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ARTICLE INFO ABSTRACT

Keywords: Germanium is a critically important material for future complementary metal-oxide-semiconductor devices,
Germanium however, to maximise its potential it is necessary to develop a robust passivation process that prevents Ge re-
Hunfldlty oxidation for a queue time of 24 h. Self-assembled monolayers (SAMs) of alkanethiols on Ge have previously
Passivation s 3. PP s . cps
been shown to inhibit oxidation; however, re-oxidation eventually occurs when exposed to ambient conditions.
Self-assembled monolayers N s . . . o
Stability Herein, it is shown that humidity plays a key role in the degradation of the SAM, ultimately resulting in re-

oxidation. To demonstrate this, thiol-passivated Ge(100) surfaces are exposed to controlled humidity environ-
ments with different levels of relative humidity (RH). The rate of re-oxidation of the Ge surfaces are tracked using
X-ray photoelectron spectroscopy and water contact angle analysis to discern what role RH plays in the re-
oxidation of the Ge and the degradation of the SAM passivation. Atomic force microscopy data is presented to
show that humidity-mediated re-oxidation of the Ge has little or no impact on the route mean square roughness
of those surfaces. Finally, atomistic modelling of thiol-SAM passivated Ge in the presence of water molecules has
been studied using first principles density functional theory in order to simulate experimental conditions and to
understand the atomic level processes that determine stability in hydrophilic and hydrophobic configurations.

X-ray photoelectron spectroscopy

semiconductors [8,9] and two-dimensional transition metal dichalco-
genides [10,11] are being scrutinized for their potential use in future
devices also.

1. Introduction

Traditionally, Si was used as the semiconductor material of choice

due to its relative abundance [1] and mechanical strength [2], but most
importantly because of its stable native oxide and very good oxide/Si
interface [3]. However, as aggressive device-scaling has continued,
traditional dielectrics such as SiOz have become ineffective at insulating
the channel from the gate [4]. At such small dimensions, electrons can
tunnel through the gate oxide resulting in high leakage currents and
poor device performance [5,6]. As a result, there has been a shift from
traditional dielectrics to high-x dielectrics such as HfO, and ZrO; in an
effort circumvent the aforementioned tunneling issue [7]. Regardless,
continued transistor scaling has been driving efforts to find higher
mobility semiconductor materials with properties suited to the modern
demands of complementary metal oxide semiconductor (CMOS) device
fabrication and performance. Other high mobility materials such as III-V

Germanium, however, is a very attractive alternative for a number of
reasons. Critically, it boasts an electron and hole mobility more than
twice and four times that of silicon (Si), respectively, and its similarity to
Si, as another Group IV element, would allow it to be seamlessly
incorporated using similar fabrication processes. The global reserves of
Ge are estimated to be approximately 2-3 thousand tons [12]. By com-
parison, Si as the second most abundant element in the earth’s crust, has
an annual production of approximately 7 million tons. Given these
relative abundances it is unlikely that Ge will replace Si entirely.
However, it is plausible that Ge will be integrated into the Si platform as
the channel material and efforts to do such are well underway [13-15].
Current transistor manufacturing includes channels consisting of
silicon-germanium (SiGe alloys to gain the partial benefits of Ge. In

Abbreviations: SAM, Self-assemble monolayer; XPS, X-ray photoelectron spectrocscopy.
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Fig. 1. Schematic of thiol-SAM on Ge.

2020, Intel published results for a gate-all-around nanosheet p-channel,
enhancement mode metal-oxide-semiconductor field-effect transistors
transistor using Sip 4Gegg [16].

A contributing factor as to why pure Ge has not yet been integrated
into current devices is that Fermi level pinning of the Ge surface occurs
when contacting a metal due to unpassivated acceptor-like gap states
present at the interface [17,18]. Dimoulas et al. have hypothesized that
since the Fermi level in Ge lies higher than the charge neutrality level,
the gap states at the interface fill easily, building up a fixed negative
charge preventing efficient inversion in the inversion layer of the CMOS
device resulting in sub-optimal device performance [19]. Many of the
other issues with Ge are specifically related to the nature of the oxide.
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For example, the Ge/GeO- interface is characterized by interfacial
dangling bonds and vacancies which trap charge, hindering device
performance [20,21]. Also, significant GeO desorption occurs at the
high temperatures necessary to grow high quality GeO, films on Ge
whereas this is not the case with the Si system [22]. The desorption of
GeO during thermal oxidation affects the qualities of both the Ge/GeO4
interface and the bulk GeO, itself. With that said, Toriumi et al. have
performed Ge oxidation under high-pressure Oy conditions at high
temperatures to suppress the GeO desorption and avoid deteriorating
the GeO bulk film quality or Ge/GeOs interface [23]. Finally, GeO; is
water soluble, making it extremely problematic for aqueous
wafer-processing steps which are currently common in device
manufacturing [24]. In fact, native oxide etching of GeO, using water,
results in the formation of the suboxide, GeOy, which can then be
removed by annealing at temperatures above 450°C leaving a pristine
Ge surface [25]. However, upon exposure to ambient conditions, the
native oxide readily regrows. For the reasons outlined, when working
with Ge, it may be advantageous to remove the native oxide and to store
the oxide-free Ge under an inert atmosphere, ultra-high vacuum con-
ditions. However, we show that a simple surface chemistry will passivate
Ge to ensure no oxide regrowth occurs over a 24 h period.

Many methods to passivate Ge have been explored and are discussed
in the scientific literature — these include both wet and dry methods of
passivation using halides [26-28], carboxylic acids [29], sulfur [30],
nitride [31], oxynitride [32] passivation by graphene [20,33,34], and
self-assembled monolayers (SAMs) [35,36]. SAMs have been the subject
of extensive research throughout the latter half of the 20" century and
well into the 21%, as it is understood that organic functionalization of
surfaces can dramatically affect the properties of those surfaces. The
early literature on SAMs focused on their assembly onto planar gold
[37]; however, since then the study of SAMs has expanded to many other
materials such as copper [38,39], bismuth [40], graphene [41], III-Vs

S2s
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Fig. 2. (i) Ge 2p and (ii) S 2s spectra for HT-passivated Ge showing increasing in intensity of GeO, peak and decrease in intensity of sulfur peak for the sample

exposed to 90% RH over 168 h.
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Fig. 3. (i) Ge 2p and (ii) S 2s spectra for HT-passivated Ge showing increase in intensity of GeO, peak and decrease in intensity of S peak for ambient humidity

sample over 168 h.

[42, 43] and semiconductors such as Si, SiGe and Ge [35,43]. A SAM is
formed through the adsorption of molecules onto a surface, followed by
a period of organization whereby the adsorbate molecules rearrange
themselves to form a system that is energetically favorable. This results
in a self-limiting process that minimally impacts the substrate but en-
ables the alteration of surface properties such as the wettability and
oxidation resistance [35,36]. There are myriad reasons to form organic
monolayers on the surfaces of semiconductor materials [44]; however,
some examples include; for mono-layer doping [45-48], to enhance the
stability and efficiency of solar cells [49,50] and for electrochemical
sensors [51].

Several studies have explored the use of alkanethiol SAMs for
inhibiting oxide growth on germanium, however, reported stabilities are
widely variable [36,52-54]. Previously, we have documented a method
to achieve the vapor-phase passivation of Ge(100) using 1-hexanethiol
(Fig. 1) [36]. Herein, we investigate the role that the environment,
specifically humidity, plays in the stability of SAM-passivated Ge and
subsequent Ge oxidation using three different alkanethiol-Ge systems. In
this study, thiol SAMs are used to passivate Ge(100) surfaces which are
then placed in a controlled humidity environment with different levels
of RH. Understanding the mechanism for surface instability is crucial for
SAMs to gain industry adoption for Ge oxide control.

2. Method and materials
2.1. Preparation of SAMs on Ge surfaces

Samples were prepared by three different methods, (i) vapor-phase
deposition of 1-hexanethiols, (ii) vapor-phase deposition of 1-octane-

thiols, and (iii) solution-phase deposition of 1-dodecanethiols. The
first method was conducted in an academic setting and used for

identifying a humidity trend, the latter two were conducted in an in-
dustrial setting. No direct comparisons were made between the two
settings.

2.1.1. Vapor-phase deposition of 1-hexanethiols

Passivation of the Ge(100) surface was achieved using vaporized 1-
hexanethiol (HT) using a method previously outlined by the authors.
The passivated Ge coupons were exposed to air in low (5%), ambient
(40%) and high (90%) RH environments for 168 h to determine what
effect the water vapor in air had on the Ge surfaces. For the purposes of
this study, the humidity-controlled environment with 40% RH is
referred to as ‘ambient humidity’. In an attempt to isolate the water
vapor from the low humidity environment without also isolating Oa,
compressed air (which has a low water content) was used. In this case,
Ge coupons were held in a glass vessel filled with desiccant through
which compressed air was flowed continuously. A humidity sensor was
used to track the humidity in the glass vessel. For both the ambient and
high humidity tests, a Votsch humidity-controlled chamber was used. In
all cases, the samples were exposed to a constant temperature of 20°C.
After 24 and 168 h in their respective environments, samples were
characterized using atomic force microscopy (AFM), water contact angle
(WCA) and X-ray photoelectron spectroscopy (XPS)

2.1.2. Vapor-phase deposition of 1-octanethiols

Coupons of Ge(100) were etched with an hydrochloric acid (HCI)
based proprietary etch designed to remove surface oxides and contam-
inants and provide a temporary Cl termination, and dried under a ni-
trogen gas stream. Samples were transferred to a custom low-pressure
vacuum deposition chamber, with a transfer time up to 5 min. 1-octane-
thiol (OT) was deposited using vapor draw at 80 C and 107 Pa for 3
cycles of 10 minute doses. Samples were removed and rinsed with
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Fig. 4. (i) Ge 2p and (ii) S 2s spectra for HT-passivated Ge showing increase in intensity of GeO, peak and decrease in intensity of sulfur peak for sample exposed to

5% RH over 168 h.
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Fig. 5. GeO; thicknesses of HT-passivated Ge exposed to low, ambient, and
high RH for 0, 24 and 168 h.

anhydrous ethanol, dried under a nitrogen stream, and immediately
placed in target environments. The passivated Ge coupons were exposed
to low (5%) and ambient (~40%) RH environments for 24 h at room
temperature and analyzed by XPS. For the low humidity case, Ge cou-
pons were held in a vessel filled with desiccant. A humidity and oxygen
sensor was used to monitor the humidity and oxygen levels to ensure

consistency.

2.1.3. Liquid-phase deposition of 1-dodecanethiols

Coupons of Ge(100) and Sig.25Geg.75(100) (SiGe75) were etched with
the same HCI based proprietary etch as vapor deposition of OT. Samples
were immediately transferred to a solution of 25 mM 1-dodecanethiol
(DDT) in anhydrous ethanol at room temperature. After 24 h samples
were removed and rinsed with anhydrous ethanol, dried under a nitro-
gen stream, and immediately placed in target environments. The
passivated Ge coupons were exposed to low (5%) and ambient (~40%)
RH environments at room temperature for 24 h and analyzed by XPS.
For the low humidity case, Ge coupons were held in a vessel filled with
desiccant. A humidity and oxygen sensor were used to monitor the hu-
midity and oxygen levels to ensure consistency.

2.2. Characterization methods

All AFM measurements were taken using tapping mode Veeco
Multimode V at room temperature over a 3 x 3 pmz scanning area.

For WCA, an image of a 50 pL drop of deionized water on the Ge
surface was obtained and the angle formed between the water, Ge sur-
face, and air was measured.

XPS measurements were carried out on two instruments. Vapor-
phase deposited hexanethiol samples were analyzed using an Oxford
Applied Research Escabase XPS System with a CLASS VM 100 mm mean
radius hemispherical electron energy analyzer with multichannel de-
tectors in an analysis chamber with a base pressure of 5.0 x 10”7 Pa.
Survey scans were swept twice and were acquired using a pass energy of
50 eV, a step size of 0.7 eV and a dwell of 0.3 s. All core level scans, were
averaged over 10 scans and were acquired with a step size of 0.1 eV, a
dwell time of 0.1 s and a pass energy of 20 eV except for the S 2s, which
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Fig. 6. WCA and AFM data for (i) as-rec Ge (ii) HT-passivated Ge (iii) and (iv)
HT-passivated Ge with 24 and 168 h exposure to the low humidity environment
respectively, (v) and (vi) HT-passivated Ge with 24 and 168 h exposure to the
ambient humidity environment respectively, (vii) and (viii) HT-passivated Ge
with 24 and 168 h exposure to high humidity environment respectively.

was acquired with a pass energy of 50 eV averaged over 20 scans. This
was done to maximize the intensity of the sulfur peaks to allow for ac-
curate peak fitting. A non-monochromated Al-Ka X-ray source (1486.58
eV) at 100 W power (10 mA, 10 kV) was used for all scans.

Vapor-phase deposited OT and solution-deposited DDT samples were
analyzed using a ThermoFisher Scientific Theta 300 at 1 x 10”7 Pa with a
monochromatic Al-Ka source at 100 W (6.67 mA and 15 kV) with a 400
pm spot size. A pass energy of 50 eV was used to collect high energy
resolution spectra with a step size of 0.1 eV, a dwell time of 50 ms, and
15, 15, and 20 sweeps for C 1, Ge 2p, and S 2s, respectively.

All spectra were acquired at a take-off angle of 90° with respect to the
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Fig. 7. WCA data for HT-passivated Ge plotted against time spent in respective
RH environments. WCA for as-received Ge is 50° [62].

analyzer axis and were charge corrected with respect to the C 1s pho-
toelectric line at 284.8 eV. A Shirley type background was used for
construction and peak fitting of synthetic peaks. Synthetic peaks were a
mix of Gaussian-Lorenzian; the Ge 2p spectra were fit using Gaussian-
Lorentzian peak shape GL(90) for the elemental Ge peak and Lor-
entzian peak shape LA(1.53,243) for all other peaks. The relative
sensitivity factors used are from a CasaXPS library containing Scofield
cross-sections.

2.3. First principles density functional theory simulations

DFT calculations as implemented in the Vienna Ab Initio Software
Package [55,56] have been used to model alkanethiol SAMs on the Ge
(100) surface and to explore how humidity could influence Ge surface
passivation. The calculations utilize a plane wave basis set in a 3-dimen-
sional periodic slab model of the substrate with DFT-optimized lattice
constants. The core electrons are described by projector augmented
wave [57] potentials and the exchange and correlation energies are
modelled according to the generalized gradient approximation with the
Perdew-Burke-Ernzerhof (PBE) [58] gradient corrected functional. In
order to take into account the van der Waals interactions between
alkanethiols and water, we used the DFT-D3 dispersion correction
method [59] that incorporates the long-range dispersion contribution to
the exchange-correlation PBE functional. We use the following valance
electron configurations; for germanium; Ge 4s? and 4p2, for chlorine; Cl
3s? and 3p°, for sulfur; S 3s? and 3p*, for carbon; C2s2 and 2p*, for ox-
ygen; O 2s% and 2p*, and for hydrogen; H 1s!. All the calculations were
executed using an energy cut-off for the valence electron plane wave
basis set at 420 eV and the convergence criteria for electronic re-
laxations and ionic relaxations at 10 eV and 0.02 eV/A respectively.
The Brillouin zone was sampled with (2 x 2 x 1) Monkhorst-Pack
k-point grids [60].

3. Results and discussion
3.1. Impact of humidity on SAM-Ge stability

The primary characterization method for the study of SAM degra-
dation and Ge oxidation is XPS since it gives accurate determination of

elemental composition and oxidation states of those elements at the
surface (~10 nm sampling depth) of the samples being characterized. As
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Fig. 8. GeO, thicknesses of (left) Ge samples passivated by vapor-phase deposited OT and solution-phase deposited DDT and (right) DDT-passivated SiGe75 exposed

to low and ambient RH for 0 and 24 h. Values extracted from Ge 2p spectra.

such, the growth of GeOy was tracked as a function of exposure time to
different levels of RH. For the purposes of this study, Ge 2p spectra from
XPS were used to track oxidation of the Ge(100) surfaces since the Ge 2p
transition is more surface sensitive than Ge 3d. In addition, to track the
presence of sulfur, the S 2s spectra were acquired. The authors have
previously published XPS spectra for HCl-etched Ge(100) [36]. Oxide
thickness was calculated using the method outlined previously by
Murakami et al. [61].

o
GeOy I,

Iz 1
de)Z = /{Geo2 sin6 ln( Ge ﬂ+ 1)

Where Ao, is the inelastic mean free path for the Ge 2p transition,
which is 0.9 nm; the photoemission angle 0 is 90°; I}, /1%, is the ratio of
the Ge 2p signal from infinitely thick Ge to infinitely thick GeO3 and is
1.73 and 3.25 for the Oxford Applied Research and ThermoFisher in-
struments, respectively; Igo, is the intensity of the of native oxide
(GeOy) peak from curve fitting the Ge 2p feature; I, is the intensity of
the bulk Ge peak from curve fitting the Ge 2p transition. This calculation
was repeated to determine the thickness of the suboxide (GeOy)
component for each sample. In this case, Igo,, the fraction of suboxide
(GeOy) from curve fitting the Ge 2p was used in place of I, .

In Fig. 2 (i), the Ge 2p XPS spectra for HT-passivated Ge with 0, 24
and 168 h of exposure to the high RH environment is shown. Directly
after the passivation reaction, after 0 h of exposure, only the peaks
corresponding to Gelat1218.2eV (red) and Ge?" at 1219.3eV (blue) are
present. There is no peak corresponding to Ge** since the initial HCl
etch has effectively removed the original native oxide and the subse-
quent passivation procedure has prevented re-growth of native oxide. As
stated, there is a contribution from Ge in a +2 oxidation state (blue).
This contribution is likely present due to a combination of the suboxide
(GeO) and Ge bonded to S after the passivation reaction. A peak sepa-
ration of 1.1 eV between the Ge® and Ge?* components was observed for
the sample with 0 h exposure to high humidity. In Fig. 2 (ii), the S 2s
peak at 226.9 eV after 0 h of exposure is also displayed. Here, a clear S
signal is observed which confirms that the thiol molecules have bonded
to the Ge surface. Upon exposure to the high humidity environment for
24 h, an increase in the intensity of the GeO; peak at 1220.9 eV (pink) is
observed in the Ge 2p spectrum and after 168 h, a greater increase in
peak intensity is observed with the peak shifting slightly (0.05 eV) to

higher binding energy as the GeO, film thickness increases from 0.07 nm
after 24 h to 0.38 nm after 168 h. Also, the S 2s signal decreases in in-
tensity from O to 24 h of exposure indicating that some of the thiol
molecules have been displaced from the Ge surface. After 168 h, S is no
longer detectable by XPS indicating that the majority of the SAM has
been displaced by oxide. The changes observed in the XPS over 168 h of
exposure to the high RH environment can be contextualized and the role
water vapor has on the thiol-passivated Ge can be understood when the
same measurements are taken for samples exposed to lower levels of
humidity over the same period of time.

In Fig. 3, the Ge 2p (i) and S 2s (ii) XPS data for the HT-passivated Ge
which was exposed to ambient humidity for 168 h is shown. As was
observed with the high humidity samples, there is no GeO, present
directly after the passivation reaction and after 24 h of exposure to the
ambient the GeO, thickness is calculated to be 0.06 nm. After 168 h of
exposure the ambient, the GeO, peak at 1220.8 eV increases in intensity
and the oxide thickness is calculated to be 0.25 nm. While there is a
growth of GeOg in 168 h, there is also a loss of S as can be seen in Fig. 3
(ii), whereby the S 2s peak diminishes within the first 24 h and over the
following 144 h. There is still detectable S even after the 168 h period.
These results differ from the high humidity samples. For one, there is less
GeO, growth over the 168 h exposure period, with an oxide thickness of
0.25 nm compared to a thickness of 0.38 nm at high humidity, and S is
still detectable on the surface over that same period — an indication that
the SAM is still present and maintaining oxidation resistance to the Ge
surface.

To complete the picture, passivated Ge surfaces were exposed to a
low humidity environment and again, characterized by XPS. In Fig. 4,
the Ge 2p (i) and S 2s (ii) XPS plots for the sample exposed to the low
humidity environment are displayed. After 24 h of exposure to the low
RH environment, there is 0.04 nm of GeO, growth and a slightly reduced
intensity S 2s peak when compared with that after 0 h of exposure. After
168 h, 0.18 nm of the native oxide has grown and S is still detectable by
XPS on the surface. The XPS data from Figs. 2, 3 and 4 combine to reveal
what effect humidity has on the surface of the Ge. It is apparent that in
the presence of water vapor, the passivated Ge begins to oxidize over
time and the amount of S on the surface decreases as the thiol molecules
desorb from the surface. The progressive growth in GeO, for each
sample set is displayed in Fig. 5.

It is clear from Fig. 5 that oxidation of the Ge surface trends with
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Fig. 9. Atomic structures of (a) butanethiol and (b) hexanethiol on Ge(100) at different coverages, with respective computed adsorption energies.

humidity. It was not possible to achieve a 0% RH environment in air at
20°C and therefore the growth of oxide observed for the low RH case can
be attributed to the small but non-negligible amount of water vapor in
the air.

WCA analysis was carried out on each sample directly after the
passivation procedure and after 24 and 168 h in their respective envi-
ronments. This is a qualitative measurement technique that gives an
indication of the wettability of a surface. The wettability of the Ge
surface is affected by how the surface is terminated. For example, the as-
received Ge surface with its native oxide film interacts favorably with
water, resulting in a hydrophilic surface and a shallow contact angle
between the water droplet, Ge, and air. When the oxide is replaced with
the methyl-terminated monolayer, a more hydrophobic termination, the

polar water molecules in the droplet interact less favorably and thus do
not wet the surface, resulting in a steep contact angle between water, Ge
and air. In Fig. 6 (ii), a contact angle of 95° is measured for the HT-
passivated Ge. By tracking the changes in the angle of the water
droplet with the substrate and air, we gain insights into how exposure to
the environment with different levels of RH affects the presence of the
SAM. The WCA for the sample exposed to the low humidity environment
decreases by 5° in 24 h but does not decrease further in the following
144 h (Fig. 6 (iii) and (iv)). A similar result is observed for the sample
exposed to the ambient humidity — a decrease of 5° in the WCA is
observed in the first 24 h of exposure to the ambient and over the next
144 h of exposure, the contact angle only decreases by a further 2°.
The largest change in contact angle is observed for the sample
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Table 1

Calculated interaction energies of Ge(100) surface with full coverage of alka-
nethiolates at different concentration of water molecules. The two energies
presented for each thiolate are the total interaction energy for n water molecules
and the interaction energy per water molecule.

Butanethiol on Ge(100) at 100% Hexanethiol on Ge(100) at 100%

n Hx0 Eine (eV) Eine /0 (V) Ein (€V) Eine /0 (V)
1 -0.09 -0.09 -0.09 -0.09
2 -0.39 -0.19 -0.48 -0.24
3 -0.82 -0.27 -0.84 -0.28
4 -1.38 -0.35 -1.36 -0.34
5 -1.73 -0.35 -2.24 -0.45
6 -2.08 -0.35 -2.18 -0.36
7 -3.26 -0.47 -2.67 -0.38
8 -3.66 -0.46 -3.63 -0.45

exposed to the high humidity environment for 168 h. In this case, the
WCA drops by 8° over the first 24 h and by a further 13° in the following
144 h (Fig. 6 (vii) and (viii)). Over the 168 hour period of exposure to the
high humidity environment, the WCA decreased by a total of 22°. This
indicates that the longer-term stability of the SAM is influenced greatly
by the exposure to the high humidity environment.

Taking this result together with the XPS results in Fig. 2 elucidates
how the water vapor damages the SAM, allows surface oxidation, and
promotes an increase in the intensity of the peaks corresponding to
GeOsy. A summary of the WCA results are displayed in Fig. 7. The AFM
images in Fig. 6 show what effect, if any, exposure to the respective
environments had on the surface roughness of the Ge. A pristine surface
with roughness RMS value of 0.26 nm is observed for degreased Ge
(Fig. 6 (i)). For all other samples, an increase in surface roughness is
observed and for the samples exposed to the high relative humidity,
some spots are observed that may be oxide formations on the Ge surface
at point defects.

Previous reports explored the stability of DDT SAMs that were
deposited on Ge(100) through solution-phase passivation. To demon-
strate further the role of humidity in that work, the growth of GeO; over
time in low and ambient humidity environments for alkanethiol SAMs
formed by vapor-phase passivation is compared to that of solution-phase
passivation in Fig. 8. Due to the difficulty of depositing DDT by vapor,
which is a result of the molecule’s high vapor pressure, OT is used,
which is a similar long chain alkyl-thiol but has a lower vapor pressure.
The dry deposition shows a similar trend to the vapour phase SAM
deposition, with a GeOy thickness is 0.01 and 0.13 nm for low and
ambient humidity environment samples, respectively. This trend con-
tinues for solution-phase passivation where the thickness of GeO5 is 0.25
and 0.64 nm for low and ambient humidity environment samples,
respectively. These data also suggests that deposition method, and thus
SAM quality, plays a role in stability as well-ordered, hydrophobic alkyl-
backbones contribute to preventing water molecules from reaching the
SAM-Ge interface.

While the goal is to eventually replace Si with pure Ge in devices, Si;.
xGex is the current alternative. As the percentage of Ge increases in SiGe
alloys, the native oxide challenges associated with the native oxide of Ge
become more pronounced. Today, mainstream logic devices in high
volume manufacturing are limited to <60% Ge. In Fig. 8, solution-phase
passivation of DDT on SiGe75 (25:75 Si:Ge) is shown. The GeOs thick-
ness is 0.05 and 0.35 nm for low and ambient humidity, respectively.
While the data suggests a decrease in GeOy for the low humidity sample,
it is likely a result of sample variation. The growth of GeO for SiGe75 in
ambient humidity and the lack of growth for low humidity indicates that
the role humidity plays follows the same trends for SiGe alloys as for
pure Ge. By controlling for humidity, SAM stability on SiGe can be
increased, thus reducing the amount of germanium oxide growth.
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3.2. Modelling SAM passivation of Ge surfaces and the impact of
humidity

DFT calculations were performed to understand the atomic level
detail of the SAM stability and the interaction between SAMs and water
molecules. We use extensive static relaxations to explore how water
interacts with SAMs and at the Ge-SAM interface. While ab initio mo-
lecular dynamics would be useful to explore this in more detail, such
analysis requires significant calculations beyond the scope of this work.

The Ge(100) surface is modelled with a (2x2) surface supercell
expansion with 128 atoms while the 40 A of vacuum separating the slabs
along the periodic direction perpendicular to the surface allows for a
range of alkanethiol chain lengths from two to twelve carbon atoms to
be explored while removing periodic interactions perpendicular to the
surface. To simulate the conditions of the bulk, Ge atoms in the bottom
layer of the slab are fixed. The top surface, composed by 8 Ge atoms, was
initially fully passivated with Cl atoms.

We first determine the stable structures of alkanethiols on Ge and
then we explore the influence of humidity for the SAMs with 4 and 6
carbon atom backbones as these are computationally tractable. The
search for the most stable interface structure of the SAM on Ge was
carried out by calculating the adsorption energy of these alkanethiols on
Ge surfaces at various coverages. With 8 Ge atoms in the outermost
(terminal) surface layer, coverages from 12.5 % to 100 % can be
constructed.

The adsorption energy of the thiols at the Ge(100) surface is
computed with adsorption in the thiolated form, in which the S-H bond
breaks during adsorption onto the Ge surface, and leads to HCI forma-
tion. We calculated the adsorption energies (E,gs) with the following
expression:

E.a= E(tot)+E(nHCl) — [E(CI : Ge)+E(rHS — CyHax1)]

where E(tot) is the total energy of the thiol-functionalized Ge surface,
with n adsorbed thiol molecules, E(n HCI) is the energy of the isolated
HCl molecule multiplied by the number, n, of HCl molecules, E (Cl:Ge) is
the energy of the Cl passivated Ge(100) surface and E (nHS-CxHox 1) is
the energy of n alkanethiol molecules. All the energies have been
computed using the same parameters including the van der Waals cor-
rections [59].

We have examined different coverages and arrangements of the thiol
molecules on Ge(100) for the examples of C4 and Cg alkanethiolates. The
relaxed structures of the most stable butane- and hexanethiol-passivated
Ge(100) surfaces at different coverages and the respective adsorption
energies are reported in Fig. 9. These stable thiolate coverages are used
as models for humidity explorations.

For C4 and Cg alkanethiols, the most favorable coverages on the Ge
(100) surface are 62.5% for C4 and 87.5% for Cg, with computed
adsorption energies of -2.65 eV and -4.45 eV respectively; we see that
the Cg thiolate chain shows a stronger interaction with the Ge(100)
surface, which can be attributed to the alkyl chain-chain interactions
that are stronger for longer thiol chains. A detailed discussion of the
stability and structure of a wide range of thiolate SAMs on Ge(100) will
be presented in another paper.

In Table 1, we present computed interaction energies of water at
butane- and hexanethiol-passivated Ge at full SAM coverage. For each
SAM, two energies are presented — Ejy is the interaction energy relative
to n water molecules (n = 1 — 8), while E;y¢ / n is the interaction energy
per water molecule divided by the number of water molecules.

From Table 1, the magnitude of the interaction energy increases with
the number of water molecules. However, the computed interaction
energy per molecule is relatively constant, around -0.25 + 0.05 eV for
low concentration (n = 2-4) and -0.40 =+ 0.05 eV for high concentration
(n = 5 - 8) in both SAM-Ge systems and therefore the influence of the
chain length on the interaction with water is constant for these thiolate
chains. This is most likely due to the presence of the terminating methyl
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Fig. 10. Atomic structures of Ge(100) entirely covered by (a) butanethiol and (b) hexanethiol with n (1, ..., 8) water molecules positioned on top of chains before
the relaxation.

group in the thiolates, which repels the water molecules and is inde- initially positioned to interact with the thiolates at the chain-vacuum

pendent of the length of the thiolate chain. interface and are repelled from the SAM after relaxation in both low
The hydrophobic property of Ge(100) entirely covered by SAMs can and high water concentration scenarios.

be seen from the structures presented in Fig. 10. Water molecules are In the case of a partially covered Ge surface, water molecules may
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Fig. 11. Atomistic structure of Ge(100) with 75% hexanethiol coverage with a
water molecule placed (a) in the middle of the chains and (b) near the Ge
surface before the relaxation and (c) after relaxation.

migrate through any gaps between the chains but are still not able to
easily reach the Ge surface because the SAM acts as a barrier, as
demonstrated in the experimental work where Ge re-oxidation requires
> 24 h. In Fig. 11, we show two initial configurations of a water
molecule positioned in the space between thiol chains and near the Ge
surface for hexanethiol SAMs at a surface coverage of 75%. After
relaxation, both arrangements assume the same configuration with an
interaction energy between water and the SAM-Ge system (Eip¢) of - 0.40
eV. Even if the water molecule is positioned near the thiolate-Ge inter-
action, it appears to relax away from the surface, trapped between two
thiolate chains.

Interactions between water and a Ge surface passivated with buta-
nethiol at 62.5% coverage as a function of water concentration are

nH,0=1 2

Eip=-0.75 eV Ep =-131eV
Ejp/n =-0.66 eV

c

-

Epne = -2.45 eV
Ejn/n = -0.49 eV

Eip/n = -0.53 eV
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shown in Fig. 12. The SAM acts as a barrier at low water concentration
where water molecules begin to be repelled by the chains as the number
of water molecules increases. At highest water concentration, the water
molecules are repelled by the terminating methyl group, as confirmed as
confirmed by Howell et al.’s work on water-SAM interactions [63].
Calculated interaction energies of these structures are also reported in
Fig. 12, as the number of water molecules increases, the interaction
energy is always increasingly negative but interestingly, the interaction
energy per molecule is higher at low concentration (n =1, ..., 4) than at
high concentration (n = 5, ..., 8), in which appears to be constant
around -0.50 + 0.05 eV.

For this SAM-Ge structure, we also investigated a range of initial
configurations in which a water molecule that is present at the Ge-SAM
interface can dissociate into one of two species. The first is the formation
of a thiol molecule, with an S-H bond which migrates away from the
surface and a surface Ge-OH bond. The second is formation of a HCIL
molecule which migrates from the surface and a surface Ge-OH bond;
this can also promote Ge oxidation by removing the surface passivating
Cl species, as illustrated in Fig. 13.

In the case of butanethiol passivated Ge at a thiolate coverage of
62.5% coverage, a dissociated water molecule relaxes to form a pro-
tonated HS-thiol molecule and a new Ge-OH bond with an interaction
energy of -0.85 eV which is comparable to the configuration in which
H,0 is not dissociated but interacts at the interface between the SAM
and Ge, as shown in Fig. 14.

In Fig. 15, we show an example for the hexanethiol-Ge system at 62.5
% SAM coverage, where upon water dissociation, a HCl molecule is
released and a Ge-OH species is formed. While this shows an apparently
less favorable interaction energy of -0.19 eV compared to butanethiol, it
is nonetheless competitive with the stability of a water molecule inter-
acting at the SAM-Ge interface. This process removes the Cl species that
passivates Ge in the absence of thiolates and also forms a new Ge-OH
bond, which was proposed as the first step in re-oxidation of halide-
passivated Ge in previous work [64].

We propose that re-oxidation can occur through two pathways, both
involving water dissociation. One is the removal of Cl from the Ge sur-
face as HCI and the other involves the removal of the SAM is as sketched
in Fig. 13, while both result in Ge-OH at the surface.

ry Y Y |
Ei =-1.64 eV Eipe = -2.40 eV
Ejp/n =-0.55 eV Ejp/n=-0.60 eV

Epnc=-3.25 eV
Ejn/n = -0.46 eV

Einc= -3.94 eV
Ei/n = -0.49 eV

Fig. 12. Calculated adsorption energies and optimized structures of Ge(100) with 62.5% butanethiol coverage, with n (1, ..., 8) water molecules.
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Fig. 14. (a) Model used to explore possible water dissociation in Ge(100) with butanethiol coverage of 62.5%, (b) a solution in which molecular water remains
confined around the initial position, (c) water dissociation, in which water dissociates into hydrogen and hydroxide ions forming a Ge-OH bond and HS-thiol.

4. Conclusions

Given an industry requirement of a 24 h queue time for wafers during
processing, the demonstration that there is a clear improvement in the
longevity of alkanethiol passivated-Ge in low humidity environments is
significant. By tracking the growth of native GeO, in time using XPS, the
role that water vapor plays in SAM degradation and Ge surface oxidation
is elucidated. The XPS results obtained indicate that higher humidity
environments result in increased rates of oxidation of the thiol-
passivated Ge surface. The WCA analysis complements these results
wherein a greater decrease in contact angle is observed for the Ge
samples exposed to the high humidity environment in contrast to those
subjected to lower humidity environments. There are two potential
avenues for SAM removal and Ge oxidation, (i) H20O attacking the Ge-Cl
bond, which are left over from the HCI etch, to form HCl and Ge-OH, and
(ii) HyO attacking the Ge-S-R bond to form R-SH and Ge-OH. This

11

reaction paves the way for ambient oxygen to attack Ge-Ge bonds and
further develop Ge oxide. [64] The methyl termination in the tail group
plays a crucial role in acting as a barrier to water in the air, preventing
water from migrating to the Ge-SAM interface. Oxidation that does
occur is likely due to the presence of defect sites, which allow water to
easily migrate to the surface. The experimental and modelling results
highlight that by controlling the humidity of the environment the
thiol-passivated Ge coupons are exposed to, the longevity of the SAM
can be improved and thus the resistance to oxidation of the underlying
Ge. Alternatively, improving the SAM can also have an impact on sta-
bility, for example by increasing the hydrophobicity of the tail group
termination by using a fluorinated group, by increasing the chain
alignment and packing density, or by decreasing the defect density.
Given that Ge is predicted to be the channel material in future CMOS
devices, methods to replace the complex and water-soluble native oxide
will be required. SAMs are a likely candidate to perform this role as they
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Fig. 15. (a) Model used to explore possible water dissociation in Ge(100) with hexanethiol coverage of 62.5%, (b) water dissociation, water breaks into hydrogen
and hydroxide ions forming a Ge-OH bond and HCI molecule, (c) water remains confined around the initial position.

are easily applied so understanding how to improve their longevity is
significant for queue time compliance.
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