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N
anostructured germanium (Ge) is
ideally suited for next generation,
high speed optoelectronic devices.1

Crystalline Ge natively has large carrier mo-
bilities and the large Bohr exciton radius of
Ge2 affords a high degree of tunability in the
electrical and optical properties of nanos-
tructured and thin film Ge materials.3,4 Ge-
based nanomaterials currently are being
developed for fast photodetectors,5,6 effi-
cient multijunction photovoltaics,7 and
nonvolatile memory devices.8 To integrate
Ge into these and related technologies,
better control and understanding of deposi-
tion processes with high fidelity are re-
quired. As industrial device fabrication
processes typically rely on wet chemical
cleaning procedures, the instability of Ge
interfaces and the lack of high-quality and
stable oxide passivation layers have se-
verely hindered the maturation and imple-
mentation of Ge-based optoelectronics. A
more detailed, molecular-level understand-
ing of the reactivity of Ge interfaces is
accordingly needed. To this end, new and
improved strategies for studying and mon-
itoring nanostructured Ge materials and
their interfaces must be identified and
developed.
Although several established spectro-

scopic techniques have been used to study
Ge materials and their interfaces in detail,
each method has definable limitations. Tra-
ditional ultrahigh vacuum (UHV) surface-
sensitive spectroscopies such as X-ray pho-
toelectron and electron energy loss spec-
troscopy do not provide information in real
time, under ambient or application-relevant
conditions. Even considering advances in

high-pressure X-ray spectroscopic techni-
ques,9,10 in situ measurements during the
course of a wet chemical process are not
feasible. Although vibrational spectroscopic
methods such as sum frequency generation
spectroscopy, Brewster-angle transmission
infrared (IR) spectroscopy, and reflectance-
based IR spectroscopies can provide de-
tailed vibrational information in reactive
media, these techniques are best suited
for optically flat, planar interfaces and can-
not be used to study low frequency signals
(<600 cm-1) that are typical for phonon
modes and adsorbate stretches. In this re-
gard, surface-enhanced Raman spectrosco-
py (SERS) has long been identified as a
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ABSTRACT Ultrathin films of germanium (Ge) have been electrodeposited onto surface-

enhanced raman spectroscopy (SERS)-active, polycrystalline gold (Au) nanoparticle film electrodes

from aqueous solutions containing dissolved GeO2. An overlayer SERS strategy was employed to use

the SERS-activity of the underlying Au electrode to enhance the Raman signatures separately for the

Ge phonon mode and vibrational modes of surface groups. Electrochemical and spectroscopic data

are presented that demonstrate monolayer-level detection of the electrodeposited material and the

preparation of crystalline Ge films exhibiting quantum-confinement effects. Potential-dependent

Raman spectra are shown that identify electrodeposition conditions where Ge films can be deposited

with either long- or short-range crystalline order. Raman spectra collected with electrodeposited Ge

films immersed in solutions containing CN-(aq) did not indicate a significant presence of pinholes

that exposed the underlying Au(s) substrate. Raman spectra were also collected that identified a

potential-dependence for Ge hydride formation at the interface of these films. Separate spectra were

collected for the oxidative dissolution of Ge in solution and the complete dry oxidation of Ge to GeOx
in air. These data sets cumulatively represent the first demonstration of the overlayer SERS strategy

to follow surface chemical processes at crystalline, nanostructured, Ge materials in situ and in real

time.
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powerful electroanalytical tool for elucidating vibronic
information in media of interest at low frequen-
cies.11-14 However, despite routine use of Raman
microscopy in the semiconductor industry to monitor
bulk semiconductor properties/defects during proces-
sing,15 comparatively few studies have utilized the
SERS effect to study the structural and chemical prop-
erties of semiconductor surfaces.
The first reports of surface-enhanced Raman spectra

of semiconductor surfaces involved cast or electrode-
posited films of SERS-active metal colloids on planar
semiconductor substrates.16,17 Although this approach
is general to all interfaces, the method suffers from an
ill-defined, uneven enhancement of molecular vibra-
tions near “hot-spots” that are not necessarily limited
to only the vibronic processes at the semi-
conductor interface of interest. Two improvements to
this original concept have been developed. The first
variation uses themetal tip of a scanning probe system
as the source of the SERS enhancement (tip enhanced
Raman spectroscopy (TERS)).18 Although rich spectro-
scopic measurements correlated with topographical
features have been demonstrated using TERS, the
experimental demands for aligned and optimized
optics/electronics, the premium for highly engineered
tips, the incompatibility with caustic environments,
and the general difficulty encountered with scanning
probe studies in liquid media limit the types of surface
analyses that can be routinely performed. The second
variation involves SERS-active colloids that are coated
with a thin, insulating, and chemically inert layer (shell-
isolated nanoparticle-enhanced Raman spectroscopy-
SHINERS).19 This strategy is ill-suited for in situ study of
semiconductor interfaces in reactivemedia. Coating an
interface with a film of blocking, SERS-active colloids
artificially perturbs mass transport of chemical reac-
tants to the surface and intractably complicates rate
measurements of surface reactions and surface cover-
age homogeneity. Resonantly enhanced Raman signa-
tures have also been explored.20 For thin semi-
conductor films, excitation with supra-bandgap light
resonantly enhances the bulk phonon modes of the
semiconductor lattice.20 This approach provides no
direct insight on surface chemistry and also increases
the possibility of deleterious photo(electro)chemical
processes that could degrade the semiconductor

material. Resonant enhancements can also strongly in-
crease (103-104) the signals specifically for vibronic
features of conjugated adsorbates at the surface of
semiconductor nanoparticles.21-31 A recent report utiliz-
ing ultrapure semiconductor quantum dots prepared via

molecular beam epitaxy suggests such resonant en-
hancements can approach the levels typically observed
for colloidal metal SERS substrates.32 However, the gen-
erality and precise source of this magnitude of signal
enhancement and the extent that the resonance per-
turbs the nature of surface-adsorbate bonding have yet
to be determined.
The overlayer SERS approach33,34 is an alternative,

under-utilized strategy for investigating the structure
and surface bonding of non-SERS-active semiconduc-
tors. This strategy has been used extensively to study
the deposition and adsorbate chemistry of non-SERS
active transition metals35-37 and insulators.38,39 In this
scheme, a SERS-active metal substrate is coated with a
conformal thin film of the non-SERS active material of
interest (Figure 1). When the film thickness is kept
ultrathin (e5 nm), the SERS-effect from the underlying
support substrate extends through the overlayer and
significantly enhances the phonon and adsorbate
vibrational modes at the top interface that are other-
wise tooweak to detect.35,40 Despite the success of this
strategy in the study of catalytic and insulating di-
electric materials, to date, it has not yet been exploited
to study either the deposition process for, or the
interfacial chemical reactions of, nanostructured Ge
materials in detail.
The goals of this initial work are 2-fold. The pre-

sented electrochemical and spectroscopic data illus-
trate the utility of this SERS approach for monitoring,
deconvoluting, and understanding the electrodeposi-
tion process of ultrathin Ge films at a nanostructured,
polycrystalline Au interface. The data demonstrate that
under controlled electrodeposition conditions, confor-
mal and pinhole-free Ge films are readily prepared on
these substrates and that the SERS effect enables facile
detection at the singlemonolayer level. Separately, the
data herein also show that the overlayer SERS scheme
can be leveraged to study the chemistry of crystalline
Ge interfaces directly in both liquid and air ambient
and in real-time. Time-dependent spectra are pre-
sented that describe Ge dissolution in solution,

Figure 1. Idealized depiction of overlayer SERS enhancement induced by an active substrate. (a) SERS active, nanostructured
substrate. (b) Non-SERS active semiconductor showing weak/no Raman signatures for surface groups and chemisorbates. (c)
Raman spectra obtained on a conformal, pinhole-free semiconductor film on top of a SERS active substrate.

A
RTIC

LE



CARIM ET AL. VOL. 5 ’ NO. 3 ’ 1818–1830 ’ 2011 1820

www.acsnano.org

potential-dependent surface hydride formation, and
oxidation. Opportunities for utilizing this scheme to
study aspects of the electrodeposition and surface
reactivity of Ge in ways that are inaccessible by any
other analytical methodology are discussed.

RESULTS

Au Nanoparticle Film Electrodes. Figure 2a shows an
electron micrograph of a Au nanoparticle film elec-
trode after plating excess Au to increase the diameters
of the nanoparticles. After this treatment, the Au
nanoparticles uniformly possessed a mean diameter
of ∼50 nm. The inset of Figure 2a shows a thin-film
X-ray diffraction pattern for the Au nanoparticle films
after “ripening”' with HAuCl4(aq). Spectral features
for (111), (200), (220), and (311) surface planes were
observed, consistent with a face-centered-cubic, poly-
crystalline Au interface. The ratio, γ, between the
projected geometric area and the true electrochemi-
cally active surface area for these Au nanoparticle film
electrodes was determined from the integrated charge
measured during the underpotential deposition of Cu
from aqueous solution (Supporting Information). From
these data, a nominal surface roughness factor of ∼7

was consistently observed for the Au nanoparticle film
electrodes. The SERS activity of these Au nanoparticle
films was assessed by comparing the intensity for
spectra of pyridine dissolved in solution as compared
to adsorbed at the surface, normalizing for the relative
number of molecules probed in each measurement.41

Films prepared in this manner consistently gave a SERS
amplification of >105 for excitation at λ = 632.8 nm
across the entire electrode surface (Supporting
Information).

Ge Electrodeposition at Au Nanoparticle Film Electrodes.
Representative voltammetric responses (normalized
to the projected geometric electrode area) for the Au
nanoparticle films in aqueous solution at pH = 9.3 are
shown in Figures 2b-d. In buffered electrolyte, no
faradaic processes were noted between þ0.3 to -0.9
V vs Ag/AgCl. The onset for H2 evolution was observed
at ca.-0.95 V vs Ag/AgCl. Addition of 0.001 M GeO2 to
solution introduced new features in the current-po-
tential response. At this pH, the expected standard
potential for the GeO2/Ge redox couple is -0.98 V vs

Ag/AgCl.42 As shown in Figure 2b, three reductive
(a1-a3) and oxidative (b1-b3) features were evident
in this solution. A series of cyclic voltammograms were
performed with switching potentials between -0.7
and -1.1 V vs Ag/AgCl (Supporting Information) to
identify the correlation between the reductive and
oxidative features. The onset for the first cathodic
wave, a1, was at-0.55 V vsAg/AgCl andwas associated
with the anodic wave, b1, centered at -0.1 V vs Ag/
AgCl. The integrated charges for these twowaves were
independent of scan rate, consistent with an adsorp-
tive deposition process. The second and third cathodic
waves were not well separated. The cathodic wave, a2,
was centered at -0.95 V vs Ag/AgCl and gave rise to
the anodic wave, b2, beginning at -0.85 and centered
at -0.75 V vs Ag/AgCl. The charges associated with
these features were partially sensitive to the total time
the electrode was poised at potentials more negative
than -0.95 V vs Ag/AgCl. The third cathodic signal, a3,
overlapped significantly with a2 and was centered at
-1.07 V vs Ag/AgCl. The anodic wave, b3, centered at
-0.35 V vs Ag/AgCl was associated with a3. The
integrated charges for these voltammetric features
were strongly affected by the total time the electrode
was poised at potentials more negative than-1.0 V vs

Ag/AgCl, with the total stripping charge for feature b3
increasing progressively at longer times (Supporting
Information). The cathodic process a3 was not related
to H2 evolution, which was shifted to more negative
potentials by ∼0.3 V (Figure 2d). The features for
aqueous Ge electrodeposition observed here for these
nanostructured, polycrystalline Au interfaces closely
follow those recently reported for flat, single-crystalline
Au(111) electrodes.43

Raman Analyses During Ge Electrodeposition. Raman
spectra between 125 and 400 cm-1 were obtained

Figure 2. (a) Scanning electron micrograph of a top-down
view of a SERS-active Au nanoparticle film. Inset: X-ray
diffraction pattern of film showing characteristic signatures
for polycrystalline Au. (b-d) Voltammetric responses for Au
nanoparticle film electrodes immersed in (b) deaerated
buffered solution (pH = 9.3) containing 0.010 M Na2B4O7

and 0.5 M Na2SO4 and (c) after addition of 0.001 M GeO2 in
the same electrolyte. (d) Same as in panel c but with a vertex
potential of -1.4 V vs Ag/AgCl. Scan rate = 0.01 V s-1.
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with Au nanoparticle film electrodes poised at several
potentials while immersed in alkaline GeO2-containing
solutions and are shown in Figure 3. Spectra takenwith
the electrode poised at 0 V vs Ag/AgCl were featureless
and identical to spectra recorded either with the dry
electrodes before immersion or with the electrodes
immersed in blank electrolyte. Spectra obtained at
potentials between 0 and -0.5 V vs Ag/AgCl were
unchanged. The Raman spectra collected when the
electrode was biased at -0.6 V vs Ag/AgCl were
distinct in two aspects. First, the total recorded counts
across the entire interrogated range decreased in a
consistent fashion across seven separately tested elec-
trodes. Second, a new, broad signature centered at
200 cm-1 was evident. Neither changewas observed in
the absence of dissolved GeO2. These two spectral
features could also be reversibly removed by returning
the electrode to 0.0 V vs Ag/AgCl, indicating that the
spectral changes were associated with the adsorption
of a reduced Ge-containing species, that is, the catho-
dic process a1 in Figure 2c. At progressively more
negative potentials, the total recorded counts contin-
ued to decrease. At -0.9 V vs Ag/AgCl, the feature at
200 cm-1 disappeared. Throughout this entire range of
potentials, these spectral features were not time-
sensitive.

Polarization of the electrodes at -1.0 V vs Ag/AgCl
resulted in Raman spectra that changed significantly
with time. The spectrum in Figure 3 for the electrode
at -1.0 V vs Ag/AgCl was recorded 10 s after initial
polarization. The aforementioned signature near
200 cm-1 was not observed, and the spectral region
between 250 and 300 cm-1 was empty. Figure 4 shows
the Raman spectra for the same electrode after 120 s of

polarization time. Using “short” wavelength excitation
(514.5 nm), no spectral features were observed even at
these longer times. However, a strong signature near
300 cm-1 was consistently observed when longer
wavelengthexcitationwasused. This feature in Figure4
corresponds to the bulk phonon mode for crystalline
Ge exhibiting quantum confinement.44,45 The observa-
tion of this Ge phonon mode only with longer wave-
length excitation is consistent with the premise that
the SERS activity of the underlying Au substrate speci-
fically makes detection possible.36 Figure 5 shows the
intensity and peak position of this Ge phononmode as
a function of polarization time. At polarization times
less than 60 s, the Ge phonon mode could not be
accurately resolved above the background. At longer
polarization times, the full width at half-maximum
(fwhm) of the Ge phonon mode decreased slightly
and its positionwas blue-shifted from291.1( 0.6 cm-1

to 297.2( 0.4 cm-1 (Figure 5b,c). The greatest change
in these two parameters occurred at short times. After
this initial period, these features remained constant
and never reached values equivalent to those recorded
for a bulk single-crystal Ge sample, consistent with
crystalline Ge that retains physical dimensions shorter
than the Bohr exciton radius. Relative to the spectrum
for bulk Ge(111), the phonon mode from the electro-
deposited Ge film was less intense, more broad, and
centered at a lower frequency than the phonon mode
for the Ge(111) sample at all investigated electrodepo-
sition times. The integrated peak intensity for the Ge
phononmode increasedwith longer electrodeposition
times but exhibited a decidedly nonlinear time-depen-
dence (Figure 5d). The time-dependent profile of the
stripping charge density for anodic feature b3 was
separately recorded and is shown in Figure 5e. When
plotted as a function of the corresponding stripping
charge density (voltammetric feature b3 in Figure 2c),

Figure 3. Raman spectra recorded at Au nanoparticle film
electrodes immersed in a buffered aqueous solution at pH =
9.3 containing 0.010 M Na2B4O7, 0.001 M GeO2, and 0.5 M
Na2SO4. Spectra were obtained using λ = 632.8 nm at 3.9
mW and with the electrode biased at the indicated poten-
tial. For potentials between 0 and -0.9 V vs Ag/AgCl, the
electrode was poised for 180 s prior to spectral acquisition.
At-1.0 V vs Ag/AgCl, the spectrumwas obtained after 10 s.
The spectra are not intentionally offset, and differences in
the vertical height represent changes in the total back-
ground counts at more negative potentials.

Figure 4. Raman spectra recorded at a Au nanoparticle
electrode using either 632.8 (3.9 mW) or 514.5 nm (4.9 mW)
excitation after Ge electrodeposition at -1.0 V vs Ag/AgCl
for 120 s in the same electrolyte as Figure 2. Spectra are
offset for clarity.
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the integrated peak intensity for the Ge phonon was
strongly and linearly correlated with the amount of
“bulk”Ge electrodeposited onto the surface (Figure 5f).
These data also show that the onset of the Ge phonon
mode occurred at electrodeposition charge densities
g0.8 mC cm-2, the approximate charge density
needed to deposit a complete monolayer of Ge
through a 4e- process (assuming a monolayer density
of 1.5� 1015 atoms cm-2).43 Fromthedata in Figure 5a,f,
an enhancement factor of 4 � 104 was determined
for the electrodeposited Ge films (Supporting Infor-
mation).

Repetition of these experiments at more negative
electrodeposition potentials resulted in Ge films with
decidedly different spectral features. Figure 6 illus-
trates the difference in the Ge phonon mode seen at
various deposition potentials. At-1.0 or-1.1 V vs Ag/
AgCl, the Raman spectra for the electrodeposited Ge
films showed a strong, sharp signature as in Figures 4
and 5. At more negative potentials, the intensity of the
phonon mode significantly decreased, and the peak
position was red-shifted to ca. 290 cm-1. An irrever-
sible change between the spectra collected at -1.1 V
and -1.2 V for electrodeposited Ge films initially
showing Raman spectra with a strong, sharp phonon
mode at 297 cm-1 was similarly observed (Supporting
Information). The attenuated phonon mode intensity
and peak shift was not correlated with a mechanical
loss of Ge in contact with the Au nanoparticle film
electrode. Separate stripping voltammograms indi-
cated that the integrated charge for the anodic peak
at-0.3 V vsAg/AgCl (i.e., feature b3 in Figure 2c) did not
statistically decrease when the electrode was biased
more negative than -1.1 V vs Ag/AgCl. The spectral
features in Figure 6 are consistent with Ge surface
phonon modes, which correspond to localized, short-
range Ge lattice vibrations.46 The spectra suggest that

long-range order and crystallinity is compromised
when the electrodeposited Ge films are biased at more
negative potentials, but the film apparently does not
become fully amorphous, since a Ramanband near 270
cm-1 for amorphous Ge was never observed.47-49 The
lack of any amorphous Raman signatures in Figure 6
suggests that the Ge films retain some local, short-
range degree of crystallinity. Ex situ collection of thin
film X-ray diffraction patterns was attempted to assess
the crystallinity of the electrodeposited Ge, but the
difficulty in getting spectra with sufficient signal-to-
noise for these films prevented a separate validation of
this hypothesis.

Raman Spectra Recorded During Anodic Decomposition of Ge
Films. The dissolution of the electrodeposited Ge films
in the same electrolyte could also be followed by
Ramanspectroscopy. Figure7ashowsthe time-dependent
Raman spectra for a Ge film electrode (electro-
deposited at -1.0 V vs Ag/AgCl for 14 min) that was

Figure 5. (a) Time dependent Raman spectra acquired during polarization at -1.0 V vs Ag/AgCl of a Au nanoparticle film
electrode immersed in a buffered solution (pH = 9.3) containing 0.001 M GeO2, 0.010 M Na2B4O7, and 0.5 M Na2SO4.
Integration time= 3 s. (b) Full-width at half-maximum, fwhm, as a function of polarization time. (c) Peakposition of Gephonon
mode as a function of polarization time. (d) Integrated area of Ge phononmode recorded after electrodeposition at-1.0 V vs
Ag/AgCl as a function of electrodeposition time. (e) Stripping charge density of anodic wave b3 as in Figure 2 after biasing Au
nanoparticle electrode at-1.0 V vsAg/AgCl as a function of electrodeposition time. (f) Integrated area of the time-dependent
Ge phonon intensity as a function of stripping charge density of anodic feature b3 at the corresponding electrodeposition
time.

Figure 6. Raman spectra acquired after poising an electro-
deposited Ge film at more negative potentials in the same
electrolyte as in Figure 2.
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left at open-circuit. Figure 7b shows the recorded
potential of the Ge film electrode, with the electrode
drifting to more positive potentials at longer times. As
long as the electrode potential wasmore negative than
-0.7 V vs Ag/AgCl, there were no observable changes
in the Ge phonon spectra. However, as the electrode
potential approached -0.6 V vs Ag/AgCl (where the
anodic process b3 began in Figure 2c) the intensity of
the Ge phonon mode decreased (Figure 7a,c) but
without a substantive change in the fwhm and peak
position (Figure 7d,e). The values of the peak position
and fwhmonly changed at longer times, in accord with
the dissolution of ultrathin Ge films.

Defect Monitoring in Electrodeposited Ge Films. The integ-
rity and extent of film uniformity across the surface of
the Au nanoparticle electrodes were assessed with an
adsorptive molecular probe. CN-(aq) binds strongly to
metallic Au(s) and demonstrates intense and unique
Raman signatures when adsorbed at a Au(s) interface
and is thus a powerful probe for identifying overlayer
film defects (Figure 8a).50-52 Potential-dependent Ra-
man spectra were collected in blank electrolyte with
0.001 M KCN between 0 V and -1.1 V. The C�N stret-
ching mode of CN- adsorbed onto Au(s) was clearly
visible at 2110 cm-1 (Figure 8b). Analogous spectra
obtained at different applied biases showed the chara-
cteristic Stark shift of adsorbed CN- to lower frequen-
cies at more negative potentials (Supporting Informa-
tion).14,50 In a separate experiment, the Au nanoparti-
cle film electrode was immersed in the buffered solu-
tion with dissolved GeO2 and poised at -0.8 V vs Ag/
AgCl while another Raman spectrum was obtained
(Figure 7c). A spectral signature for adsorbed CN-

was still clearly observable, but the integrated intensity
was decreased to 45% of the intensity at the pristine
Au(s) interface. These data suggest that at these con-
ditions the Au electrode surface becomes partially

covered with adsorbed Ge species which do not bind
with CN- and are not displaced by CN- adsorption on
Au(s). A related experimentwas thenperformedby first
polarizing the electrode at-1.0 V for 120 s in the buffe-
red electrolyte to deposit a Ge monolayer film that
exhibited the characteristic Ge phonon mode. The
electrode potential was then lowered to-0.8 V to stop
additional deposition while protecting the film from
dissolution. KCN was added to effect a 0.001 M CN-

concentration, and a Raman spectrum was then ob-
tained (Figure 8d). Under these conditions no signal
indicative of CN- adsorbed to Au(s) was evident, indi-
cating that electrodeposition of Ge by this method
produced uniform films devoid of pinhole defects
accessible by this adsorptive molecular probe.

Ge Surface Chemistry: Ge-Hx. Previous investigations
of crystalline Ge electrode interfaces have shown that
surface hydride formation in aqueous solutions can be
controlled by an applied potential.53 To determine
whether electrodeposited Ge films demonstrated in-
terfacial chemistry akin to a bulk, single-crystalline
Ge electrode, the Raman signals between 1800 and
2200 cm-1 were recorded as a function of applied bias
after immersing the electrodeposited Ge films into a
blank, buffered, and deaerated electrolyte. In this
spectral region, the stretching modes for surficial Ge-
Hx (where x = 1-3) moieties are Raman-active
(Figure 9).54,55 In Figure 9a, the Ge film electrode was
initially poised at -0.8 V vs Ag/AgCl. At both -0.8 and
-0.9 V vs Ag/AgCl, no spectral signatures indicative of
surficial Ge-Hx stretches were observed above the
baseline. At-1.0 V vs Ag/AgCl, a broad signal centered

Figure 7. (a) Time-dependent Raman spectra for electro-
deposited Ge films acquired at open circuit after cathodic
polarization at -1.0 V vs Ag/AgCl. Integration time = 10 s.
(b) Potential of electrode during oxidation/dissolution at
open circuit, (c) integrated area, (d) full-width at half-max-
imum, fwhm, and (e) peak center of Ge phonon mode as
a function of time.

Figure 8. (a) Depiction of “end-on” CN- adsorption at (top)
a bare Au electrode and at (bottom) pinholes on a Ge-
coated Au electrode. (b) Raman spectra for a Au nanopar-
ticle film electrode immersed in a deaerated solution con-
taining 0.01MNa2B4O7, 0.5MNa2SO4, and 0.001MKCN and
poised at -0.8 V vs Ag/AgCl. (c) Raman spectra for a Au
nanoparticle film electrode after the addition of 0.001 M
KCN to a solution containing 0.01MNa2B4O7, 0.001MGeO2,
and 0.5MNa2SO4. The electrodewas poised at-1.0 V vsAg/
AgCl for 120 s before addition of KCN and then at-0.8 V to
prevent additional deposition while preserving the film. (d)
Raman spectra for a Au nanoparticle film electrode after the
addition of 0.001 M KCN to a solution containing 0.01 M
Na2B4O7, 0.001 M GeO2, and 0.5 M Na2SO4. The electrode
was poised at-1.0 V vs Ag/AgCl for 120 s before addition of
KCN.
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at 1945 cm-1 was detected. The position of this sym-
metric signature was broadly consistent with a pre-
dominance of Ge monohydride (Ge-H) at the surface
of the electrode.56,57 When the electrode was biased
more negatively at -1.1 V vs Ag/AgCl, the position of
the observed Raman signature blue-shifted slightly to
1951 cm-1, the total intensity increased, and the
spectral shape became more asymmetric (with an
additional sideband at larger Raman shifts). The in-
creased signal at >2000 cm-1 is consistent with the
formation of additional dihydride (Ge-H2) surface
moieties.57 When the electrode was stepped back to
-1.0 V vs Ag/AgCl, the spectral shape red-shifted back
to 1941 cm-1, the total intensity continued to increase,
and the sideband at larger Raman shifts was still
evident. After the electrode was then stepped back
down to -0.9 V vs Ag/AgCl, the signal for Ge hydride
stretches was still observable, in contrast to the pre-
vious spectrum collected at this same potential. The
total integrated intensity of the Ge hydride response
was smaller than in the prior spectrum obtained at
-1.0 V vs Ag/AgCl. When the electrode was biased at
-0.8 V vsAg/AgCl, no signatures for Ge hydride surface
moieties were noted. A separate set of spectra was also
acquired, where the electrode was biased to potentials
where the main phonon mode disappeared as in
Figure 6 (Figure 9b). In these spectra, the intensity of
the shoulder at Raman shifts larger than 2000 cm-1

increased and became the more pronounced feature,
indicating a greater extent of Ge-H2 bonding through-
out the electrodeposited film.

Ge Surface Chemistry: Surface Oxidation. Time-depen-
dent Raman spectra were acquired with a freshly
electrodeposited, crystalline Ge film exposed to air in
order to determine if the rate and extent of oxidation
could be followed by Raman measurements. After
emersion from the GeO2-containing electrolyte, the

Ge film was rinsed and dried under a stream of N2(g)
gas. Raman spectra of the dried electrodeposited Ge
film were then collected as a function of time after
direct exposure to ambient air. Figure 10 highlights the
time profile for a dry ultrathin Ge film under these
conditions. Initially, the Ge phonon mode near
300 cm-1 was the only strong, identifiable spectral fea-
ture. During continued exposure to the lab ambient,
the crystalline Ge phononmode decreased in intensity
on the time scale of minutes. After 29 min of exposure
to air, the Raman spectral feature for crystalline Ge was
no longer observable. In contrast to the dissolution
spectra in Figure 7, spectral features between 400 and
975 cm-1 appeared concomitantly and became in-
creasingly more pronounced at longer times. The
broad spectral feature between 400 and 650 cm-1 is
commensurate with the Raman signature for vitreous
GeOx, specifically Ge-O-Ge stretching and breathing
modes.58-63 The features centered near 320 and
875 cm-1 are consistent with both Raman and infrared
modes of phonon modes in glassy GeOx.

64,65 The
relative intensity of these modes, which are typically
much weaker in the Raman spectra for bulk vitreous
GeOx, demonstrate the relaxation of the selection rules
for purely Raman- and IR-active modes in the obtained
SERS spectra.66-68 The spectra in Figure 10 illustrate
that the films exhibit meta-stability under ambient
conditions and that their oxidation product is a dis-
ordered, glassy oxide.

DISCUSSION

Raman Analyses During Electrodeposition. The presented
data collectively highlight the ability of the overlayer
SERS approach to give insight on the deposition of
ultrathin films of semiconductormaterials in real time.
Raman spectra could not be obtained during the
initial stages of Ge electrodeposition without the
SERS-effect from the underlying Au substrate. The
indirect bandgap of Ge substantially weakens the

Figure 9. Potential-dependent Raman spectra showing
Ge-Hxmodes at electrodeposited Ge films. (a) The film was
first prepared at -1.1 V vs Ag/AgCl for 10 min, then rinsed,
dried, and transferred to an aqueous solution containing
0.01 M Na2B4O7 and 0.5 M Na2SO4. Spectra were acquired
sequentially (top to bottom) at-0.8,-0.9,-1.0,-1.1,-1.0,
-0.9, and -0.8 V vs Ag/AgCl. (b) A separate electrode
prepared as in panel Awasbiased for 120 s at each indicated
potential.

Figure 10. Raman spectra of a Ge film electrodeposited
at -1.1 V vs Ag/AgCl after emersion, rinse, and drying in a
stream of N2(g). The numbers correspond to the time
exposed to dry ambient lab air in minutes.
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resonant Raman signal enhancement (relative to
semiconductors like CdS or InAs)69,70 with the excita-
tion wavelengths used here. The SERS-enhancement
observed here afforded the opportunity to study the
Ge electrodeposition process and the resultant prop-
erties of the electrodeposited semiconductor films in
detail. Specifically, in situ information on the amount
deposited, order/crystallinity, uniformity of surface
coverage, and stability of the Ge films were readily
interpreted from the collected spectra. Although
similar information could also have been obtained
separately with scanning probe and quartz crystal
microbalance measurements, these techniques are
not fast, high-throughput analyses methods and are
not easily applied to nonplanar, nanostructured inter-
faces. Prior to this work, only Ge electrodeposition
processes at planar, single-crystalline interface had
been described, and it was not known to what extent
Ge electrodeposition processes on textured, polycrys-
talline, and nanostructured interfaces differed. The
present data indicate that ultrathin Ge films electro-
deposited on a packed Au nanoparticle film can
exhibit a high degree of crystallinity and uniformity
under specific electrodeposition conditions, a surpris-
ing and unusual feature for electrodeposition of
group IV semiconductors.71,72

The monotonic relation between the relative inten-
sity of the crystalline Ge phonon mode and the total
amount of Ge electrodeposited onto the electrode
support indicated this Raman signature is a useful
gauge of the thickness of the deposited Ge film in real
time. Further, the extreme sensitivity of the spectral
features of phonon modes (i.e., peak position and
shape)73,74 towardmorphology in semiconductor films
with effective thicknesses less than the Bohr exciton
radius75 provided an additional means to prepare
precisely Ge thin films in the quantum confinement
size-regime. In conjunction, the potential-dependence
of the Ge phonon mode marked conditions that either
preserve or destroy the long-range crystallinity and
order in the electrodeposited Ge films without indu-
cing a conversion to an amorphous, glassy film. This
level of control is particularly useful in the design of
thin Ge films for optoelectronic applications, where
nanocrystalline Ge has distinct photoluminescent
properties. A comparison of the optoelectronic proper-
ties of Gewith varied and controlled degrees of crystal-
linity would be useful and should be possible via

electrochemical preparation.
Despite themacroscale (∼10 μm2) spot size used to

collect Raman spectra in this work, the use of a
molecular probe adsorbate verified the absence of
microscopic defects in the as-deposited films and
validated the model of a conformal, pinhole-free Ge
film produced via the employed electrodeposition
parameters. The macroscale integrity of electrodepos-
ited, monolayer-thick Ge films is somewhat surprising

as the SERS-active Au support electrodes are neither
single-crystalline nor rigorously flat and the bulk depo-
sition of Ge is not itself a self-limiting, underpotential
electrodeposition process. Although an underpoten-
tial electrodeposition of a submonolayer of Ge was
noted separately in the electrochemical and Raman
data, this layer did not completely and uniformly coat
the underlying Au electrode surface. The clear Raman
signals for CN- adsorbed onto exposed Au(s) observed
in solutions containing KCN suggest that ∼45% of the
underlying Au surface is left exposed after the under-
potential deposition of Ge. Accordingly, electrodeposi-
tion of Ge at overpotentials should proceed by a
discrete nucleation (i.e., Volmer-Weber film growth),
as is commonly observed in metal electrodeposition
processes.76 Separate analyses of the current density-
time transients for Ge electrodeposition at overpoten-
tial conditions could not be fit using the models
developed for electrodeposition via a Volmer-Weber
process (Supporting Information),77 suggesting the
growth of the Ge films proceeded by an alternative
mechanism involving uniform electrodeposition. The
lack of Raman signatures for CN- adsorbed on Au(s)
corroborate this hypothesis, indicating that even a
monolayer thick Ge film produced via electrodeposi-
tion at overpotentials at Au surfaces are uniform and
complete. These data are consistent with the possibi-
lity that the initial submonolayer of Ge may specifically
template the deposition of pinhole-free and crystalline
“bulk” Ge films. Separate Raman measurements using
electrode surfaces that favor or inhibit the electrode-
position of a submonolayer of Ge at underpotential
conditions are currently ongoing to determine whe-
ther this feature systematically influences the “bulk”
electrodeposition of Ge. Such information would be
useful to better understand conditions that favor the
electrochemical preparation of high-quality Ge and
related group IV semiconductor films.

In Situ Raman Analyses of Ge Surface Chemistry. The
presented data highlight a unique advantage afforded
by the demonstrated platform for the study of bonding
at Ge surfaces, that is, the ability to measure both low
and high frequency vibrations. The spectra collected
separately for the H-termination and the oxidation of
Ge interfaces demonstrate this aspect as well as the
ability to quickly and readily measure surface chemical
processes with good signal-to-noise both in liquid
(with or without potential control) and air ambients.
This work elucidated two interesting features regard-
ing surface hydride formation in ultrathin Ge films.
First, the changes in the spectra shown in Figure 8were
consistent with a quasi-reversible, potential-depen-
dent Ge hydride formation and agree well with the
voltammetry in Figure 2c. Previous reflectance-based
IR studies by Chazalveil and co-workers53,57 and elec-
trochemical measurements by Gerischer and co-
workers78 have detailed potential-dependent Ge-Hx
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formation at single-crystalline Ge(111) and Ge(100)
electrode interfaces. Using reflectance angle infrared
spectroscopy, Chazalveil and co-workers surmised
that atop Ge atoms were hydroxyl-terminated at
positive potentials and then became hydride-termi-
nated at potentials close to the reduction potential of
Hþ. The background signal for dissolved OH- at
higher Raman shifts in the system studied here pre-
cluded unambiguous determination of surface hydro-
xyl groups. Nevertheless, the Raman spectra in
Figure 8 of this work are in strong agreement with
the potential dependence of surface H-termination.
These data suggest that the behavior of the surfaces
of the Ge films electrodeposited between -1.0 and
-1.1 V vs Ag/AgCl closely follows the behavior ob-
served at ordered, single crystalline Ge interfaces.
Simply, the chemical processes at these electrode-
posited Ge films mirror those at “bulk” Ge interfaces
and thus are viable platforms for studying chemical
reactions and bonding at crystalline Ge interfaces.
Surface Ge-H bonds have been used as chemical
handles for the wet chemical formation of surficial
Ge-C bonds through hydrogermylation of alkenes
and alkynes.79 Ge-H bonds have also been used to
prepare surficial Ge-X (where X = Cl or Br) groups,
which can then be subsequently reacted with alkylat-
ing or thiol reagents to effect Ge-C or Ge-S bonding,
respectively.80-82 Despite the extensive ex situ char-
acterization of these Ge surface functionalization
strategies, there are no in situ studies of surface bond
formation. Such studies would provide a means to
elucidate reaction mechanisms and factors that influ-
ence desirable and deleterious reaction pathways.

The second interesting feature in these Raman
spectra is the correlation between the loss of the
crystalline phonon mode and the increase in signa-
tures for Ge-Hx (x > 1) at more negative potentials
(<-1.1 V vs Ag/AgCl). Increased structural disorder in
bulk, single-crystalline Ge electrode interfaces im-
mersed in aqueous solutions at strongly negative
potentials has been observed by several groups
through scanning probe microscopies.43,83,84 The data
shown here corroborate these prior observations but
directly implicate the increased hydrogenation of Ge
atoms as the specific cause of lattice disruption in these
electrodeposited thin films. This structural disorder
induced by excessive hydrogenation of Ge atoms in
the film could not be simply reversed by reapplication
of less negative potentials, that is, a recovery of the
phonon mode intensity was never observed
(Supporting Information). This feature stands in con-
trast to the reversible order-disorder transition ob-
served in scanning tunneling microscopy measure-
ments of single-crystalline Ge electrode interfaces
biased at positive and negative potentials.83,84 Appar-
ently, once a critical amount of disorder is induced in
the electrodeposited Ge films described here, there is

no simple potential-dependent mechanism to restore
long-range order.

The presented Raman data also show that both the
rates for and the types of surface chemical processes at
these Ge films can be studied in detail. The rapid
oxidation and dissolution of Ge in air and solution,
respectively, is not surprising, per se. However, kinetic
measurements of these processes are not easily ob-
tained using standard methods. Such information
could be used to understand the chemical factors that
influence degradation processes. For example, ex situ
data highlighting the differences in the type of oxide
formed at either H-terminated or Cl-terminated Ge
surfaces have been reported.85 Empirical measure-
ments following oxide growth indicate that a hydrated
and disordered (GeOx) oxide is formed on H-termi-
nated Ge while a more ordered, stoichiometric (GeO2)
oxide is formed on Cl-terminated Ge surfaces. No
experimental data highlighting mechanistic informa-
tion for these differences have thus far been collected
but the methodology shown here suggests such in-
formation is attainable. Similarly, the resistance against
oxidation that alkyl- and thiol-based passivation layers
impart on Ge interfaces has only been indirectly
assessed. For the improvement and further design of
chemical passivation layers, a molecular-level under-
standing of their failure mechanisms is needed. Sepa-
rately, the chemistries of GeO2 (or GeOx) interfaces are
also interesting in their own right. Recent reports have
separately demonstrated new chemical pathways to
form reduced Ge-C bonds at low temperatures at
GeO2 using base-catalyzed reactions with alkylcar-
bonates86 and thiol-based reactions to form stable
Ge-S bonds at elevated temperatures.87 These unex-
pected and potentially useful reaction processes are
intrinsically complex multistep heterogeneous reac-
tions and are not understood. SERS-derived spectra
of GeO2 films, during the course of such a reactionmay
shed light on the possible reaction mechanisms. Given
the known parallels between the chemistry of Ge and
Si,88 a better understanding of the reactivity of oxidized
Ge surfacesmay also provide chemical insight on how to
activate and reduce SiO2 interfaces, a chemical process
with significant fundamental and practical value.89

CONCLUSION

The SERS activity of close-packed, Au nanoparticle
film electrodes was used to study the initial details of
Ge electrodeposition from aqueous solution. The re-
corded electrochemical and Raman spectra indicated
that a submonolayer of Ge initially deposits at under-
potential deposition conditions and that “bulk” crystal-
line Ge deposits at low overpotential conditions. Under
the investigated parameters, the deposition rate of
crystalline Ge is slow enough that Raman spectra can
be used to identify conditions that allow the preparation
of films exhibiting quantum confinement effects.
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Separate Raman spectra demonstrated that the as-
deposited films did not possess a detectable level of
pinhole defects. Raman spectra also indicated that at
high overpotential conditions, the resultant Ge film
is significantly less crystalline. Examination of the
spectral region corresponding to Ge-Hx modes in-
dicated that the as-deposited films become H-termi-
nated at applied potentials more negative than-1.1
V vs Ag/AgCl at pH = 9.3. The Raman spectra for Ge
films at large overpotentials exhibit signatures in-
dicative of Ge atoms coordinated with more than
one-H group, in accord with the increased disorder

implied by the recorded phonon mode. For Ge films
exhibiting a predominance of only Ge-H surface
moieties, the Raman data indicated that the surface
atoms could be reversibly H-terminated as a function
of applied potential. Separate time-dependent Ra-
man spectra of electrodeposited crystalline Ge films
showed that oxidative processes could be followed
in situ and in real time. These data highlight the
capacity of this strategy for studying surface chemi-
cal processes of crystalline Ge interfaces with here-
tofore unattainable temporal and spectroscopic
detail.

METHODS

Materials and Chemicals. Methanol (Certified ACS, Fisher), acet-
one (Certified ACS, Fisher), isopropyl alcohol (Certified ACS,
Fisher), H2N(CH2)3Si(OC2H5)3 (99%, Aldrich), HAuCl4 3H2O
(99.9%, Strem Chemicals), Na3C6H5O7 (98%, Acros Organics),
NH4OH (50 wt % in H2O, Aldrich), GeO2 (99.98%, Alfa Aesar),
Na2SO4 (99þ%, Aldrich), and Na2B4O7 3 10H2O (Analytical Re-
agent grade, Mallinckrodt), KCN (97%, Aldrich) were used as
received. H2O with a resistivity >18.2 MΩ cm-1 (Barnsted
Nanopure) was used throughout. Glass coated with a 400 nm
fluorine-doped tin oxide layer (FTO, TEC 15, Rs < 12 Ω cm-1,
Pilkington) was used as support substrates. An n-type Ge(111)
wafer section (miscut e 0.5�, thickness = 0.5 mm, MTI
Corporation) was used to collect comparative Raman spectra
for bulk, crystalline Ge.

SERS-Active Au Nanoparticle Electrode Fabrication. FTO glass was
cut into small rectangular sections, contacted with conductive
Ag epoxy (CG Electronics), and then fixed onto a tinned Cu wire
coil threaded through a 6 mm diameter glass tubing. The
mounted substrates were insulated with an inert epoxy (1C
Hysol, Loctite), exposing a conductive surface area of ca.
0.25 cm2 (determined through computer-captured optical
images and image analysis software). Electrodes were then
rinsed sequentially with acetone and methanol, sonicated for
20 min in methanol, rinsed with solvent again, then dried under
N2(g) before immediate immersion into a 10% v/v solution of
H2N(CH2)3Si(OC2H5)3 in isopropyl alcohol for 48 h.90 The Turke-
vich method91 was used to prepare suspensions of Au nano-
particles through the reduction of aqueous HAuCl4 by
Na3C6H5O7 under reflux (size verified by UV-vis absorption,
λmax = 518 nm). After functionalization, each FTO electrode was
immersed in an aqueous colloidal Au suspension for 12 h.
Following, the coated FTO electrode was rinsed with H2O and
immersed in fresh colloidal Au suspension for another 12 h. This
sequence was repeated again and resulted in film of Au
nanoparticles that exhibited a detectable, albeit weak SERS
enhancement. To increase the SERS activity of the Au nanopar-
ticle films, the effective size of the adhered nanoparticles was
increased through additional electroless plating of Au.92 Each
FTO substrate functionalized with Au nanoparticles was im-
mersed in 10 mL of a stirred solution of 0.01 wt % HAuCl4 to
which 3mLof 0.4� 10-3MNH4OHwas addedover a course of 3
min. Electrodes were maintained in this stirred mixture for four
additional minutes. Electrodes were then emersed, rinsed with
H2O, and dried under N2(g).

Physical Characterization. Scanning electron microscopic anal-
ysis of Au nanoparticle films was conducted with a FEI Nova
Nanolab instrument operated at 5 kV with a secondary electron
detector. X-ray diffraction spectra of the Au nanoparticle films
were recorded with a Rigaku Ultima IV diffractometer with a Cu
KR source and acquired using a grazing angle geometry.

Electrochemical and Raman Spectral Analysis. All electrochemical
data were collected with a CH Instruments 760C potentiostat. A

single glass compartment, three-electrode cell was employed
consisting of a Pt mesh and a Ag/AgCl (sat. KCl) electrode as the
counter and reference electrodes respectively while a Au
nanoparticle electrode served as the working electrode. An
electrolyte of 0.5 M Na2SO4 and 0.01 M Na2B4O7, pH 9.3, with
and without 0.001 M GeO2 was employed. Ar(g) was bubbled
through all solutions for 20 min prior to the start of the
measurements, and an Ar atmosphere was maintained above
the solution layer in the cell during measurements.

Raman spectra were obtained using a Renishaw inVia Ra-
man spectrometer equipped with a Leica microscope, an
Olympus SLMPlan 20� objective (numerical aperture = 0.35),
a RenCam CCD detector, a 1800 lines/mm grating, a 632.8 nm
HeNe laser (Renishaw RL633), and a 514.5 nm Arþ laser (Laser
Physics 25s). Spectra were acquired in a custom built Teflon cell
containing 5 mL of electrolyte, Ag/AgCl (sat. KCl) reference, and
Au coil counter electrodes. All reported spectra were collected
using a total of 29 separately prepared samples and represent
the average recorded response for samples prepared in the
manner described above. Spectra were analyzed using the
fitting routines included in the WiRE 3.1 software package.
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