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1. Introduction

Germanium (Ge) is currently contemplated to be a promising
replacement for silicon (Si) in many applications, especially in
optoelectronics, what is dictated by its good intrinsic electronic
properties. The narrow bandgap (≈0.66 eV) of Ge is beneficial for
light harvesting, e.g., in multijunction solar cell or photodetector
(especially in near-infrared region) applications,[1–3] while

the high charge carrier mobilities (μh≤
1900 cm2V�1 s�1, μe≤ 3900 cm2V�1 s�1)
allow greater switching speeds in
complementarymetal–oxide–semiconductor
(CMOS) transistors.[4–6] Furthermore, the
good compatibility of Ge with Si allows
simple integration of Ge into Si-based elec-
tronics. This, in turn, enables technologies
build on Ge-on-Si structures and SiGe
alloys.[7–9]

Notwithstanding the merits of Ge in
terms of electronic properties and light
absorption facilitated by the narrow
bandgap, two important issues must be
solved for successful integration of Ge into
optoelectronic applications. The first is
relatively high reflectance (≈30–40%) of
planar surfaces of Ge that deteriorates
performance of devices requiring efficient
light absorption. Numerous techniques,
e.g., antireflective coatings, have been pro-
posed for enhanced light harvesting.[10]

However, among those, surface nanotex-
turing with black Ge (b-Ge) formation is considered as one of
the most promising techniques allowing effective surface reflec-
tance suppression within the UV–visible–near-infrared (UV–vis–
NIR) range for wavelengths 200–1600 nm. Here, highly efficient
inductively-coupled plasma reactive ion etching provides almost
0% reflectance for Ge,[11] while metal-assisted chemical etching
(MACE) allows more fast and simple route by small compromise
in optical performance with reflectance below 10%.[12]

Secondly, most of the optoelectronic applications are minority
carrier-based devices, which require low defect densities for good
performance. While Ge bulk can easily be made of high quality
by Czochralski (CZ) growth and zone refining,[13,14] the lack
of stable high-quality surface passivation for a long time
hampered active implementation of Ge.[15,16] Currently, two
main approaches are known for managing recombination sites
at the interface. First of these is called chemical passivation
which assumes reducing the number of interfacial defects. In
particular, germanium dioxide (GeO2), formed by thermal oxida-
tion of Ge, is able to provide relatively low GeO2–Ge interface
defect density securing surface recombination velocity
Seff≈ 70 cm s�1,[17] whereas its real application is limited by ther-
mal instability and water-solubility as compared to analogous
thermal SiO2 for passivation of Si.[18] The second known
approach relies on shielding of minority charge carriers from
defects at the interface by means of internal electrical field,

M. Terletskaia, J. Isometsä, V. Vähänissi, H. Savin
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Promising intrinsic electronic properties, such as narrow bandgap and high charge
carrier mobilities, make germanium (Ge) a good replacement for silicon in
optoelectronic applications (e.g., photodetectors). However, successful fabrication
of efficient Ge devices requires minimization of both reflectance and surface
recombination losses. This work begins with an observation that metal-assisted
chemical etching (MACE) of Ge surfaces, used for optics improvement, reduces
surface recombination without application of any intentional passivation. We
proceed with investigation of the effect of MACE solution components and their
mixtures on Ge surface passivation. The results demonstrate that HF:H2O2

aqueous solution leads to efficient and stable passivation. The film formed in this
solution secures surface recombination velocity (Seff ) of 14 cm s�1. Morphological
and chemical characterization of the structure reveals porous germanium (PGe)
layer with some GeOx included. Finally, we propose several hypotheses on a
mechanism behind this passivation, among which are the presence of GeO2 at the
film-bulk Ge interface and appearance of a potential barrier due to the hetero-
junction formation. The presented Ge passivation with PGe layer provides a simple
and cost-efficient alternative to existing state-of-the-art passivation schemes.
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and so is named field-effect passivation. State-of-the-art atomic-
layer-deposited (ALD) Al2O3 is the most common material for
this type of passivation and was successfully applied for Ge sur-
faces reaching Seff as low as 6.6 cm s�1.[19,20] Significant efforts
have been made to further enhance Ge surface passivation lead-
ing to such promising schemes as a-Si:H,[21] a-SiCx/Al2O3,

[22]

a-Si:H/Al2O3,
[23] POx/Al2O3,

[24] and SiNx/Al2O3.
[25]

This work started when we were doing experiments on surface
passivation of MACE nanotextured Ge. We made an interesting
observation that the chemical solution used for MACE seemed to
result in a significant reduction in Seff. This unexpected outcome
indicated that the MACE solution, in addition to the optics
enhancement by surface nanotexturing, decreased the number
of charge carrier recombination events at the interface without
applying any intentional passivation. Based on the mechanism
behind MACE and the highly oxidizing nature of some of the
MACE solution components, we started to think that the passiv-
ation could be formed either by one of the components or by
their certain mixture. Therefore, we, first, study the capability
of MACE components and their mixtures to form passivation
of the Ge surface. Then, we evaluate their stability and Seff for
the best result obtained and investigate the passivation in more
detail by means of electrical, structural and chemical analysis.
Finally, we compare our passivation to the state-of-the-art passiv-
ation schemes and discuss possible mechanism behind it.

2. Results

Figure 1a represents the injection-level-dependent effective
minority carrier lifetimes τeff(Δn) measured for the samples
from the first batch, which were processed in different MACE
solution components and their mixtures, in comparison with
as-received wafer. As can be denoted from the plot, all solutions
provided passivation of Ge surface to varying degrees.
Nevertheless, one can clearly distinguish three of them (DIW:
HF:H2O2, DIW:AgNO3, and DIW:H2O2:AgNO3) leading to

significantly higher lifetimes as compared to other mixtures.
Moreover, a change in surface color of these samples was notice-
able to the naked eye suggesting the formation of some film in
each case. Among the remaining solutions with lower effective
lifetimes, the original MACE (blue markers) provided slightly
better passivation as compared to the others.

To obtain information about passivation quality retention in
case of the three outstanding samples as well as original
MACE, a stability test was done. For that τeff(Δn) for each sample
has been measured within several days. It is important to note
here that the samples were stored in nitrogen (N2) cabinet
betweenmeasurements. Eachmeasurement was done in ambient
conditions in a relatively short time (≈5min). Obtained results
(Figure 1b) showed that already the next day after processing life-
time for most of them dropped approximately by a factor of two.
Meanwhile, τeff(Δn) for HF:H2O2 aqueous solution processing
experienced only insignificant reduction, which suggested the
stability of such Ge passivation in an inert atmosphere.

Both MACE and HF:H2O2 aqueous solutions led to modifica-
tion of bare Ge surface by nanotexturing and film formation,
respectively. In general, both of these surface modifications
are likely to result in a change of surface optical properties, while
the film may additionally cause parasitic light absorption by
itself. These, in turn, will affect the accuracy of the lifetime mea-
surement and subsequent Seff evaluation. To eliminate the error
in Seff, lifetimes in the second batch of samples were measured
from the unprocessed side passivated by predeposited ALD
Al2O3 ensuring a well-defined optical constant and transparency
of optical excitation during measurement. The results on Seff(Δn)
evaluations for the second batch are present in Figure 2.
According to the plot, Seff for surfaces nanostructured by
MACE (blue markers) and passivated by aqueous HF:H2O2

(red markers) was roughly the same and could be estimated
to be around 14 cm s�1 at injection level of 1� 1014 cm�3.
Following these results, passivation formed by HF:H2O2 aque-
ous solution is on par with the one provided by MACE but is
far more stable. The inset in Figure 2 represents stability test that

Figure 1. a) Effective lifetime (τeff ) as a function of injection level for samples processed in various solutions in comparison with as-received wafer.
Dashed line indicates selected injection level (1� 1014 cm�3) for lifetime comparison between the samples. b) Histogram representing change of
passivation quality within 1 day after processing in the defined solutions. Effective lifetimes for comparison were extracted at the injection level of
1� 1014 cm�3.
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was repeated for the sample processed in HF:H2O2 aqueous
solution. The observed slow degradation of the passivation qual-
ity within first weeks after processing was followed by stabiliza-
tion with Seff≈ 24 cm s�1 even after 4 months. Additionally, the
initial Seff gained for HF:H2O2 aqueous solution treatment was
comparable with Seff for reproduced state-of-the-art ALD Al2O3

passivation (purple markers, the value was introduced in experi-
mental section as Seff ðAl2O3 Þ ≈ 9.12 cm s�1).

Building on the fact that HF:H2O2 aqueous solution led to the
formation of a specific film with promising passivating proper-
ties for Ge, further study of the film structure was carried out.

First, the film was characterized by scanning electronmicroscopy
(SEM) (Figure 3a) which revealed an intriguing sponge-
like structure of ≈80 nm thick. The zoom-in inset allows to
distinguish small particles (≈20 nm) interconnected with thin
bottlenecks.

Considering the combination of highly oxidizing nature of the
components of the HF:H2O2 aqueous solution with the genera-
tion of good passivation according to the lifetime measurements,
it was supposed that the film is likely to have insulating proper-
ties. Due to our main focus on electronic properties, essential in
device applications, a common starting point in evaluation of the
mechanism behind the high-quality passivation is investigation
of the properties at the film–bulk Ge interface. Here, standard
corona oxide characterization of semiconductor (COCOS) mea-
surement was performed for determination of thin film charge
(Qtot) and interface defect density (Dit).

[26] However, the obtained
results showed constant shift between contact potential differ-
ence (VCPD) measurements taken under illumination and in
the dark, i.e., surface band bending was unaffected by deposited
corona charge (Qc). Leakage of the Qc was identified as the most
probable cause for this phenomenon; hence, we speculated about
insufficient insulating properties of the film.

To get better understanding of the mechanism behind the
passivation, X-ray photoelectron spectroscopy (XPS) analysis
was performed to reveal the composition of the film resulting
from the treatment in HF:H2O2 aqueous solution. Based on
the obtained spectra (Figure 3b), broadening for the bulk Ge peak
can be noticed, which is most probably explained by the presence
of the non-uniform porous structure previously seen in the SEM.
Nevertheless, the most unexpected but important observation in
Ge 3d region of the XPS spectra is that the film formed in the
HF:H2O2 aqueous solution contains relatively high amount of
germanium suboxides defined as GeOx. In contrast, the sample
after original MACE processing mainly had germanium dioxide
(GeO2) present.

Based on the literature survey correlated with the obtained
SEM and XPS results,[27–32] we claim formation of porous

Figure 2. Surface recombination velocity (Seff ) as a function of minority
carrier injection level for sample processed in HF:H2O2 aqueous solution
(red markers) in comparison with MACE sample (blue markers), state-of-
the-art ALD Al2O3 passivation of planar Ge (purple markers), and
as-received unprocessed wafer (black markers). The dashed line indicates
injection level used for Seff extraction for comparison between the sam-
ples. The inset demonstrates results of stability test for sample processed
in HF:H2O2 aqueous solution.

Figure 3. a) SEM image of a porous film formed on Ge surface in HF:H2O2 aqueous solution with estimated thickness value and inset demonstrating
nanostructured nature of the film. b) Ge 3d region of XPS spectra measured for samples processed in MACE (blue markers) and HF:H2O2 aqueous
(red markers) solutions in comparison with as-received unprocessed wafer (black markers). Vertical lines indicate peak position for corresponding
compounds.
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germanium (PGe) film with some GeOx in it after exposing the
Ge wafer to HF:H2O2 aqueous solution. Hence, the structure is
highly probable to possess semiconducting properties which can
fully explain the failure during COCOS measurement.

3. Discussion

The results presented in this study demonstrate that 10min proc-
essing in the HF:H2O2 aqueous solution leads to the formation
of a thin (≈80 nm) film with a sponge-like structure, which is
able to provide efficient and stable surface passivation for Ge.
Calculated surface recombination velocity Seff≈ 14 cm s�1

secures a passivating effect almost on the level of state-of-
the-art materials, e.g., ALD Al2O3 (Seff≈ 6.6 cm s�1)[12] and
PECVD a-Si:H (Seff≈ 7 – 17 cm s�1).[21] On the other hand, the
proposed chemical treatment is much faster and requires no
expensive equipment or extra fabrication steps (e.g., post-
deposition annealing for passivation layer activation), what
endows the technology with more promise in cost-efficiency.[33]

Please note that in our experiments we kept the volume of each of
the original MACE solution component constant. This was an
intentional choice being the most straightforward approach to
pinpoint the chemical components critical for the passivation.
On the other hand, this approach means that the concentrations
of the components in the mixtures originating from the MACE
solution vary. Now that the critical/most promising components
have been identified, perhaps some further optimization could
be achieved by studying the effect of their concentrations on
the passivation in more detail.

To investigate the mechanism behind the passivation effect
achieved by processing in HF:H2O2 aqueous solution, several
characterization methods have been used. Based on the SEM
and XPS results, we suggested that the film consists of PGe with
some GeOx present at least in the topmost (≤10 nm) layer.
According to the XPS data, good passivation could be explained
neither from chemical nor field-effect sides. First, it is known
from the literature that, in general, GeOx has no tendency to pro-
vide high-quality interface with Ge substrate compared to, for
example, GeO2 which has been observed in MACE sample.[17,34]

On the other hand, XPS has analysis depth only about few nano-
meters and, consequently, can confirm the GeOx presence only
within the upper layer of the porous film. Therefore, these results
do not rule out the possibility of existence of GeO2 instead of
GeOx closer to the bulk Ge–porous film interface. Then, the case
becomes comparable to MACE sample in terms of both lifetime
and composition. Additionally, the prolonged stability of the pas-
sivation effect provided by the HF:H2O2 aqueous solution could
be explained by the presence of a sponge-like structure above the
interface with the bulk Ge. The porous structure may, to some
extent, prevent penetration of water molecules toward the inter-
face and, as a result, subsequent dissolution of GeO2 there.
However, an XPS depth profiling, able to provide data on the
issue, would be complicated in this case. The restriction comes
from the etch rate of the film that needs to be low enough to
minimize damage and charging effects, making the measure-
ment for the thickness of ≈80 nm time-consuming. And possible
change in composition for shorter chemical treatments calls into
question preparation of thinner films.

Meanwhile, our assumption about the film composition to be
mainly PGe brings an understanding of semiconducting nature
of the structure. This consideration clarifies the failure of
COCOS measurement where the deposited corona charge was
not able to accumulate on the surface. Moreover, the semicon-
ducting properties lead to the fact that no fixed electrical charges,
able to benefit field-effect passivation, are present within the film.

Together with the understanding of the film being a nano-
structured semiconductor, another speculation on the mecha-
nism behind the passivation effect arises. First important
thing here is that Ge has a relatively large exciton Bohr radius
(≈24 nm) which assures strong quantum confinement effects.[35]

Based on the SEM image shown earlier, we can describe the
structure as a network of relatively small (≤25 nm) Ge nano-
particles connected to each other with thin bottlenecks.
Consequently, this nanosized structure has high probability of
the effects dictated by quantum confinement. Based on the quan-
tum theory, an assumption about larger bandgap of the nano-
structured film in comparison with bulk Ge substrate can be
made.[32] Finally, we can speculate about a situation where we
have a contact between two semiconductors with different bandg-
aps. This contact may lead to the formation of a potential barrier
at the interface which slows down or fully prevents diffusion of
minority carriers toward larger bandgap material and, conse-
quently, interfacial defect states. Additionally, the physical inter-
face between the film and Ge substrate is probable to have a
reduced number of interfacial defects. The suggestion is based
on the fabrication mechanism of the porous structure which
assumes etching through the Ge substrate outermost layer mak-
ing the PGe film an inartificial continuation of bulk Ge substrate.

Besides the unidentified mechanism behind passivation,
applicability of the technique might be currently limited or com-
plicated in real device applications. First, the film is produced
directly from the bulk Ge and, consequently, consumes the
upper Ge layer. Moreover, patterning mechanisms for PGe layers
are poorly investigated. On the other hand, patterning has been
successfully applied for Si MACE.[36] Relying on the similarity of
MACE solution compositions, applicability of the same masking
techniques is expected for Ge processing. All these aspects
should be considered prior integration of the technology into
future device fabrication process.

4. Conclusion

This article represents efficient passivation of n-type Ge surface
by wet-chemical processing in aqueous HF:H2O2 mixture, which
is a derivative of the MACE solution. By the means of various
characterization techniques, we demonstrated that the chemical
treatment leads to the formation of thin film composed of PGe
containing some GeOx. The film ensures Seff of 14 cm s�1 which
is comparable to values achieved by such state-of-the-art passiv-
ating materials as a-Si:H and ALD Al2O3. The passivation effect
provided by the PGe is shown to be stable in inert N2 atmosphere
for 4months. Unfortunately, we were unable to comprehensively
determine reliably the mechanism behind Ge surface passivation
provided by chemical treatment of Ge in HF:H2O2 aqueous solu-
tion. Nevertheless, several proposals regarding this issue have
been made based on the data available. All in all, according to
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the Seff and stability evaluations, PGe can be considered a prom-
ising passivating material for Ge surfaces; however, a thorough
investigation on integration of this method into device fabrica-
tion process is still required.

5. Experimental Section
The substrates used in this study were 305 μm thick n-type (antimony-
doped) single-side polished CZ-grown 4 00 Ge wafers with (100) orientation
and 18–39Ω cm resistivity. The original MACE process, which served as a
basis for this work, was a single-step treatment in the following solution
DIW:HF (50 wt%, VLSI Puranal, Honeywell):H2O2 (30 wt%, VLSI Puranal,
Honeywell):AgNO3 (0.8 wt%, ACS reagent ≥99.0%, Sigma–Aldrich)
= 2156:539:11:22mL.[12] All following chemical solutions used in this work
were prepared maintaining initial volume of each component. The first
batch of samples was a collection of wafer quarters processed both sides
(Figure 4a) in various solutions according to Table 1.

All the treatments were performed for 10min with periodical mixing
of the solutions during processing. Finally, all samples were rinsed in
deionized water (DIW) and dried with nitrogen (N2) gas. The effect of
surface passivation after each treatment was investigated based on
the injection-level-dependent effective minority carrier recombination
lifetime (τeff(Δn)) measured by transient photoconductance decay
technique on Sinton lifetime tester WCT-120. The measured effective
lifetime was directly associated with the surface lifetime based on the
equation:

1
τeff ðΔnÞ

¼ 1
τbulkðΔnÞ

þ 1
τsurfaceðΔnÞ

(1)

under assumption of high-quality substrates and, consequently, negligible
bulk recombination (i.e., τbulk(Δn) is infinite). Additionally, τeff(Δn) of the
so-called “as-received” wafer without any surface treatment was measured
and used as a reference value within the batch. Comparison between the
samples was based on the lifetimes extracted at minority carrier injection
level Δn of ≈1� 1014 cm�3.

The second batch relied on the results of the first batch (Table 2). The
batch consisted of full wafers chemically processed only from the front
(polished) side (Figure 4b) in HF:H2O2 aqueous and MACE solutions.
Choice of the first solution was dictated by the results from the first batch,
whereas MACE mainly served as a reference. The one-sided processing
was realized by the use of a special single-wafer jig that protected the other
side of the wafer from exposure to chemical solution. Prior to the chemical
treatments, the rear (unpolished) surface of each wafer was coated with
the ALD Al2O3 according to the procedure described by Isometsä et al.[20]

This provided well reproducible rear surface passivation with surface
recombination velocity Seff ðAl2O3 Þ

≈ 9.12 cm s�1 and a known optical
constant essential for more precise τeff(Δn) evaluation. The ALD Al2O3

side of the samples was illuminated for light-inducedminority carrier injec-
tion in lifetime measurements. Corresponding upper limit for surface
recombination velocity (Seff ) in each case was calculated according to

1
τeff ðΔnÞ

≈
Seff
W

þ
Seff ðAl2O3 Þ

W
(2)

where W [cm] is the wafer thickness.[37]

The second batch included also two extra reference wafers: one was
passivated by state-of-the-art ALD Al2O3 from both sides,[20] while another
one was again “as-received” one. The latter was also used as a reference
within the first batch.

Additionally, structure and composition of the film formed in HF:H2O2

aqueous solution were studied by SEM (FEI Helios NanoLab 600) and XPS
(Thermo Scientific Nexsa G2).[38]
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Table 1. Solution compositions used for processing of the first batch of
samples.

Solution composition Volume ratio [mL]

DIW:HF:H2O2:AgNO3 (MACE) 2156:539:11:22
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Table 2. Samples of the second batch with corresponding treatments on
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Sample Front side Rear side

HF:H2O2 aqueous DIW:HF:H2O2 ALD Al2O3

MACEa) DIW:HF:H2O2:AgNO3 ALD Al2O3
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a) ALD Al2O3 ALD Al2O3

As-receiveda) – –

a)Used as reference within the second batch
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