 1012 cm�2 and
a low midgap Dit of �7� 1010 cm�2 eV�1. This low SRVmax

could be explained by the combination of excellent field-effect pas-
sivation and chemical passivation. Also in the case of Ge, the Al2O3

capping layer reduced the midgap Dit to �4� 1011 cm�2 eV�1,
resulting in an SRVmax of 17.5 cm s�1. Interestingly, the negative
Qtot was simultaneously drastically reduced to a virtually neutral
level with only ��1.6� 1011 cm�2, which is a very different
behavior compared to the Si counterpart. These results demon-
strate a promising SiNx-based passivation scheme for Ge-based
devices, where low Dit and charge are favored.
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