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Abstract: Germanium is an excellent material candidate for various applications, such as field effect
transistors and radiation detectors/multijunction solar cells, due to its high carrier mobilities and
narrow bandgap, respectively. However, the efficient passivation of germanium surfaces remains
challenging. Recently, the most promising results have been achieved with atomic-layer-deposited
(ALD) Al2O3, but the obtainable surface recombination velocity (SRV) has been very sensitive to the
surface state prior to deposition. Based on X-ray photoelectron spectroscopy (XPS) and low-energy
electron diffraction (LEED), we show here that the poor SRV obtained with the combination of HF
and DIW surface cleaning and ALD Al2O3 results from a Ge suboxide interlayer (GeOx, x < 2) with
compromised quality. Nevertheless, our results also demonstrate that both the composition and
crystallinity of this oxide layer can be improved with a combination of low-temperature heating and
a 300-Langmuir controlled oxidation in an ultrahigh vacuum (LT-UHV treatment). This results in
a reduction in the interface defect density (Dit), allowing us to reach SRV values as low as 10 cm/s.
Being compatible with most device processes due to the low thermal budget, the LT-UHV treatment
could be easily integrated into many future devices and applications.

Keywords: surface passivation; atomic layer deposition; aluminum oxide; ultrahigh vacuum; corona
oxide characterization of semiconductors; quasi-steady-state microwave-detected photoconductance
decay; germanium; X-ray photoelectron spectroscopy; low-energy electron diffraction

1. Introduction

Germanium (Ge) is used in various semiconductor devices due to its attractive
electronic properties, such as high carrier mobility and a relatively small bandgap [1,2].
The high carrier mobility is particularly beneficial for metal–oxide–semiconductor field
effect transistors (MOSFET) in alleviating the drain current saturation problem [3–5],
whereas the small bandgap enabling efficient absorption in a wide wavelength range
(200–1800 nm) [1,6,7] is crucial for numerous optoelectronic devices, including near-infrared
detectors and thermophotovoltaic and multijunction solar cells [8–17]. Despite the many
beneficial properties offered by Ge, utilizing its full potential in devices has turned out to be
challenging. This is primarily due to the unfavorable surface properties of Ge, namely the
difficulties in being able to achieve efficient surface passivation [1,18,19]. Even though Ge
oxides can form a high-quality interface (with Ge) [18,20,21], they are known to be highly
unstable and water-soluble [1,18,19], which practically prevents their use as surface passiva-
tion layers in recombination-sensitive devices. As a result, many surface passivation studies
have been carried out with various externally deposited thin films, such as aluminum oxide
(Al2O3), zirconium dioxide (ZrO2), hafnium dioxide (HfO2), amorphous silicon (a-Si),
amorphous silicon carbide (a-SiCx), and silicon nitride SiNx [1,18,22–32]. Similar to silicon
(Si), one of the most promising candidates has turned out to be atomic-layer-deposited
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(ALD) Al2O3, which has recently been shown to significantly reduce the achievable surface
recombination velocities (SRV) down to values as low as 2.7 cm/s [27–29].

The SRV of a Ge surface passivated with ALD Al2O3 has been shown to be very
sensitive to the condition of the surface right before the deposition of the passivation
layer [27]. Due to the extremely high etch rate of Ge in hydrogen peroxide solution [33,34],
neither standard clean 1 nor standard clean 2 are applicable surface-cleaning treatments,
narrowing the selection down to wet treatments such as HCl and HF dips. Surface cleaning
performed with mere HCl without a following rinse in deionized water (DIW) (referred to
as reference later on in the text) prior to the ALD of Al2O3 was seen to produce significantly
better results than the combination of HF and DIW rinsing [27]. Although the latter
treatment is speculated to result in a thin GeOx layer with low quality, determining the
exact reason for the worse SRV needs further studies. In the case of Si, it is well known that
a thin SiO2 layer at the Si surface prior to the ALD of Al2O3 is of crucial importance for
achieving good surface passivation and a low SRV [35,36]. Furthermore, the combination
of low-temperature heating and controlled oxidation in an ultrahigh vacuum (LT-UHV
treatment) of this thin SiO2 layer prior to ALD has been shown to increase the negative
fixed charge density (Qtot) and to decrease the defect density (Dit) at the interface, thus
resulting in improved surface passivation via both increased field effect and chemical
passivation [37,38]. The question is whether a similar approach could be used in the case
of Ge to, e.g., increase the degree of crystallinity and/or alter the composition of the thin
GeOx layer, thus possibly improving the resulting surface passivation as well.

In this work, we utilize surface science methods such as X-ray photoelectron spec-
troscopy (XPS) and low-energy electron diffraction (LEED) to study the surface of Ge in
detail after the two different cleaning treatments: (i) mere HCl as a reference and (ii) the
combination of HF and DIW rinsing. The results are compared to the degree of surface
passivation, i.e., the SRV, Qtot, and Dit, obtained for both treatments after the ALD of
Al2O3. The SRV is defined from minority carrier lifetimes measured by quasi-steady-state
microwave photoconductance decay (QSS-µPCD), while Qtot and Dit are measured with
the corona oxide characterization of semiconductors (COCOS) technique. Additionally, we
apply an LT-UHV treatment for the HF-cleaned and DIW-rinsed samples, characterize its
effect on both the sample surface prior to ALD and the resulting passivation quality (the
SRV, the Qtot, and the Dit) after ALD, and compare the results to earlier data reported for Si.
Finally, the obtained results are discussed from a device perspective.

2. Experimental Details

The process flow of the conducted experiments is depicted in Figure 1. A batch of
189 ± 4 µm thick, single-side polished, 4-inch, n-type {100} Czochralski-grown (CZ) Ge
wafers with 18–37 Ωcm base resistivity was used in these experiments. The first process
step was surface cleaning. The reference samples were treated with 31.6% v/v HCl for
60 s without any DIW rinsing, whereas other samples were treated with 1% v/v HF for
90 s, followed by DIW rinsing for another 90 s. A high HCl concentration was selected due
to its reported ability to efficiently remove carbon and oxide layers while still resulting in a
smooth Ge surface with monochloride and dichloride termination [19]. For HF, the selected
concentration and duration of the treatment were a compromise between the inefficient
removal of impurities (e.g., oxygen, carbon, and copper) and resulting surface roughness
enhancement [19]. For one set of the HF + DIW-treated samples, an additional low-
temperature heating and controlled oxidation in an ultrahigh vacuum (LT-UHV treatment)
was carried out immediately after the surface cleaning. For the LT-UHV treatment, the
sample set was loaded into a UHV chamber and placed on top of a heater element using
a cradle. The chamber was pumped down to a vacuum level of 10−8 mbar. The wafers
were heated at 350 ◦C for 30 min, which was followed by a 300-Langmuir (L) oxidation
at the same temperature. These parameters were selected based on earlier studies on
Si [37,38]. After the treatment, the wafers were cooled down to room temperature under
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UHV conditions. After unloading the sample set from the UHV chamber, it was rejoined
with the other samples and the rest of the process was identical for all of them.

Figure 1. The process flow of the conducted experiments.

After surface cleaning (and optional LT-UHV treatment), the sample surfaces were
characterized with XPS and LEED to obtain information on the oxidation state and crys-
tallinity. Photoemission spectra were measured using a Thermo Scientific Nexsa XPS system
with a monochromatized Al Kα radiation source and dual-mode charge compensation.
High-resolution core-level spectra were collected with a 50 eV pass energy. The X-ray spot
size was 200 µm. Next, a 23 nm thick Al2O3 layer was deposited on the samples through
thermal ALD (Beneq TFS 500). The deposition was carried out at 200 ◦C with H2O and
trimethylaluminum (TMA) precursors. The number of cycles was 200. After ALD, to
activate the Al2O3 passivation, the samples were annealed at 400 ◦C in N2 for 30 min [27].

Finally, both the injection-dependent effective minority carrier lifetime (τeff) and the
Ge-Al2O3 interfacial properties (namely, the thin-film charge (Qtot) and the interface defect
density (Dit)) were measured using a Semilab PV2000A semiconductor characterization
tool [39]. The τeff, which reflects the overall recombination activity of a sample, was mea-
sured with the quasi-steady-state microwave-detected photoconductance decay technique
(QSS-µPCD) as an average over five points around the center of the sample [40]. The ob-
tained τeff was used to extract the maximum SRV at an injection level of 7 × 1014 cm−3 by
assuming negligible bulk recombination, which was likely a valid assumption since high-
quality substrates were used. Ge-Al2O3 interfacial properties, namely Qtot and Dit, were
assessed with the corona oxide characterization of semiconductors (COCOS) method [41].

3. Results and Discussion

To compare the Ge surface state after mere HCl (reference) and combined HF + DIW
cleaning, Figure 2a presents the Ge 3d spectra measured with XPS from both samples. The
Ge 3d spectra characterize the direct bonds between Ge and oxygen atoms. A difference
between the samples is seen at binding energies in the range of 31.0–32.5 eV. The shoulder
in the Ge 3d spectrum of the HF + DIW-cleaned sample indicates the presence of a larger
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amount of Ge suboxides (GeOx with x < 2, i.e., a Ge atom has fewer than four direct oxygen
bonds). This is in good agreement with the current literature, which suggests that GeO2
is readily water-soluble, whereas GeOx (with x < 2 ) is much more resistant to chemicals.
Even after an HF dip, small amounts of GeOx were found, although a DIW rinse carried
out due to safety concerns is more likely to cause additional oxide formation [42]. Similarly
to here, when comparing HBr and HF cleaning treatments prior to their PECVD a:Si:H Ge
surface passivation, Berghuis et al. also reported some remains of GeOx on the Ge surface
after HF cleaning [29].

Figure 2. (a) Ge 3d and (b) O 1s XPS spectra for HF + DIW-cleaned samples. HCl-cleaned sample is
shown as a reference. (c) LEED patterns for same samples.

To study the Ge surface oxygen content more closely, we also measured the oxygen O
1s XPS spectra for both of the samples. The obtained results are presented in Figure 2b).
As expected, both samples similarly show the Ge Auger peak at a binding energy of
535 eV [43]. However, more interestingly, a clear oxygen peak at around 531 eV is seen only
for the HF + DIW-cleaned sample and not for the reference. This is in agreement with the
Ge 3d spectra presented in Figure 2a, and further proves the presence of an oxide layer at
the surface of the HF + DIW-cleaned sample. The impact of this oxide layer on the surface
crystallinity was qualitatively studied with the LEED patterns presented in Figure 2c). The
reference sample provides sharper diffraction spots and, thus, a more crystalline surface
than the HF + DIW-cleaned sample.

These findings complement the previous results, where the combination of HF and
DIW rinsing prior to the ALD of Al2O3 was seen to lead to a worse SRV than mere HCl [27].
In contrast to the case of Si—where the combination of HF and DIW rinsing removes oxides
efficiently and leaves the surface H-terminated, preventing subsequent oxidation [27]—in
the case of Ge, there is clearly an oxide layer remaining on the surface after the treatment.
While for Si, the presence of a thin chemical oxide layer has been shown to improve ALD
Al2O3 passivation [35], for Ge, this seems detrimental. In the case of Ge, the presence
of a considerable amount of poor quality GeOx (x < 2) at the Ge/Al2O3 interface could
(i) reduce the amount of negative fixed charge obtainable by the Al2O3 passivation layer,
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decreasing the field effect, and/or (ii) increase the defect density (compared to better-quality
GeO2), deteriorating the chemical passivation. The COCOS results presented (Figure 4)
and discussed later on shed more light on this [18,44–49].

The XPS spectra and the LEED pattern for HF + DIW cleaned sample shown in Figure 2
demonstrated that there is a thin GeOx suboxide (x < 2) layer remaining on the sample
after the cleaning. In the case of silicon with a similarly chemically grown thin SiOx layer
at the wafer surface, the combination of low-temperature heating and controlled oxidation
in an ultrahigh vacuum (LT-UHV treatment) before ALD Al2O3 surface passivation has
been shown to improve both the oxide and the interface quality [37,38]. Here, we studied
whether the quality of the thin GeOx layer, namely the composition and the crystallinity,
could be similarly improved using LT-UHV treatment. Figure 3a,b show the effect of
LT-UHV treatment on the Ge 3d and O 1s XPS spectra obtained for the HF + DIW-cleaned
sample. The LT-UHV treatment was seen to slightly increase the overall oxygen content (the
peak height at ~531 eV in O 1s spectra increased) and to shift the germanium oxide towards
a higher oxidation state (the shoulder in the Ge 3d spectrum moved to 31.5–33.5 eV); in
other words, GeOy after the LT-UHV treatment resembled GeO2 more than GeOx (before
the LT-UHV treatment) [50]. Furthermore, the LEED pattern comparison presented in
Figure 3c shows sharper diffraction spots after the LT-UHV treatment, which indicates an
increased degree of crystallinity at the oxidized surface. This matches well with the case
of Si, where some of the SiOx was converted to SiO2 followed by an increased degree of
crystallinity [37,38]. It is worth noting that the LT-UHV treatment parameters used here
were selected based on earlier studies on Si [37,38]. Keeping in mind the different oxidation
kinetics for Ge, there could possibly be room for further improvement by optimizing the
parameters specifically for Ge. Nevertheless, in terms of Ge surface passivation, both the
oxide shift towards higher oxidation states and the increased degree of crystallinity pave
the way for the reduced density of surface defects [18,45–49].

Figure 3. (a) Ge 3d and (b) O 1s XPS spectra for HF + DIW-cleaned samples with and without the
LT-UHV treatment. (c) LEED patterns for same samples.
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Finally, we studied the impact of increased Ge oxide quality and improved crys-
tallinity obtained with the LT-UHV treatment for the HF + DIW-cleaned sample on ALD
Al2O3 surface passivation. We characterized the surface passivation by measuring the
effective minority carrier lifetime (τeff) and used that to determine the maximum surface
recombination velocity. Figure 4a presents the injection-dependent τeff for the samples
that experienced HCl cleaning (reference), HF + DIW cleaning, and HF + DIW cleaning
followed by the LT-UHV treatment. Without the LT-UHV treatment, the HF + DIW sample
has approximately a 200 µs lower lifetime across the whole injection level range when
compared to the reference. This translates to a 42% higher maximum SRV at 7 × 1014 cm−3

injection for the HF + DIW-cleaned sample. Similarly, Berghuis et al. reported earlier
that a more efficient GeOx removal is beneficial for Ge surface passivation with PECVD
a:Si:H [29]. Most notably, the addition of LT-UHV treatment improved the lifetime to the
same level as in the reference sample and, thus, reduce the SRV to below 10 cm/s. Looking
more closely at the injection level dependency, the reference sample was seen to have a
slightly higher lifetime in the low-injection region (1250 µs vs. 1200 µs at an injection of
2 × 1014 cm−3), whereas in the high-injection region, the LT-UHV-treated sample was seen
to perform better (500 µs vs. 600 µs at an injection of 2 × 1015 cm−3). The slightly smaller
injection-level dependency of the LT-UHV-treated sample indicates that it should have
improved chemical passivation quality (i.e., lower Dit) compared to the reference.

To study the reasons behind the improved surface passivation in more detail, we
performed COCOS measurements on all three different sample types to determine the
Qtot and Dit. Figure 4b presents Qtot, the figure of merit for field effect passivation, and
Figure 4c presents Dit, the figure of merit for chemical passivation. The reference sample
showed the highest thin-film charge in this comparison (Qtot = −2.3 × 1012 cm−2) fol-
lowed by the HF + DIW (Qtot = −1.9 × 1012 cm−2) and HF + DIW with LT-UHV treatment
(Qtot = −1.5 × 1012 cm−2) samples, respectively. Interestingly, the charge of the
HF + DIW-cleaned sample decreased after the LT-UHV treatment, which was the op-
posite effect to the case of Si, where the LT-UHV treatment was shown to increase the
Qtot [37,38]. On the other hand, the Dit behaved in a completely opposite manner. The
lowest Dit was achieved with the LT-UHV-treated sample (Dit = 2.3 × 1012 cm−2) followed
by the HF + DIW-cleaned sample (Dit = 3.7 × 1012 cm−2), while the reference sample
showed the worst value (Dit = 4 × 1012 cm−2). Thus the LT-UHV treatment clearly reduced
the Dit, which is in line with the surface science results and also agrees well with the
LT-UHV treatment results obtained for Si [37,38]. It is interesting that even though the
overall passivation after the LT-UHV treatment matched the reference, the passivation
mechanisms differ from each other. The passivation of the reference samples relied on a
strong field effect, while in the case of the LT-UHV-treated sample, the passivation was
more balanced with improved chemical passivation.

Finally, it is important to consider what the obtained results mean from a Ge device
perspective. Surface recombination is detrimental to the performance of many types of
Ge devices and, hence, efficient passivation is a crucial part of the device-manufacturing
process. For instance, in state-of-the-art photodiodes, surface recombination affects both
the dark current and the sensitivity, which are important figures of merit [51]. Fortu-
nately, the surface recombination characteristics achieved in this work are enough for
high-performance devices [52]. Furthermore, the low thermal budget of the LT-UHV treat-
ment makes it compatible with most device processes. Interestingly, very high absorption
over the whole wavelength range determined by the Ge band gap has been achieved by
nanostructuring the Ge surface [6,7,53,54]. This nanostructure, also known as black Ge,
multiplies the surface area and, thus, requires more efficient passivation methods than
planar counterparts. A recent study showed that, even with the surface passivation scheme
combining HCl cleaning with subsequent ALD Al2O3 and improved by an additional
intermediate H2O2-based etchback, the achievable minimum SRV of black Ge still seems
to be heavily dependent on the surface area [55], indicating the need for improvements.
One possible route towards enhanced passivation for the nanostructured surfaces could be



Crystals 2023, 13, 667 7 of 10

applying the LT-UHV treatment seen here to reduce the Dit. With such a large surface area,
even a small reduction in Dit could lead to a significant upgrade.

Figure 4. (a) Injection-dependent τeff of ALD-Al2O3-coated samples with different combinations
of pretreatments (Reference (HCl), HF + DIW, and HF + DIW + LT-UHV treatment). All samples
were post-deposition-annealed for 30 min at 400 ◦C in N2 ambient. The value labelled for each curve
represents the corresponding SRV extracted at 7 × 1014 cm−3 injection level. Extracted (b) Qtot and
(c) Dit values measured using COCOS.

4. Conclusions

The findings of this work suggest that Ge surface cleaning with the combination of HF
and DIW rinsing prior to ALD resulted in a poor-quality GeOx layer, which reduced the
effectivity of a subsequent Al2O3 surface passivation. Nevertheless, the combination of low-
temperature heating and controlled oxidation in an ultrahigh vacuum (LT-UHV treatment)
improved the GeOx quality by shifting its composition towards higher oxidation states
and by increasing the degree of its crystallinity. As a result, the SRV after a subsequent
ALD Al2O3 passivation was reduced by 32%. The reason for this improvement was
the reduction in Dit from 3.7 × 1012 cm−2 to 2.3 × 1012 cm−2. Such a decrease in Dit
might provide much-needed assistance for the surface passivation of Ge nanostructures
in the future.
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Abbreviations
Manuscript abbreviations and their definitions.
ALD atomic layer deposition
COCOS corona oxide characterization of semiconductors
Dit interface defect density
DIW deionized water
QSS-µPCD quasi-steady-state microwave-detected photoconductance decay
Qtot fixed charge density
LEED low-energy electron diffraction
LT-UHV low-temperature heating and controlled oxidation in an ultrahigh vacuum
SRV surface recombination velocity
XPS X-ray photoelectron spectroscopy
τeff effective minority carrier lifetime
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