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The integration of organic and biological molecules on tradi-
tional semiconductor materials is an increasingly important

area of research for the development of hybrid bioelectronics
devices.1�3 Semiconductor materials such as silicon (Si), gallium
arsenide (GaAs), and germanium (Ge) play ubiquitous roles as the
most technologically importantmaterials today.4 At the same time,
recent investigations into the integration of these substrates with
organic self-assembled monolayers (SAMs) have provided new
and promising approaches toward the development of hybrid
bioelectronics devices that utilize the properties and features of
both components.1,4 Such hybrid semiconductor substrates func-
tionalized with biological or organic molecules can be used in a
variety of sensing applications, where the molecular response to
biological or chemical stimuli can be coupled to the semiconductor
surface and processed using traditional microelectronic methods,
generating a chip-based chemical or biological sensor.4

For more than 40 years, silicon has served as the semicon-
ductor of choice due to the facile formation of a stable oxide layer.
On the other hand, germanium forms an unstable, water-soluble
oxide layer, precluding its widespread use in many applications.
Replacing silicon with a higher mobility material, however, offers
many advantages, and the development of facile approaches to
hybrid devices based on substrate materials other than silicon is
an area of great interest.5 Germanium has attracted significant
interest in this regard, offering bulk electron and hole mobilities 3
and 4 times higher, respectively, than those of silicon.6�8 In
addition, germanium is easily integrated with existing silicon-
based devices for the construction of high-speed electronic and
optoelectronic devices.9 The increased interest in germanium has
prompted the development of robust chemistries to passivate
and protect against chemical oxidation.10

Several methods exist for the passivation of germanium
through the addition of simple alkane monolayers: such ordered
SAMs passivate the germanium surface and protect it from

oxidation.11,12 On the other hand, the incorporation of organic
and biological components into a hybrid organic/germanium
semiconductor device requires new methods that functionalize
germanium stably with functional molecular systems: no such
method for the creation of such systems currently exists.13 More-
over, despite numerous examples of patterned SAMs on various
metals and metal oxide surfaces, no reports have appeared of
patterning germanium with organic or biological molecules.

First reported by Whitesides and co-workers, microcontact
printing (μCP) has emerged as a broadly applicable, simple, useful
technique for the formation of patterned organic monolayers on
various substrates via diffusive transfer of molecular inks from an
elastomeric stamp in places of conformal contact.14�18 Native
germanium surfaces are highly sensitive to oxygen and other
reactive species. SAMs covalently bound to germaniumwere shown
to impart excellent surface stability by passivating and protecting
the underlying surface from chemical oxidation.12 Therefore, in
order to protect the electronic properties of germanium substrates,
patterning must be performed on a stable, preformed SAM.
Catalytic μCP, which relies on the action of a chemical catalyst
bound to a polymeric stamp to transfer patterns to preformed
functionalized SAMs, offers a diffusion-free alternative to traditional
μCP.19�22 In addition to obviating the diffusive limit to feature size,
catalytic μCP patterns preformedmonolayers, providing an oppor-
tunity to transfer pattern to oxide-free semiconductor surfaces, a
task not possible with traditional μCP.

We have previously demonstrated that a sulfonic acid modified
polyurethane-acrylate (PUA) stamp can be used to pattern both gold
and oxide-free silicon by hydrolyzing Boc-protected and N-hydroxy-
succinimide-activated monolayers, respectively.22,23 Here, we extend
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ABSTRACT: Here we report a simple, robust approach to
patterning functional SAMs on germanium. The protocol relies
on catalytic soft-lithographic pattern transfer from an elastomeric
stamp bearing pendant immobilized sulfonic acid moieties to an
NHS-functionalized bilayer molecular system comprising a pri-
mary ordered alkyl monolayer and a reactive ester secondary
overlayer. The catalytic polyurethane-acrylate stamp was used to
form micrometer-scale features of chemically distinct SAMs on
germanium. The methodology represents the first example of
patterned SAMs on germanium, a semiconductor material.
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this approach to pattern functionalized SAMs on germanium. Our
approach utilizes a bilayered molecular system on germanium com-
posed of a primary ordered protective monolayer and a secondary
reactive overlayer that can be patterned using an acidic PUA stamp.

In order to form patterned monolayers on germanium using
catalytic μCP, we required a SAM bearing functionality cognate
to that of the stamp-immobilized acid catalyst and sufficiently
stable to survive the patterning step. Numerous methods exist for
the immobilization of functional organic molecules on metals
and silicon oxide. Specifically, SAMs with terminal functional
groups including amino, mercapto, and carboxyl moieties have

been immobilized using alkysilanes monolayers on native
oxide.24,25 Such monolayers, however, cannot be supported
by germanium due to the soluble nature of its native oxide.
Recently, several reports have appeared describing the for-
mation of stable highly ordered alkane SAMs on hydride-
terminated germanium using Grignard, hydrogermylation, and
thiolation reactions.12,26 Because of the higher Ge�C bond
strength relative to the Ge�S bond, Grignard and hydroger-
mylation approaches form more stable molecular systems than
the corresponding thiol approach.5 However, despite the
stability of such simple alkyl monolayers, they do not provide
the terminal reactivity required for catalytic μCP. To take
advantage of the stability imparted by alkyl monolayers and
provide the reactivity required for catalytic μCP, we applied a
bilayered functionalization strategy that utilizes an initial stable
organic monolayer as a support for a functional reactive over-
layer (Figure 1).23 The overlayer, which serves as a functional
substrate for catalytic μCP, ultimately supports attachment of a
variety of organic and biological molecules, providing a facile
approach to the creation of germanium-based functionalized
semiconductor devices.

The protocol for formation of a bilayered, patternable molec-
ular system on germanium is summarized in Figure 2. The
functionalization protocol begins from a native germanium sur-
face (1). XPS analysis of this substrate reveals a germanium 3d
signal containing a peak indicative of native oxide. This native
surface was chlorinated by treatment with 10% aqueous HCl,
generating an air stable Ge�Cl surface (2) that can be manipu-
lated in ambient atmosphere for up to 2 h.27 XPS analysis
revealed complete loss of the oxide peak, confirming removal
of the oxide layer.

We have previously reported a protocol for catalytic μCP on
native silicon that generates an initial stabilizing underlayer with

Figure 2. Functionalization scheme for the preparation of a bilayered molecular system on Ge and corresponding XPS spectra.

Figure 1. Structure of the bilayered molecular system on Ge. (a) Primary
alkyl monolayer forms stable Ge�C bonds (∼56 kcal/mol) with the
substrate and provides a chemically inert and close packed system that
protects the underlying surface from degradation. (b) Secondary overlayer
forms stable C�C bonds (∼82 kcal/mol) with the primary protective layer
and provides terminal functional groups.
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allyl Grignard; the pendant allyl moieties are subsequently
reacted with a diazirine-derived carbene.23 Such an approach is
not feasible here: the greater Ge�Ge spacing relative to silicon
renders alkyl Ge�C bonds kinetically susceptible to scission by
adventitious solvent and/or oxygen when the monolayer is
prepared using short (C2) chains. On the other hand, longer
alkyl chains provide sufficient flexibility to form tightly packed
monolayers, affording effective exclusion of oxygen from the
surface, and previous reports have shown that long-chain alkyl
monolayers impart significant stability against oxidation.12,28

Accordingly, an octyl stabilizing alkyl layer was utilized.
Exposure of the chloro-terminated surface to octyl Grignard

for 48 h at 130 �C produced the corresponding alkyl-terminated
surface (3). The C1s/Ge3d intensity ratio is greater for surface 3
than for 2, consistent with an increase in carbon at the surface
during SAM formation. AFM analysis (Rq = 0.77 nm) and
goniometry in water (θadv = 82�, θrec = 71�) showed low surface
roughness, consistent with the formation of a uniform SAM.
Following formation of a stable primary alkyl monolayer, the
alkyl-Ge surface was functionalized with a reactive overlayer. This
secondary overlayer was formed by reacting methyl-terminated
substrate 3 with an NHS-diazirine-derived carbene, producing a
reactive surface containingN-hydroxysuccinimide activated acids
(4). XPS analysis revealed a F 1s signal, consistent with the
successful insertion of the diazirine-derived carbene to the
methyl-terminated SAMs. The primary alkyl monolayer provides
sufficient stability to prevent formation of an oxide layer through-
out the entire functionalization procedure. Remarkably, the
surface was resistant to oxidation even during exposure to UV
light, a strongly oxidative environment.

To demonstrate the reactivity of the NHS-activated surface,
we modified surface 4 with pentadecafluorooctylamine. Com-
parison of the F1s/Ge3d XPS signal ratios between surfaces
4 and 5 confirmed reaction, with the ratio increasing from 0.56 to
0.67. The ability to modify the reactive NHS-terminated over-
layer via specific chemical reaction affords the ability to utilize this
approach for the immobilization of a variety of organic and
biological molecules on oxide-free germanium.

Stable reactive SAMs capable of supporting functional organic
and biological molecules have a wide range of applications, from
molecular electronics to biosensors.4,29 The majority of such
applications depend on an ability to pattern these surfaces with
submicrometer resolution. Such high-resolution patterning of
biomolecules on semiconductor surfaces will not only facilitate
miniaturization of the individual components of the hybrid
bioelectronics devices but can also provide a mechanism with
which to control the interfacial properties of semiconducting
materials. Such applications typically require robust attachment
of species to the surface, and patterned molecular systems should
rely on covalent attachment of individual components rather
than on sequential physisorption of multiple biological or organic
films. The approach reported here offers a simple and efficient
method for patterning such SAMs on germanium.

Our patterning approach utilizes an elastomeric stamp bearing
covalently bound sulfonic acids to achieve pattern-specific hydrolysis
of NHS-functionalized SAMs (Figure 3). Catalytic patterned and flat
stamps were prepared using previously published protocols.22,23

Briefly, a prepolymeric polyurethane/acrylate mixture was reacted
with 2-mercaptoethanesulfonic acid for 5 min and deoxygenated
under vacuum. The mixture was then cast between a patterned
Si/SiO2 master and a flat glass slide and polymerized by exposure to
UV light for 2 h. Polymerized stamps were removed from the

corresponding support, rinsed with water and ethanol, and dried
under filtered argon. Catalytically inactive stamps were prepared in a
similar fashion but in the absence of 2-mercaptoethanesulfonic acid.

Patterned SAMs were formed by bringing a freshly prepared
NHS-substrate (4) in conformal contact with a patterned sulfonic
acid PUA stamp containing 16 μm hexagons for 2 min at room
temperature. The treated surface was rinsed with ethanol, dried
under argon, and analyzed by scanning electronmicroscopy (SEM)
and contact mode lateral atomic force microscopy (AFM)
(Figure 3). During the stamp-surface reaction, the stamp-bound
sulfonic acids hydrolyzed terminal NHS groups in the secondary
reactive overlayer in regions of conformal contact. The acid-
catalyzed reaction between stamp and surface 4 produced patterns
containing both NHS-activated and free carboxylic acid groups.
The hydrolyzing efficiency of the featureless sulfonic acid stamp in
the removal of NHS-terminated SAMs was previously determined
to be essentially quantitative.23 Both SEM and AFM images
showed uniform patterns with no evidence of edge distortion.
The patterns showed friction differences of ∼9.5 and ∼15.4 mV
between NHS-activated and free carboxylic acid regions, con-
firming successful chemical modification of the NHS-monolayer
with catalytic stamp. The size and shape of the replicated patterns
were identical to the features on the corresponding Si/SiO2 master
and catalytic PUA stamp, again demonstrating the advantages of
diffusion-free pattern transfer.

To further demonstrate the selectivity of the acidic PUA stamp
in the site-specific hydrolysis of NHS-functionalized germanium,
we performed stamping experiments with featureless sulfonic
acid stamps and catalytically inactive stamps (Figure 4). To
demonstrate that sulfonic acid stamps selectively hydrolyze
NHS-modified SAMs but produce no additional changes to the
bilayered system, we first reacted a flat catalytic stamp with
freshly prepared NHS-substrate, producing surface 7. The XPS
C1s/Ge signal ratio of hydrolyzed substrate 2 decreased from
0.77 to 0.64, indicating selective hydrolysis of NHS groups by the
catalytic stamp. In a subsequent experiment, a portion of a
patterned NHS-substrate was reacted with a flat catalytic stamp.
The SEM image of the resulting substrate (6) clearly demonstrates

Figure 3. SEM and AFM friction images of patterned SAMs on Ge with
a catalytic PUA stamp.
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that the flat catalytic stamp completely ablated the initially
patterned surface, confirming that the pattern was composed of
NHS-activated and free carboxylic acid groups. Finally, control
experiments utilizing patterned stamps lacking sulfonic acid
catalyst and freshly prepared NHS-substrates produced no pattern
on the resulting substrate (8), further demonstrating the selectivity
of the acid-modified stamps in the catalytic pattern transfer.

In conclusion, we have demonstrated a simple reliable proto-
col for the formation of functional, patterned monolayers on
germanium. The technique begins with formation of a stable,
chemically inert primary alkyl monolayer that serves as an
effective barrier to oxide formation. Construction of a secondary
reactive overlayer provides terminal NHS functional groups that
serve as attachment points for a variety of chemical and biological
species. This stable bilayered molecular system was subsequently
patterned using the catalytic μCP approach we have previously
reported for other surfaces. A sulfonic acid bound PUA stamp
was used to transfer chemically distinct patterns of NHS-
activated and free carboxylic acid groups. The ability to pattern
stable functional SAMs on germanium enables myriad applica-
tions in various areas, including microelectronics and sensing.
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Figure 4. SEM images of the control stamping experiments.


