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Abstract
The stability of any semiconductor surface passivating layer is key to applications. Second harmonic generation
(SHG) can be used to probe the chemical state of semiconductor interfaces, as well as investigate the mechanisms of
chemical transformation. While the SHG rotational anisotropy changes upon sulﬁdation or alkylation of Ge surfaces,
SHG appears far less sensitive to H and Cl passivation of germanium surfaces than to silicon surfaces. Investigation of
the stability of chemically modiﬁed germanium surfaces using a number of additional techniques, including atomic
force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS), reveals that H- and Cl-terminated Ge(1 1 1)
rapidly re-oxidize in ambient. S- and alkyl-terminations are more robust, showing little sign of oxide formation after a
month in ambient.
Ó 2003 Elsevier B.V. All rights reserved.
Keywords: Photoelectron spectroscopy, X-ray photoelectron spectroscopy; Non-linear optical methods; Second harmonic generation
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1. Introduction
The formation of a stable passivating layer on
germanium surfaces is key to applications of this
semiconductor material [1]. Germanium is arguably a better semiconductor than silicon, because
of its superior carrier transport properties––the
mobility of holes and electrons in Ge are more
than twice those of Si [2]. Silicon, however, has
prevailed because its native oxide is stable whereas
germaniums native oxide, GeO2 , is not. In addition, the Ge/GeO2 interface has a higher trap/
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surface state density than does Si/SiO2 [3]. GeO2 is
water soluble further limiting its usefulness. Interest in Ge has renewed because of the ease with
which it can be integrated with Si-based devices to
fabricate emitters, modulators and receivers for
optical communications, e.g., Ge-on-Si near-IR
photodetectors [4]. Semiconductor devices based
on Si1x Gex alloys are already being commercialized.
Recently, a number of routes to nominally stable termination/passivation layers of germanium
have been reported. Notably, wet chemical preparation of H-, Cl-, S- and alkyl-terminations of
Ge(1 1 1) and Ge(1 0 0) have been described [5–11].
However, the ambient stability of Cl-, H-, and Sterminated Ge(1 1 1) has not been studied. This is a
key parameter for the further use or transformation
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Fig. 1. Alkylation routes of Ge surfaces (a) through Grignard reaction, (b) through hydrogermylation and (c) through reaction with
thiols [9–11].

of Ge surfaces, e.g. for the grafting of organic
functionality for molecular electronic or sensor
applications. Several alkyl-termination schemes for
Ge surfaces (Fig. 1) have been reported [9–11].
With Cl-terminated Ge(1 1 1) surface as a starting
point, He et al. used a Grignard reagent to attach
alkyl monolayers [11]. Choi and Buriak used
H-terminated surfaces and a hydrogermylation
reaction to alkylate Ge(1 0 0) [9]. Also, grafting
of Ge(1 1 1) surface with alkanethiols (octanethiol
and octadecanethiol), similar to self-assembly
of thiols on Au(1 1 1) surfaces, has been reported
[10].
Various analytical techniques, including X-ray
photoelectron spectroscopy (XPS), Fourier-transform infra-red spectroscopy (FTIR), Auger electron spectroscopy (AES), high-resolution energy
loss spectroscopy (HREELS), contact angle measurements (CA), ellipsometry, and second harmonic generation (SHG) have been employed to
study chemically modiﬁed semiconductor surfaces
[12–18]. SHG studies of chemically modiﬁed interfaces are of particular interest since they provide surface sensitivity, probe the electronic
response of the interface, and can be carried out
in situ. SHG can probe buried interfaces that are

diﬃcult to probe by conventional spectroscopic
methods [19]. SHG has been used to monitor
charge, strain, and microroughness, as well as the
progress of chemical reactions on semiconductor
interfaces [20–25]. Furthermore, SHG can probe
ultrafast electronic processes such as carrier recombination and thermalization [26].
Germanium was one of the ﬁrst semiconductors
to be investigated by surface SHG [27–30]. While
the earliest experiments [27] did not report anisotropy in the SHG response with respect to rotation around the azimuthal axis (SHG-RA), later
work revealed the presence of strong anisotropy
[28]. A detailed phenomenological theory of SHGrotational anisotropy (SHG-RA) has been developed [31–33]. SHG-RA provides structural and
local bonding information at the buried interface
[34].
We have investigated the non-linear optical response of chemically passivated germanium surfaces with SHG [35,36]. Combining SHG and
XPS, the stability of these surfaces in ambient was
investigated. We show that the SHG rotational
anisotropy changes upon chemical modiﬁcation of
the Ge surface as well as investigate the mechanisms of these changes.
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2. Experimental
2.1. Sample preparation
Ge(1 1 1) wafers (undoped, Eagle Picher) were
degreased by successive 10-min sonications in trichloroethylene (J.T. Baker reagent grade), acetone
(EM Science, reagent grade), then methanol
(Fisher Scientiﬁc, Certiﬁed ACS grade). No additional treatment was performed on oxidized samples before experiments. All chemicals were
purchased from Aldrich Co., unless otherwise
stated, and used as received.
Although diﬀerent protocols were used to prepare the diﬀerent modiﬁed surfaces, each one
began with an oxidized Ge surface (see Fig. 1). For
chemical modiﬁcation, the clean, oxidized Ge
samples were hydrogen-terminated by dipping in
48% HF (Mallinckrodt, reagent grade) ﬁve times
for 10 s, each time followed by a 20 s rinse in ultrapure (>18 MX Æ cm) water. Finally, the sample
was dried in N2 gas [5].
Clean, oxidized Ge samples were chlorideterminated by dipping in diluted (10%) HCl for 10
min [6]. Then the sample was brieﬂy (<5 s) rinsed
in ultrapure water and blown dry with N2 .
Alkylated Ge was prepared by the halogenation/alkylation procedure employed for Si(1 1 1)
[13]. After hydrogen-termination, the Ge sample
was exposed to a solution of PCl5 in deoxygenated
chlorobenzene using benzoyl peroxide as a radical
initiator, in a ﬂask under Ar (99.99%), and gently
warmed for 30 min. Following removal of the
chlorobenzene solution, the sample was rinsed
with fresh, deoxygenated chlorobenzene, while still
in the ﬂask and under Ar. Once the chlorobenzene
was completely removed, decylmagnesium bromide (1 M in ether) was introduced into the ﬂask
and allowed to react at room temperature for 24 h.
After the reaction was complete, the sample was
rinsed with anhydrous ether and sonicated for 10
min each in methanol then dichloromethane.
Sulﬁdation of the Ge(1 1 1) surface was
achieved by immersion of hydrogen-terminated Ge
in (NH4 )2 S at 70 °C for 20 min then rinsing in
MeOH and drying by N2 ﬂow [7,8]. The structure
of the resulting overlayer, i.e., a monolayer of
bridge-bonded S atoms [7] vs. several layers of
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amorphous GeSx [8] is still debated thus we will
refer to this surface as Ge–S or sulfur-terminated
Ge.
2.2. Second harmonic generation rotational anisotropy
Second harmonic generation rotational anisotropy measurements were carried out to control the
exactness of the crystal cut and the eﬀects of wet
chemical treatment. In these experiments, the azimuthal angle, /, was measured with respect to the
[2 1 1] direction. SHG measurements were carried
out with 4 ps pulses from a Ti:sapphire regenerative ampliﬁer operating at 1 kHz [37]. The ppolarized 800 nm beam was incident on the sample
at 45° with respect to the surface normal. The
ﬂuence was typically 0.01 J/cm2 . The beam was
optically ﬁltered (Kopp Glass #2-63) to remove
second harmonic photons (400 nm) and lightly
focused to a beam diameter, determined using a
knife edge technique, of 1.1 ± 0.1 mm. The beam
area was corrected for elliptical shape obtained at
non-normal incidence. The reﬂected beam was sent
to a monochromator (Acton Research, 300i, 2400
gr/mm grating) after short-pass ﬁltering (Kopp
Glass #4-94) to block 800 nm photons. A liquid
nitrogen cooled CCD camera (Princeton Instrument, CCD30-11) was used in single element detection mode. An analyzing polarizer was set to
pass either s- or p-polarized SH photons. The
quadratic nature of the second harmonic response
was veriﬁed in the power range explored [38]. The
SHG response was normalized to the SHG signal
from the native oxide sample at the azimuth of
maximum SHG (/ ¼ 0°).
2.3. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectra were obtained on a
Physical Electronics model 550 apparatus [39]. A
cylindrical, double-pass analyzer analyzed the energy of the photoelectrons. The analyzer was apertured to restrict the acceptance angle to ±6° [39].
The energy resolution of the apparatus was determined to be 1 eV [39]. X-ray photoelectron
spectra were taken using an AlKa X-ray source
(1486.3 eV) and all the spectra were taken at 30°
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take-oﬀ angle. The pressure in the analytical
chamber was 109 Torr during analysis. Spectra
of C(1s) (binding energy, B.E. 280–290 eV),
Ge(2p) (B.E. 1215–1225 eV), Ge(3d) (B.E. 25–
35 eV), O(1s) (B.E. 526–536 eV), F(1s) (B.E.
675–689 eV), Cl(2p) (B.E. 188–204 eV) were
collected.
2.4. Atomic force microscope (AFM)
AFM images were acquired with a Dimension
3100 microscope (Digital Instrument) in contact
mode using a Si3 N4 tip with 0.12 N/m spring
constant.
3. Results and discussion
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3.1. SHG-RA

Ge-oxide

H- and Cl-termination of Si(1 1 1) surfaces induces a change in the surface electronic properties
and the non-linear optical (SHG) response [24].
Likewise the chemical modiﬁcation of the Ge(1 1 1)
surface, stripping oﬀ the oxide and replacement by
a monolayer of H, Cl, alkyl or S, should alter the
non-linear optical properties of the interfaces. The
SHG rotational anisotropy of native oxide, hydrogen-, chloride-, decyl- and sulﬁde-terminated
Ge(1 1 1) surfaces in air at 800 nm fundamental
wavelength are shown in Fig. 2 for the pin =pout
polarization combination. The pin =pout rotational
anisotropy patterns show threefold symmetry with
three small and three large peaks separated by
120° and a weak isotropic oﬀset from the background.
The phenomenological theory of SHG-RA
provides a framework for understanding these
patterns [31–33]. The rotational anisotropy in the
pin =pout polarization combination may be described by
Ipp ð2xÞ
2

ðIp ðxÞÞ

0
0

90

¼ jApp j2 þ jBpp j2 cos2 ð3/Þ
ð1Þ

where / is the azimuthal angle measured between
the plane of incidence and the [2 
1
1] direction of

180

270

360

angle [degree]
Fig. 2. SHG-RA of variously terminated Ge(1 1 1) surfaces in
air: natively oxidized ( ), hydrogen- (), chloride- ( ), decyl(+) and sulﬁde-terminated (}) Ge(1 1 1). All the SHG-RAs were
taken in the pin =pout polarization combination at 800 nm fundamental wavelength. The solid lines are ﬁts using Eq. (1).

the single crystal [35]. App , the isotropic contribution, and Bpp , the anisotropic contribution, are
speciﬁc to the pin =pout polarization combination.
App and Bpp depend on the non-linear coeﬃcients,
the angle of incidence, and the linear optical
properties of the interface at the fundamental and
second harmonic wavelengths [35]. App and Bpp
are complex and have a relative phase DAB deﬁned
by
Bpp jBpp j
expðiDAB Þ
¼
App jApp j

2

 jApp þ Bpp cosð3/Þj

þ 2jApp j  jBpp j cosð3/Þ cosðDAB Þ

5000

ð2Þ

The parameters jApp j, jBpp j and DAB obtained from
the ﬁt to the data are shown in Table 1. These
values, particularly the jBpp j=jApp j ratio and DAB ,
are used to evaluate the eﬀect of chemical modiﬁcation on the non-linear optical response.
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Table 1
SHG rotational anisotropy parameters of Ge(1 1 1)–GeO2 , Ge(1 1 1)–H, Ge(1 1 1)–Cl, Ge(1 1 1)–decyl and Ge(1 1 1)–S surfaces in the
pin =pout polarization combination at 800 nm
pin =pout

Ge(1 1 1)–GeO2

Ge(1 1 1)–H

Ge(1 1 1)–Cl

Ge(1 1 1)–decyl

Ge(1 1 1)–S

App
Bpp
Bpp =App
DAB
h 
i2
Bpp
 cos D
App

31
63
2 ± 0.3
53 ± 10

36
65
1.8
34

30
69
2.3
29

26
46
1.8
21

36
36
1
20

1.95

0.94

2.03

0.75

0.004

App , Bpp , ratio of App and Bpp , and their relative phase DAB were obtained by ﬁtting the SHG-RA pattern in Fig. 2 using Eq. (1).

One would expect the greatest change upon
chemical modiﬁcation to occur in the pin =pout polarization combination SHG-RA, as was found for
both Ge(1 1 1) and Si(1 1 1) [24,35]. Only the
pin =pout polarization combination contains the nonlinear susceptibility component describing the polarization perpendicular to the interface referred to
as @33 [24,35]. If the non-linear response of the
surface changes because of modiﬁcation of the
dipole of the terminating Ge surface bonds, the @33
component is expected to change. H- and Cl-termination of Ge(1 1 1) results in far less pronounced
changes in the pin =pout polarization combination
SHG-RA than H- and Cl-termination of Si,
however [24]. For the H-termination of Si(1 1 1) a
phase shift of about 150° was observed [24],
whereas only a slight decrease in the phase shift is
found for Cl- and H-termination (see Table 1). The
slight increase in Bpp is in accordance with the increase of the overall SHG-RA signal magnitude
compared to the Ge/GeO2 interface (see Table 1
and Fig. 2). On the other hand, the changes were
more pronounced in the sin =pout polarization
combination for these surfaces (not shown). The
@33 component is absent in the sin =pout polarization
combination. The non-linear components sin =pout
polarization combination (@11 and @31 ) reﬂect a
change in the surface backbonds [35]. Assuming
that surfaces are indeed oxide-free and terminated
by Cl and H respectively, it would appear that
chemical modiﬁcation by these species aﬀects the
backbonds more than the bonds normal to the
surface.
The decyl- and S-termination aﬀect the nonlinear response in the pin =pout polarization combination to a greater extent than does the H- and

Cl-termination. The magnitude of the small peaks
and the overall signal decreased as the surface
termination changed from oxide to alkyl to sulﬁde
(Fig. 2). The decrease of the Bpp =App ratio and the
phase DAB reﬂects the decrease in the magnitude of
the small peaks, while the decrease in the magnitude of the Bpp coeﬃcient reﬂects the decrease in
the overall signal (Table 1). More quantitatively,
the amplitude of the small peaks with respect to the
minimum signal is given by ½ðBpp =App Þ  cos D2 .
The observed trends can be understood by
considering the Ge(1 1 1) interface as a network of
terminated surface bonds. The surface bonds, as
well as the Ge–Ge backbonds, may be polarized by
chemical bonding at the interface [24]. The polarization of the surface bonds should increase the
SHG response as noticed in SHG experiments on
Si(1 0 0) with variable H-coverage in UHV––saturation of silicon dangling bond with hydrogen
quenched the SHG response [40]. In addition,
strain at the interface arising from lattice mismatch between the oxide and the substrate can
aﬀect the SHG [41].
In the light of previous second harmonic generation studies at Si(1 1 1) [24] and Ge(1 1 1) [35]
surfaces, the rotational anisotropy of Ge(1 1 1)–H
and Ge(1 1 1)–Cl at 800 nm are surprising. The
trends in the non-linear susceptibility coeﬃcients
at the Si(1 1 1)–SiO2 , –H, and –Cl surfaces suggest
that surface bond polarity is correlated to the
magnitude of the rotational anisotropy [24]. Electronegativity diﬀerences (Dv of 1.43 for GeO, 1.15
for GeCl, 0.54 for GeC and 0.57 for GeS and 0.19
for GeH) provide a measure of the polarity of a
bond between two atoms [42]. Consequently, with
the Ge–O bonds being most polar, and the polarity
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3.2. XPS
The quality and stability of H- and Cl-terminated Ge(1 1 1) surfaces can be monitored by a
complimentary probe, X-ray photoelectron spectroscopy (XPS). The Ge(2p) region of the XPS
spectrum is commonly used to follow the removal
of the oxide layer and surface derivatization because of its sensitivity to the diﬀerent oxidation
states of germanium [5,6,45]. The Ge(2p) band is
also more surface sensitive than the Ge(3d) band
because of the smaller mean free path associated
with the Ge(2p) core level photoelectrons in the

200–300 eV kinetic energy range [5]. The Ge(1 1 1)–
GeO2 interface has two characteristic peaks in the
Ge(2p) band. The low-energy peak (at 1217.9 eV
binding energy) is attributed to the presence of
elemental Ge [45]. The high-energy peak (at 1220.6
eV) is caused by the +4 oxidation state of Ge
which is bound to oxygen [45]. The peak from
suboxide species, GeOx (x < 2) has been reported
at 1219 eV [45]. The native oxide spectrum (Fig. 3)
was ﬁt with these three peaks and indicates that
the native oxide is primarily GeO2 but has a nonnegligible suboxide contribution. It is especially
important to consider the peak from the suboxide
species when the oxide removal is judged from the
Ge(2p) region. The GeOx peak can be obscured by
the more intense elemental Ge signal, making the
surface appear to be oxide-free. Therefore, the
ability to ﬁt the elemental Ge peak with a single
peak should be the criterion for complete oxide
removal. Recording the signal from the O(1s) core
level can further conﬁrm the presence or absence
of the oxide.
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of Ge–H bond being least polar, the rotational
anisotropy patterns were expected to change the
most from the oxidized to the hydrogen-terminated surface as observed for the Si(1 1 1) surfaces
[24]. The small change in the rotational anisotropy
between the Ge(1 1 1)GeO2 and Ge(1 1 1)–Cl, is
consistent with this similar electronegativity difference. For decyl- and sulfur-terminated Ge, the
rotational anisotropy patterns changes are consistent with the electronegativity diﬀerences of
decyl– and sulfur–Ge(1 1 1). Although an even
greater change is expected in the SHG-RA pattern
of H-terminated Ge, i.e. change in the phase or
decrease in the overall signal magnitude, than for
decyl–Ge or S–Ge this was not observed.
The lack of signiﬁcant change in the SHG-RA
pattern for Ge(1 1 1)–H may indicate incomplete
(i.e., defective or inhomogeneous) H-termination
of the surface. SHG-RA at 800 nm is a sensitive
probe of the electronic properties at the H–Si(1 1 1)
surface [43,44]. A complete H monolayer on
Si(1 1 1) is characterized by a phase of 150–170° in
the pin =pout polarization combination. Incomplete
or partially oxidized H monolayers lead to values
of DAB , less than 150° [44]. Incomplete H- and Cltermination can be the result of instability of the
Ge(1 1 1)–H and Ge(1 1 1)–Cl surfaces in air. We
found previously that Si(1 1 1)–H undergoes oxidation in ambient and that photons accelerate the
oxidation [43,44]. The same process may occur for
the Ge(1 1 1) surface. Therefore, not only the degree of oxide removal but also the stability of the
H–Ge(1 1 1) and Cl–Ge(1 1 1) surface to ambient
oxidation was investigated.
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Fig. 3. XPS spectra of Ge(1 1 1)–GeO2 interface in the
Ge(2p3=2 ) region. Diamonds indicate the experimental points.
The ﬁtted peaks associated with the elemental Ge, Ge in the +2
and Ge in the +4 oxidation state are shown as dashed lines. The
dashed black line indicates the baseline, while the solid black
line indicates the sum of the ﬁts to the peaks and the baseline.
Mixed Gaussian–Lorentzian peak shape was used to ﬁt the
spectra.
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Fig. 4. X-ray photoelectron spectra of HF treated Ge(1 1 1). The Ge(2p3=2 ) (a), O(1s) (b), and F(1s) (c) spectral regions are shown. The
solid line indicate the spectra of Ge(1 1 1)–GeO2 . The dashed line is the spectra of Ge(1 1 1) after alternating immersion in HF (10 s)
and DI water (20 s) repeated ﬁve times. The samples were inserted to the load lock immediately (1–2 min) after treatment.

The XPS spectrum of the HF treated Ge(1 1 1)
shows the disappearance of the oxide peak at
1220.6 eV (Fig. 4). However, the remaining elemental Ge peak cannot be ﬁt with a single peak,
but has a shoulder centered around 1219.3 eV. The
shoulder is consistent with the presence of suboxide, GeOx on the surface and indicates that the
removal of the oxide is not complete. The presence
of the O(1s) peak further conﬁrms that some oxide
is still present at the surface (Fig. 4b). Oxide may
remain after etching; or it may grow during rinsing
and the 2 min between rinsing and vacuum pump
down. A lack of a F(1s) peak conﬁrms that the
terminating species, if any, is not F (Fig. 4c).
The XPS data is consistent with the assumption
that the H monolayer is incomplete. Less than a
monolayer of suboxide can be the source of the
smaller change in SHG-RA pattern upon HF
treatment, compared with Si. An XPS study
of H-termination and stability of H-terminated
Ge(1 1 1) and (1 0 0) reported total removal of the
native oxide using the alternating HF/H2 O treatment [5]. Even though the procedure described by
Deegan and Hughes to prepare Ge(1 1 1)–H was
followed, we did not achieve total removal of
oxide. It should be noted that the HF grade in this
procedure (Mallinckrodt, reagent grade) and theirs
(LSI 1 class) is diﬀerent [5]. It is also possible that
the short (ﬁve times repeated 10 s) HF dip is not
suﬃcient to form a uniform H monolayer. Choi
and Buriak showed that immersion in HF for 10
min was necessary to achieve the best H-termina-

tion on Ge [9]. Though Choi and Buriak did not
report on the surfaces stability, it was suﬃcient for
the acquisition of an FTIR spectrum. Nevertheless, this H-termination of Ge(1 1 1) was successful
enough as a ﬁrst step in grafting decyl onto
Ge(1 1 1) [35]. As is shown later, a Ge(1 1 1)–decyl
surface is formed in that procedure and is resistant
to oxidation for over a month (Fig. 9). It may be
that the H-terminated surface was slightly oxidized
during insertion of the sample to the load lock
(1–2 min), because of its the instability in air.
Similarly, the SHG-RA measurement is taken in
air and requires about 5 min to set up. In contrast,
the insertion of the sample to the Schlenk line
during the alkylation procedure takes only a few
seconds, possibly leading to less oxidation of the
surface.
The Cl-termination of Ge(1 1 1) was investigated by XPS, Fig. 5. The disappearance of the
high-energy peak in the Ge(2p) region indicates
that the oxide is removed. A single peak ﬁts the
elemental Ge peak, showing that suboxides are
removed as well. The O(1s) peak was absent following the treatment (Fig. 5b). Further evidence of
the Cl-termination is the presence of a Cl(2p)
feature (Fig. 5c) [6]. However, the Cl-terminated
Ge(1 1 1) surfaces and the H-terminated surfaces
are unstable in air. The X-ray photoelectron
spectra (Fig. 6) of the same samples of H–Ge(1 1 1)
and Cl–Ge(1 1 1) immediately following preparation and after storage in air for one hour, one day,
one week, one month show the growth of the
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Fig. 5. X-ray photoelectron spectra of Ge(1 1 1)–Cl. The Ge(2p3=2 ) (a), O(1s) (b), and Cl(2p) (c) spectral regions are shown. The solid
line indicate the spectra of Ge(1 1 1)–GeO2 . The dashed line is the spectra of Ge(1 1 1) after immersion in HCl for 10 min. The samples
were inserted to the load lock immediately (1–2 min) after treatment.
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Fig. 6. Oxidation of H- and Cl-terminated Ge(1 1 1). XPS spectra (a) H-terminated Ge(1 1 1) and (b) Cl-terminated Ge(1 1 1) immediately after preparation ( ), and after 1 h ( ), 1 day (+), 1 week (}), 1 month ( ) air exposure.



Ge(2p) peak characteristic of the presence of the
oxide (GeOx ) peak and corresponding growth of
the O(1s) peak for both surfaces (not shown). In
addition, the intensity of the Cl(2p) signal decreases and disappears at the Ge(1 1 1)–Cl surface
(not shown).
The thickness of the oxide layer present on the
HF and HCl etched samples left in air was estimated from the comparison of the intensity ratios
of the substrate (Isub ) and the oxide (Iox ) peaks for
the Ge(2p3=2 ) core levels [5,46,47]. When two
chemical states of the same element, one in the
overlayer and one in the substrate, are present the
thickness of the overlayer, d, can be calculated by


d ¼ k  cos h  ln

1
Iox Isub
þ1
1
Isub Iox


ð3Þ

where k is the attenuation length, h is the angle
between the surface normal and the emission di1
1
and Isub
are the intensity of the photo
rection, Iox
emission core level peak of an inﬁnitely thick oxide
sample and an oxide-free germanium sample, respectively [47]. The two chemical states of germanium (Iox and Isub ) are the elemental germanium in
the substrate (1217.9 eV) and the germanium in +2
(1219 eV) and +4 (1220.6 eV) oxidation states in
the GeOx (x 6 2) matrix. We estimated the value of
1
1
Isub
and Iox
from the intensity of the Ge0 (2p) peak
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1
Ideally an adsorbate free Ge(1 1 1) surface would be used.
The fresh Ge(1 1 1)–Cl provides the next best approximation.

1.2
oxide thickness [nm]

in the spectrum of the freshly prepared, oxide-free
Ge(1 1 1)–Cl 1 and from the intensity of the
Ge4þ (2p) peak in the spectrum of the Ge(1 1 1)–
native oxide sample. We used the previously published value of the 0.9 nm for the escape depth [5].
The angle between the surface normal and
the emission direction, h, is 30° in these experiments.
 oxide
The above calculation indicates that a 5 A
covers the HF treated Ge(1 1 1) immediately after
preparation in accordance with the presence of the
O(1s) peak in the XPS spectrum of freshly prepared Ge(1 1 1)–H (Figs. 4 and 7). In contrast,
 oxide is
Deegan and Hughes reported that a 3 A
grown after two days [5]. The Cl-terminated
Ge(1 1 1) is oxide-free up to an hour (Fig. 7). Both
samples show a logarithmic increase of the oxide
thickness with time. Archer has investigated oxidation of HF treated Ge by ellipsometry and
found that oxide growth follows a logarithmic law
[48]. The rate of oxide growth was determined to
be 0.07 nm/decade for Ge(1 1 1)–H and 0.14 nm/
decade for Ge(1 1 1)–Cl. Interestingly, after an
initial period, the growth of the oxide seems to
be faster for Ge(1 1 1)–Cl than for Ge(1 1 1)–H
(Fig. 7).
It is also interesting to compare the oxidation of
Ge(1 1 1)–H and Ge(1 1 1)–Cl to the oxidation of
H–Si(1 1 1). At the Si(1 1 1)–H surface, a slow oxygen uptake (induction period) is followed by a
fast, logarithmic oxide growth [46,49,50]. The
onset of the fast oxide uptake was connected to an
oxygen coverage of 0.7 ML [46,51]. No initial
slow oxidation was observed at the Ge(1 1 1)–H
surface which could be explained by the presence
of greater than a monolayer of oxygen on the
surface at the start of the measurement. In contrast, the Ge–Cl surface showed no apparent oxidation for an hour (Fig. 7). It seems, that Ge–Cl is
more resistant to oxidation than Ge–H, in accordance with the relative strength of the bonds [6].
But even Ge(1 1 1)–Cl is a far less passivated surface than Si(1 1 1)–H where the slow oxidation and
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Fig. 7. Oxide thickness on the HF ( ) and HCl-treated ( )
Ge(1 1 1) surfaces as a function of exposure to air. The oxide
thickness was estimated using Eq. (3) from the data in Fig. 6.
The solid lines are logarithmic ﬁts (y ¼ a  lnðxÞ þ b) on the
data points.

) can take
build up of a monolayer of oxide (3 A
as long as 15–20 days [46,51].
On the contrary, the stability of the S- and
decyl-terminated surfaces is quite remarkable. The
SHG-RA of the Ge(1 1 1)–S freshly prepared and
after exposure to air for 6 and for 62 days are
shown in Fig. 8b. After two months a slight increase in the magnitude of the small peak is observed. It is accompanied by a slight increase in the
Bpp =App ratio from 1 to 1.6 and in the phase, DAB ,
20 to 26. Han et al. pointed out that alkyl layers
attached to the Ge surface through S are not as
stable as the Au–S and Ge–C linkages [10]. The
authors observed no change in contact angle exposing the Ge–S–alkyl to air for 12 h, but after
one-day exposure the contact angle decreased
from 101° to 90° [10]. However, in comparison
to the H- or Cl-termination, the S-terminated
Ge(1 1 1) showed remarkable stability on a few
days time scale. A further advantage of the S–
Ge(1 1 1) surface is that the sulﬁde-termination
leads to a ﬂat surface that has a surface roughness
comparable to that of the chemically cleaned GeO2
(AFM images not shown) in agreement with previous reports [7].
Covalently bonded organic monolayers on
semiconductor surfaces are built with potential
biosensor and microelectronics applications in
mind where the thermal, chemical and air stability
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( ) after preparation. All the SHG-RAs were taken in the pin =pout polarization combination at 800 nm fundamental wavelength.

Ge(2p)
Normalized Intensity

is an important question. Alkyl monolayers prepared by the Grignard reaction were found to be
air stable up to ﬁve days. [11] Alkanethiol monolayers prepared by the thiol attachment chemistry
were less resistant, being air stable only up to 12 h
[10]. The rotational anisotropy of the Ge(1 1 1)–
alkyl, taken after storage in air for 4 and 21 days
(Fig. 8a), show no change, i.e. the value of Bpp =App
and their phase DAB remain constant within experimental error. This observation suggests the
decyl-terminated Ge(1 1 1) is stable in air for at
least several weeks. The absence of the characteristic oxide peak in XPS measurements, performed
on samples exposed to ambient for four weeks
(Fig. 9), supports the ﬁndings of the SHG-RA
measurement. The shoulder on the elemental Ge
peak indicates the presence of suboxide. This
suboxide must have formed during preparation of

1216

1218
1220
1222
Binding Energy [eV]

1224

Fig. 9. The Ge(2p) region of the XPS spectrum of the 1-monthold Ge(1 1 1)–decyl (dashed line). The solid line shows spectra
of the Ge(1 1 1)–GeO2 .
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the Ge(1 1 1)–alkyl surface, most likely when the
unstable Ge–H surface was exposed to air. The
SHG-RA shows that there is no change over a
month period, thus the suboxide is not due to
oxidation of the alkyl-terminated surface. The lack
of oxide growth is attributed to the stability of the
Ge–C bond and the compactness of the alkyl
monolayer.
4. Conclusions
XPS and SHG measurements reveal that Hand Cl-terminated Ge(1 1 1) undergo oxidation in
air on the timescale of minutes with H–Ge(1 1 1)
being less stable in ambient than Cl–Ge(1 1 1). The
instability of H- and Cl-termination explains why
the SHG-RA at 800 nm appears to be insensitive
to the chemical modiﬁcation of the germanium
surface. The similar electronegativity of Cl and O
is consistent with the observed moderate change in
the SHG-RA upon Cl-termination. The oxide
thickness growth kinetics are logarithmic both on
H–Ge(1 1 1) and Cl–Ge(1 1 1), also characteristic
of the ambient oxidation of Si(1 0 0)–H and
Si(1 1 1)–H. S- and alkyl-termination signiﬁcantly
modify the interface non-linear optical response,
as revealed by SHG-RA at 800 nm. The alkyl- and
S-terminations are signiﬁcantly more stable
against oxidation.
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