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nterest in nanoscale materials such as
semiconductor nanowires (NWs) has
been fueled by their unique functional
properties and quantum confinement effects that are derived from their quasi-onedimensional (1D) structure. For instance, the
electron⫺hole binding energy and probability distribution of germanium nanowires (GeNWs) are found to depend on both
wire size (i.e., at small diameters) and crystallographic orientation which strongly
modify their optical response.1 Hence, control over the crystallographic growth direction, diameter, and morphology of semiconductor NWs is essential to achieve specific
functional properties. In addition, applications of NWs will require precise positioning
of high-density NWs in particular configurations and orientations at predefined locations on a substrate. Here, we exploit 2D
protein lattices as templates for the assembly of high-density arrays of Au nanoparticles (AuNPs) used in the
vapor⫺liquid⫺solid (VLS) synthesis of
GeNWs.
A VLS process, where presynthesized
metallic NPs catalyze the growth of NWs, is
an ideal method to control the size of the
NWs, as the diameter of the NW is determined by the catalyst size used. However,
the poor adhesion of metallic NPs to substrates of technological relevance remains
an issue for applications that require very
high-density arrays of NWs. To address this
issue, substrates functionalized with alkylsilane2 and poly-L-lysine3 linkers have been
employed to increase the coverage of NPs
and have resulted in higher-density growth
of NWs as compared to untreated surfaces.
However, wire-to-wire spacing cannot be
controlled by this approach due to the ran-
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Epitaxy of Ge Nanowires Grown from
Biotemplated Au Nanoparticle Catalysts

ABSTRACT Semiconductor nanowires (NWs) are being actively investigated due to their unique functional

properties which result from their quasi-one-dimensional structure. However, control over the crystallographic
growth direction, diameter, location, and morphology of high-density NWs is essential to achieve the desirable
properties and to integrate these NWs into miniaturized devices. This article presents evidence for the suitability
of a biological templated catalyst approach to achieve high-density, epitaxial growth of NWs via the
vaporⴚliquidⴚsolid (VLS) mechanism. Bacterial surfaceⴚlayer protein lattices from Deinococcus radiodurans
were adsorbed onto germanium substrates of (111), (110), and (100) crystallographic orientations and used to
template gold nanoparticles (AuNPs) of different diameters. Orientation-controlled growth of GeNWs was achieved
from very small size (5ⴚ20 nm) biotemplated AuNP catalysts on all of the substrates studied. Biotemplated
GeNWs exhibited improved morphologies, higher densities (NW/m2), and more uniform length as compared to
GeNWs grown from nontemplated AuNPs on the substrate surfaces. The results offer an integrated overview of the
interplay of parameters such as catalyst size, catalyst density, substrate crystallographic orientation, and the
presence of the protein template in determining the morphology and growth direction of GeNWs. A comparison
between templated and nontemplated growth provides additional insight into the mechanism of VLS growth of
biotemplated NWs.
KEYWORDS: biotemplates · S-layer proteins · nanoparticles · nanowires ·
germanium · vaporⴚliquidⴚsolid · chemical-vapor-deposition

dom distribution of the catalysts on the
chemically functionalized substrate
surfaces.
Patterning the metal catalysts on the
substrate surface provides a means to determine the location of NWs, an important
attribute for further device integration. At
present, several top-down and bottom-up
approaches have been employed for the
position-controlled and nanopatterned
growth of NWs.4 Electron-beam lithography (EBL) is the most frequently employed
top-down method in the fabrication of Au
nanodot arrays for the subsequent catalyzed growth of NWs. While EBL permits
fairly high resolution patterning (i.e., ⬃50
nm features and/or spacings) of metal catalysts, its throughput is slow and not considered suitable for practical manufacturing
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technologies. Therefore, high-resolution synthetic
methods are needed that enable the control of the location, size, and density of NWs. Bottom-up strategies
such as mesoporous thin films,5 nanosphere
lithography,6,7 block copolymers,8 and porous alumina
templates9⫺11 have been employed to grow NWs
through the patterning of the catalyst on the substrate. An alternative and promising avenue of nanostructured materials research that has achieved substantial development in the last several years involves
the use of “natural” macromolecular templates (i.e.,
biotemplates) with a variety of sophisticated architectures.12 Biotemplating takes advantage of the structural
and physicochemical specificity of biological systems
for the assembly of nanoscale materials with complex
hierarchies and small dimensions that are difficult to
achieve with conventional lithographic techniques.
We have extensively investigated the use of bacterial surface layer (S-layer) proteins as biological scaffolds for the parallel synthesis of ordered arrays of metallic and semiconductor NPs (e.g., Au, Pt,
CdSe/ZnS).13⫺15 As described elsewhere,12 S-layer proteins are 2D crystalline arrangements of proteins that
constitute the outermost structural component of
many bacteria. These structural protein layers are composed of identical subunits ranging in mass from 40 to
200 kDa. S-layers feature a highly repetitive surface
structure with nanoscale unit cell dimensions (i.e., 3⫺30
nm center-to-center spacing). Depending on the bacteria species, S-layers exhibit a variety of different lattice
symmetries, including oblique, square, or hexagonal arrays with identical pore dimensions in the 2⫺8 nm
range. The regularly spaced affinity sites defined by
the periodic arrangement of identical protein subunits
make S-layer lattices particularly suitable for the patterning of nanostructures.16,17 Stimulated by the extraordinary ability of S-layer proteins to create NP arrays, we have explored the potential of using
biotemplated AuNPs to catalyze the growth of NWs. In
a recent communication we reported for the first time
the VLS growth of high-density, vertically oriented
GeNWs of uniform diameters from biotemplated AuNP
catalysts.18 In that work we demonstrated that nucleation and epitaxial vertical growth of GeNWs could be
achieved despite the presence of any residual organic
“contamination” arising from the S-layer scaffolding.
Here we present evidence of the suitability and compatibility of our biotemplated catalyst approach for the
controlled growth of GeNWs from substrates of different crystallographic orientations. Although several reports have addressed the nature of epitaxial growth of
GeNWs on crystalline silicon19,20 and germanium2,21 substrates, this study demonstrates that orientationcontrolled growth of NWs can be achieved from very
small sized (5⫺20 nm) biotemplated AuNP catalysts.
Most reported research in GeNW epitaxy has either employed e-beam evaporated gold films19 or Au colloids
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(⬎40 nm)22 randomly distributed on a clean substrate.
Furthermore, we present new insights into the interplay
of parameters such as catalyst size, catalyst density, substrate crystallographic orientation, and the protein template in determining the morphology and growth direction of the GeNWs.
RESULTS AND DISCUSSION
Three different catalyst sizes (5, 10, and 20 nm
AuNPs) were immobilized on different substrates, that
is, Ge(110), Ge(100), and Ge(111), using an hexagonal
packed intermediate (HPI) S-layer protein as a scaffold.
During GeNW growth, all samples were exposed to the
same conditions in a cold-wall, low-pressure chemical
vapor deposition reactor using germane as the precursor gas. A standard two-step growth process was used
for the GeNW growth, with nucleation of NWs at 370 °C
followed by continued NW growth at 280 °C. In all cases,
nontapered, highly uniform epitaxial growth was observed from biotemplated Au catalysts. High resolution
transmission electron microscopy (HRTEM) imaging
showed single crystal NWs with the Au catalyst at the
tip and no dislocations or twinning defects for the
biotemplated NWs. Furthermore, higher densities and
a more consistent out-of-plane morphology were observed with biotemplating. We present below a discussion of the results for the growth of GeNWs for each
substrate orientation.
Figure 1 shows scanning electron microscopy (SEM)
images of GeNWs grown from biotemplated 5, 10, and
20 nm AuNPs on Ge(110) substrates. The high-density
areas of parallel oriented GeNWs as seen from the topview SEM images (a⫺c) correspond to NWs grown from
AuNPs adsorbed on S-layer protein sheets. The surrounding sparse GeNWs are the background regions
where AuNPs adsorbed nonspecifically on the bare substrate surfaces. For all the AuNP sizes, the density of
NWs is significantly greater in the biotemplated regions
due the effective adsorption of the AuNPs into the vertices of the S-layer proteins.12,18 Based on their orthographic projection, orientation with respect to the
Ge(110) surface, and HRTEM imaging (Figure S1; Supporting Information), the biotemplated GeNWs predominantly grew epitaxially from the substrate along
the two available 具111典 growth directions (Figure S2;
Supporting Information).
In the case of NW growth from 20 nm AuNP catalysts (Figure 1c), a high degree of epitaxy was attained
in both the background and biotemplated regions with
most of the NWs oriented along the 具111典 direction.
For the 5 and 10 nm AuNPs nonspecifically adsorbed
at the bare surfaces, there is an increasing amount of
GeNWs grown along other orientations (Figure 1a,b).
Vertical growth of GeNWs in the [110] direction was also
observed for NWs grown from 5 and 10 nm AuNPs (Figure 1d,e). These NWs appear as bright spots in the top
view SEM images (Figure 1a,b). As the diameter of the
www.acsnano.org
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Figure 1. (aⴚc) Top view and (dⴚf) cross-sectional view SEM images of Ge nanowires (GeNWs) grown from biotemplated
(a, d) 5, (b, e) 10, and (c, f) 20 nm Au nanoparticles on Ge(110) substrates. The biotemplated GeNWs predominantly grow epitaxially from the substrate along the 具111典 growth directions, which are inclined at 35° to the surface normal in (dⴚf). Limited vertical GeNWs growth along the [110] direction is also observed. Scale bars: (aⴚc) 1 m; (dⴚf) 200 nm.

AuNP decreases, the number of 具110典 oriented NWs
are observed to increase, particularly for AuNPs that
are nonspecifically absorbed outside of the biotemplated regions. This is in accordance with the diameterdependent growth direction observed by others where
nontemplated NWs with diameters ⬍20 nm preferably
grow in the 具110典 direction.23,24 The increased density of
具110典 NWs at small diameters is of interest from an electronic perspective owing to the predicted smaller band
gap of 具110典 GeNWs when compared to GeNWs along
the 具111典 and 具100典 crystallographic orientations at very
small diameters.25
On the other hand, similar numbers of 具111典 oriented NWs per unit area grew in the biotemplated regions regardless of the diameter of the AuNP used to
catalyze growth (see Table 1). These results contrast
with results for GeNWs grown on Ge(111) substrates
where the density of vertically oriented NWs increases
as the catalyst size increases.18
For the biotemplated growth of GeNWs on Ge(100)
substrates, two families of NW growth directions were
observed. From the top-view SEM images in Figure
2a⫺c, the NWs of larger diameters correspond to the inclined 具111典 growth directions. These NWs lie along vertical and horizontal directions in Figure 2a⫺c, forming
rectangular arrays in the plane view. GeNWs of smaller
diameters are rotated in projection by an angle of 45°
TABLE 1. Biotemplated Catalyst Density (NPs/ m2) and Ge
Nanowire Density (NWs/m2) as a Function of Catalyst
Size and Substrate Orientation
nanowire density (NWs/m2)
catalyst size (nm)

catalyst density (NPs/ m2)

Ge(111)

Ge(110)

Ge(100)

5
10
20

4462
1564
501

19
30
60

14
17
16

8
3
4
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from the 具111典 oriented NWs, corresponding to the
具110典 growth direction (Figure S3; Supporting Information). The occurrence of these two growth directions
shows a dependence on Au catalyst size consistent with
the results for Ge(110) substrates. Figure 3 depicts the
relative proportions of NWs for these two different
growth directions versus the diameter of the AuNP used
to catalyze growth. The highest occurrence of 具110典
GeNWs was observed for NWs grown from 5 nm AuNPs,
while the highest occurrence of 具111典 oriented NWs
was observed for the growth of NWs catalyzed with the
20 nm AuNPs. The two growth directions appear to
have a crossover at about 10 nm catalyst diameter.
As shown in Table 1, the total GeNW densities
achieved for NW growth from biotemplated 5, 10, and
20 nm AuNPs on Ge(100) substrates are significantly
lower than for the other Ge substrate orientations studied, particularly for larger diameter NP catalysts. This
lower density results from competing AuNP-induced
growth along the Ge(100) surface which we now describe. A close inspection within the biotemplated regions in Figure 2 shows the presence of a distinct type
of Ge nanostructure growing along the Ge(100) substrate surface. For this orientation 具110典 growth directions are available in the plane of the (100) surface.
These nanostructures, which are sometimes referred to
as undergrowth, retain their Au tip (inset Figure 2b) and
are linearly oriented along directions perpendicular to
one another and in some cases even intersect to form
L-shapes. They lie along the two available 具110典 directions in the plane of the surface and are seen both in
the biotemplated and in the background regions (Figure S4; Supporting Information). We propose that these
surface nanostructures are prevalent for Ge(100) surfaces because the 具110典 orientation is a favorable direction for NW growth, and by laying on the surface, there
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Figure 3. Relative proportions of 具110典 and 具111典 growth directions of biotemplated Ge nanowires on Ge(100) substrates as a function of catalyst size. Data collected from
five nonoverlapping regions.

Figure 2. (aⴚc) Top view SEM images of Ge nanowires grown
from biotemplated (a) 5, (b) 10, and (c) 20 nm Au nanoparticles on Ge(100) substrates. Two families of NW growth directions are observed: the 具111典 (oriented vertical and horizontal in the images) and 具110典 growth directions (oriented at
45°). Blue arrow in inset (b) points to an isolated nanostructure with a Au tip. These nanostructures grow on the Ge(100)
surface along the 具110典 directions and reduce the density
of standing wires in the biotemplated regions. Scale bars: 1
m.

is a further reduction in the surface energy for the nanostructure. Thus, for the Ge(100) substrate orientation,
this undergrowth feature competes with out-of-plane
NW growth and reduces the resulting density of standing 具111典 and 具110典 NWs.
The results for the growth of GeNWs on Ge(111) substrates are shown in Figure 4. The biotemplated NWs
exhibited more uniform morphologies and lengths
compared to the GeNWs sparsely grown outside the
S-layer templated regions on the substrate surface (Figure 4a⫺c). HRTEM imaging of a 具111典 oriented NW (Figure 5) shows very smooth sidewalls and no visible defects for this single crystal, biotemplated VLS growth
1212
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approach. Moreover, the vertical [111] epitaxial growth
direction was strongly favored (Figure 4d⫺f) among the
available four 具111典 orientations (the other three orientations are at 55° with respect to the surface normal).
This contrasts with the growth on nontemplated regions under identical conditions, where other nonvertical growth orientations were populated.
While orientation-controlled growth of biotemplated GeNWs was achieved for all the substrate crystallographic orientations studied, the highest densities of
GeNWs were observed for biotemplated growth on the
Ge(111) substrates (see Table 1). Hence, S-layer biotemplating of AuNP catalysts on germanium substrates
with (111) crystallographic orientation provides a highly
effective parallel approach for the synthesis of highdensity, vertically oriented GeNWs. These packing densities are among the highest packing densities reported
to date for the seeded growth of GeNWs with AuNPs
below 20 nm in size. From a practical point of view,
high-density arrays of vertically oriented GeNWs may
find applications, for instance, in high-definition terapixel infrared detection21,26 and rechargeable Li battery systems.27 From a fundamental standpoint, vertical growth allows the investigation of sample
preparation and CVD conditions required to optimize
pattern transfer of those biotemplated Au catalyst arrays into that of the synthesized GeNWs, as well as to
explore the mechanisms responsible for this improved
preferential growth of vertical NWs from biotemplated
AuNP catalysts at small diameters.
Recent studies of SiNW growth have shown that Au
diffusion from the catalytic AuSi alloy tip occurs at elevated temperatures if the partial pressure of the precursor gas (silane) is reduced during growth.28,29 As the
precursor gas is pumped from the chamber, Au atoms
are released from the liquid growth catalyst particle and
diffusion on the NW surface results in the formation of
small Au clusters along the NW sidewalls and depletion
of Au from the tip of the wire. In the present studies
the germane gas and heating were shut off simultaneously at the end of the growth run, allowing a short
time at elevated temperatures as the susceptor cooled.
Scanning transmission electron microscopy (STEM) imwww.acsnano.org
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Figure 4. (aⴚc) Top view and (dⴚf) cross-sectional view SEM images of Ge nanowires grown from biotemplated (a, d) 5, (b,
e) 10, and (c, f) 20 nm Au nanoparticles on Ge(111) substrates. The vertical nanowires are seen as bright spots from the top
view images. Inclined wires at the boundaries of the biotemplate are highlighted in blue. Nonvertical 具111典 orientations exhibit 120° angles in projection. Scale bars: (aⴚc) 1 m; (dⴚf) 200 nm.

aging revealed the formation of small Au clusters along
the NW sidewalls and the resultant depletion of the Au
catalyst particle. This effect was particularly prevalent
for the growth of GeNWs from the smallest AuNPs. It is
understood that the AuGe eutectic liquid droplets become less stable with decreasing size due to their increased chemical potential at smaller diameters. This effectively increases the pressure for equilibration with
the gas phase which is referred to as the
Gibbs⫺Thomson effect.
In addition, GeNWs grown from the 5 nm AuNPs predominantly showed kinked growth in the nontem-

Figure 5. High resolution transmission electron microscopy
of a Ge nanowire grown from 20 nm Au catalyst on Ge(111)
substrate. The inset highlighted in green shows a magnification of the area. The Fourier transform image (inset) indicates a 具111典 growth direction; zone axis ⴝ 具110典. Scale bar:
5 nm
www.acsnano.org

plated regions on the Ge(111) substrate as observed
by cross-sectional SEM in Figure 6a. Bright-field and
dark-field STEM images of a kinked GeNW are presented in Figure 6b,c (also Figure S5; Supporting Information). The observed bright spots in the dark-field image correspond to the Au clusters incorporated along
the sidewalls of the NW. The Au at the end of the NW is
completely depleted which is expected to terminate
the growth of this NW. This effect may explain in part
the occurrence of short NWs in the nontemplated regions compared to the NWs in the biotemplated regions. For a different NW of similar diameter, the catalyst droplet volume remained almost constant
suggesting that Au migration could be more limited in
this case (Figure 6d,e). We speculate that the expected
adsorption of contaminants from the organic layer on
the catalyst droplets and/or the sidewalls of the NWs
could reduce, in part, the diffusion of Au away from the
catalyst tip. Kodambaka et al. in UHV TEM in situ studies have shown that the growth of SiNWs in the presence of a contaminant such as oxygen suppresses Au
migration due to the oxidation of the wire surface.30 In
their work, the presence of oxygen during growth led to
a lower number density of wires. In our study, the expected adsorption of organic contaminants in the
biotemplated regions did not affect the nucleation,
morphology, or orientation of the as-grown NWs.
As mentioned before, preferential vertical growth
of NWs was observed for the growth catalyzed by
biotemplated AuNPs on Ge(111) substrates. Figure 7
shows the fraction of vertical GeNWs (green) grown
from biotemplated and nontemplated catalyst regions
on Ge(111) substrates. In both cases, the increase in the
percentage of vertical GeNWs with an increase in catalyst size shows a dependence of vertical growth direction with NW diameter. However, the consistently
VOL. 4 ▪ NO. 2 ▪ 1209–1217 ▪ 2010
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Figure 6. (a) Cross-sectional SEM image of kinked Ge
nanowires (yellow circles) grown from nontemplated 5 nm
Au nanoparticles at the bare regions of the Ge(111) substrates. (b,d) Bright-field and (c,e) dark-field STEM images
of (b,c) a kinked Ge nanowire where the Au has been depleted from the tip of the nanowire by diffusion down the
sidewalls and (d,e) a straight Ge nanowire grown on a
Ge(111) substrate where there is partial loss of Au from the
nanowire tip by Au diffusion. The bright spots in (c, e) are Au
clusters along the nanowire sidewalls. Scale bars: (a) 200
nm; (bⴚe) 5 nm.

higher percentages of vertical NWs observed in the
biotemplated regions for the three catalyst sizes suggest that differences in the surface energy balance between biotemplated and nontemplated regions of the
catalysts may account for the selectivity in growth direction. We speculate that the nature of the liquid/solid

Figure 7. Estimated percentages of vertical Ge nanowires
(green) grown from (A) biotemplated nanoparticle (NP) catalysts and (B) nanowires grown from nontemplated NP catalysts adsorbed on bare Ge(111) substrates. The blue sections
represent the remained percentages of nonvertical oriented nanowires for each case. The data presented are percentages calculated from three nonoverlapping regions.
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interface (i.e., Au/Ge) may contribute to the magnitude
of the surface energy balance that defines NW growth
direction in the biotemplated regions.
Although we anticipate that the HPI protein monomers denature and decompose at the high temperatures used for NW growth, we presume that any residual carbon layer provides a lateral confining
framework that reduces the extent of wetting and
spreading of the Au/Ge droplet eutectic on the substrate surface. Imaging of annealed AuNPs provides evidence that supports this assumption. Figure 8a is an
SEM image of 10 nm AuNPs after annealing at 370 °C
for 5 min, but without GeH4 flow, clearly showing differences in dimensions between the biotemplated AuNPs
and NPs adsorbed at the background regions. Nonspecific adsorbed AuNPs on the bare Ge surface exhibit
larger lateral dimensions and lower contrast than those
NPs bound to the protein template, indicating a greater
degree of interaction with the substrate. We note that
such differences between nontemplated and templated regions are not discernible for the larger 20 nm
Au catalysts, possibly because of insufficient time for interaction with the substrate in the nontemplated regions (Figure 8b). Additional evidence for this confining framework explanation is given by surface sensitive
SEM imaging performed at low energies (1.5 kV) of the
incident beam, which provides higher sensitivity to imaging organic layers. As seen in Figure 8d we have observed in some cases the presence of a very thin organic
layer with protruding boundaries around the NW base,
similar to those seen at the edges of the S-layer protein
fragments.
The nonvertical growth of NWs that is generally observed at the boundaries of the protein template
(dashed blue regions in Figure 4a⫺c) also suggests a
less effective confinement of the NPs. A surprising aspect of this behavior is that the 具111典 inclined wires at
the boundary of the biotemplated regions seem to not
only be away from the interior of the template, but to
follow the same growth orientation between neighboring wires (Figure 8c).
The mean diameter values of GeNWs catalyzed with
biotemplated 5, 10, and 20 nm AuNPs on Ge(111) substrates were 18, 27, and 38 nm, respectively, that is, 3.7,
2.7, and 1.9 times larger than the original nominal catalyst size used for growth.31 Annealing experiments during 5 min without growth (no flux of GeH4 into the CVD
chamber) showed that in general, NPs coalescence
does not occur even for the smallest biotemplated NPs.
We infer that the eutectic formation and melting of
AuNPs leading to the coalescence of some NPs does
not occur during annealing for short times, but only after the introduction of GeH4. Consistent with the above
discussion, this observation points to a more limited interaction of the AuNPs with the Ge substrate in the templated regions which we have hypothesized is due to
the presence of the residual carbon left from the prowww.acsnano.org
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tein template. Once melting has occurred some coalescence of the closely spaced AuNPs in the templates
would be expected. From the GeNW size distributions
the susceptibility for Au coalescence increases as the NP
size decreases. This is mainly attributed to the small interparticle spacings observed for the biotemplated 5
and 10 nm AuNPs where NPs occupy neighboring vertex points in the protein template.13
While many issues remain before S-layer biotemplating of nanoparticle catalysts can produce long-range,
ordered arrays of NWs, it is undeniable that the research
findings presented herein warrant further study. We envision the exploration of different CVD parameters and
mechanisms of growth that will lessen Au coalescence,
leading to narrower diameter distributions and patterned growth of NWs.
CONCLUSIONS
In the past several years, an extensive number of reports in the literature have shown the great potential of
using biological templates as a bottom-up, synthetic approach for the creation of various arrays of inorganic
nanostructures.12 In the present work, we demonstrated
the application of S-layer protein/Au catalyst templates
for the successful VLS growth of nontapered GeNWs with
uniform diameters and orientations defined by epitaxial
growth with the substrate. Orientation-controlled growth
of GeNWs from very small sized (5⫺20 nm) Au nanoparticle catalysts was demonstrated for all major substrate
crystallographic orientations, that is, Ge(100), (110), and
(111) surfaces. Biotemplated GeNWs exhibited improved
morphologies and higher densities (NWs/m2) compared
to GeNWs grown from nonspecifically adsorbed AuNPs
in nontemplated regions of the substrates. Biotemplated
GeNWs grew predominantly along the available 具111典 directions, which is the preferred VLS growth direction, irrespective of the substrate crystallographic orientation.
Some vertical growth of GeNWs along the 具110典 direction was also achieved for the smallest biotemplated catalysts on Ge(110) substrates. For Ge(100) substrates the
predominant growth direction changed from 具111典 to
具110典 as the AuNP size decreased from 20 to 5 nm, consistent with previous studies for group IV NW growth.
Growth on the Ge(111) substrates resulted in a strong

MATERIALS AND METHODS
Cell Culture Conditions and Isolation of S-Layer Proteins. Growth of D.
radiodurans and extraction of the HPI S-layer fragments were
performed as described previously.18
Substrate Preparation. The as-received Ge substrates (n-type;
Sb-doped) were first sonicated in acetone, isopropyl alcohol,
and DI H2O (5 min each) to dissolve organic contaminants. The
substrates were dried with N2 and further cleaned by ultraviolet
(UV) ozone cleaner for 5 min. The Ge substrates were then immersed in DI H2O for 10 min to dissolve the oxide layer. The substrates were subsequently treated with a 20 wt % HF solution
for 10 min to fully hydrogenate the Ge surface and further dried
with N2. The sequential cleaning procedure in hydrogen perox-

www.acsnano.org

Figure 8. Top view SEM images of (a) 10 and (b) 20 nm annealed Au
nanoparticles for 5 min in H2 without GeH4 introduction. The green
dashed lines highlight the biotemplated regions in (a,b). The nontemplated nanoparticles outside the dashed lines in panel a exhibit less
contrast suggesting a greater alloying of the AuNP with Ge substrate
atoms. Differences in contrast are not discernible in panel b, indicating a lesser extent of alloying for the large nanoparticles. (c) Top-view
SEM image of Ge nanowires grown from biotemplated 20 nm Au nanoparticles. The bright spots are vertically oriented wires. Nonvertical
具111典 orientations exhibit 120° angles in projection. The inclined wires
indicated by the blue arrows tend to follow the same growth orientation at each boundary of the biotemplated region and grow away from
the central region of the S-layer. (d) Surface sensitive SEM imaging of
the base of the biotemplated NWs shows the presence of an organic
layer (green arrows) with protruding boundaries similar to those found
in the S-layer fragments. Scale bars: (a,b) 200 nm, (c) 1 m, (d) 100
nm.

preference for 具111典 NW growth along the vertical [111]
direction compared to the growth of GeNWs from nontemplated AuNPs on the substrate. This selectivity in vertical growth is attributed to differences in the nature of
the liquid/solid interface and the reduced wetting of the
Au/Ge droplet eutectic in the biotemplate compared to
the nontemplated regions. The results presented here are
relevant to advancing our understanding of the complex
interplay of parameters and mechanisms that influence
the growth of high-density NWs and the potential use of
biological templates for the successful fabrication of these
quasi-1D nanostructures.

ide, DI H2O, and HF performed in our previous report was not
conducted this time. We observed that in some cases variations
in the dipping and rinsing steps caused damage to the substrate
surface. Nevertheless, the lack of dipping in H2O2 had no effect
in the morphology and growth of NWs.
Nanoparticle Patterning on HPI S-Layers. The clean Ge substrates
were coated with 10 L of the HPI stock solution (with their inner face exposed to the aqueous solution) for 45 min at room
temperature, and subsequently rinsed with DI H2O to remove
loosely bound HPI sheets. Immediately after the rinsing step, 10
L of citrate-capped AuNPs (5, 10, 20 nm nominal diameter; Ted
Pella, Inc.) were dropped onto the S-layer modified area on the
substrate and let sit for 30 min. Finally, the prepared samples
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were rinsed in DI H2O and dried with N2. The total duration of
air exposure between the substrate cleaning and their loading
into the CVD reactor was approximately 80 min. Samples were
exposed to room light during this period.
Nanowire Growth. The growth was carried out in a cold wall,
low pressure chemical vapor deposition system specifically designed for NW synthesis. Sample heating was carried out by a
SiC-coated graphite susceptor with a witness thermocouple in
the susceptor that was calibrated with a thermocoupleembedded silicon chip to monitor temperature. Prior to growth
initiation, samples were heated at 130 °C for 15 min, and subsequently annealed at 370 °C under N2 (100 sccm) for 12 min. Our
rationale in flowing N2 was to prevent etching of the protein
layer and further NP coalescence before nucleation and growth
of NWs. We did not find any differences in the epitaxy, morphology, and yield of GeNWs when the samples were annealed either in H2 or N2. Therefore, only the results on annealing in N2 are
provided here. A GeH4 precursor gas (30% in H2; chamber pressure of 2 Torr, and GeH4 partial pressure of 0.6 Torr with a flow
rate of 250 sccm) was then introduced into the chamber and
maintained for 40 s at 370 °C to initiate GeNW growth, after
which the temperature was immediately lowered down in 3
min to 270 °C to minimize tapering of the GeNWs during continued growth. The growth time at 270 °C was 5 min.
Microscopy Characterization. Scanning electron microscopy (SEM)
of the GeNWs was carried out on a Carl Zeiss SMT Ultra 55
equipped with a thermal field emission source. SEM images of
the GeNWs were acquired using short working distances at a low
accelerating voltage (WD ⫽ 4⫺6 mm, EHT ⫽ 5⫺10 keV). High
resolution and scanning transmission electron microscopy (HRTEM and STEM) of the GeNWs was performed using a FEI-TECNAI
G2 F-20 operated at an accelerating voltage of 200 kV. GeNWs
were scrapped with a blade from the Ge substrates and transferred to a carbon-coated TEM grid. A droplet of 2.5 L of isopropyl alcohol was subsequently added to enhance the adhesion
and dispersion of the NWs to the TEM grid surface. Samples were
blot-dried using filter paper before imaging.
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