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Summary: UV-induced hydrogermylation of 4-vinylben-
zyl chloride (VBC) on the hydrogen-terminated Ge(100)
(Ge—H) surface provided a stable Ge—C bonded initiator
monolayer (the Ge—VBC surface) for the surface-initiated
atom transfer radical polymerization (ATRP). Well-
defined polymer—Ge hybrids, consisting of covalently
tethered functional polymer brushes, were prepared via
surface-initiated ATRP from the Ge—VBC surfaces.
Surface-initiated block copolymerization studies revealed
that the chain growth from the functionalized germa-
nium surface was a controlled process.

Introduction

Covalently bonded organic molecules on group IV
semiconductor surfaces are of crucial importance to the
development of new semiconductor-based hybrid mate-
rials and devices.!”7 Germanium is an important semi-
conductor for a number of technologies and has other
potential applications due to its high electron mobility,
twice that of silicon.1*8 In contrast to a wide range of
chemical reactions involving silicon surfaces,’® the
formation of organo-germanium hybrids remains scarcely
studied. Pioneering studies on the formation of organic
monolayers on germanium surfaces have involved ha-
logenation, alkylation, and hydrogermylation.*5° Teth-
ering of polymer brushes on a solid substrate is an
alternative and effective method for increasing the
spatial density of functional groups on the surface, as
well as for modifying the surface properties of a sub-
strate.51%-11 Atom transfer radical polymerization (ATRP)
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is a recently developed “living” or “controlled” radical
polymerization method.!?2~14 It is possible to prepare
well-defined or nearly monodispersed graft chains on
various substrate surfaces via surface-initiated
ATRP.15-19

In this work, we report on the surface modification
of (100)-oriented single crystal germanium by covalently
bonded polymer brushes from surface-initiated ATRP.
The simple approach of UV-induced hydrogermylation
of 4-vinylbenzyl chloride (VBC) on the hydrogen-
terminated Ge(100) surface (Ge—H surface) provided a
stable Ge—C bonded initiator monolayer (the Ge—VBC
surface) for the subsequent surface-initiated ATRP
(Figure 1). Well-defined polymer—Ge hybrids, consisting
of covalently tethered polymer brushes of pentafluo-
rostyrene (PFS), (2-dimethylamino)ethyl methacrylate
DMAEMA), and PFS-DMAEMA diblock copolymers,
were prepared.

Results and Discussion

Exposure of pristine germanium chips (Ge(100) single
crystals) to 10 vol % HF for 10 min gave rise to uniform
hydrogen-terminated (Ge—H) surfaces with a surface
roughness on the order of 3—4 nm.!® The static water
contact angle increased from about 19° for the pristine
Ge(100) surface to about 71° for the Ge—H surface
(Table 1). The initiators were immobilized via UV-
induced hydrogermylation® of VBC on the Ge—H surface
to give rise to a stable initiator monolayer via the Ge—C
bonds. The vigorous washing/extraction procedures
ensured the complete removal of adhered and physically
adsorbed VBC after UV irradiation (see Experimental
Section). From the comparison of the X-ray photoelec-
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Figure 1. Schematic diagram illustrating the process of surface-initiated graft polymerization via ATRP from the Ge—

VBC surface.

Table 1. Layer Thickness, Static Water Contact Angle, and Degree of Polymerization of the Polymer—Ge
Hybrids Prepared via Surface-Initiated ATRP

layer thickness® static water degree of
sample® (nm) contact angle (+3°)¢ polymerization (DP)¢
Ge—g-P(PFS) 13 97 120
Ge—g-P(DMAEMA) 19 56 160
Ge—g-P(PFS)—b-P(DMAEMA) 21 58 67
Ge—g-P(DMAEMA)—-b-P(PFS) 25 92 53

@ Reaction conditions: [monomer]:[CuCl]:[CuCly]:[Bpy] = 100:1:0.2:2 in DMSO at 90°C for 4 h. ® Determined by ellipsometry. The
thickness value of the Ge—VBC surface was about 0.4 nm. ¢ Static water contact angles for the pristine Ge(100) and Ge—H surfaces are
about 19° and 71°, respectively. ¢ Based on the VBC monolayer thickness of about 0.4 nm, VBC density of 1.08 g/cm?, VBC molecular
weight of 153 g/mol, and an average cross-sectional area of about 2 nm? for the polymer chain. The surface initiator density (SID) and
initiator efficiency (IE) for the Ge—VBC surface were estimated to be about 1.6 units/nm? and 30%, respectively. The average DP was
calculated from the ratio of the surface polymer density (SPD) to SID and IE. The SPD, in turn, was obtained from the respective graft
layer thickness, the density of the graft polymer, and the molecular weight of the monomer. For the diblock copolymer brushes, the DP

refers to that of the second block.

tron spectroscopy (XPS) wide scan and Cl 2p core-level
spectra of the Ge—H surface in Figure 2a and those of
the Ge—VBC surface in Figure 2b, it is unambiguous
that a new Cl 2p spectrum at the binding energy (BE)
of about 200 eV, characteristic of covalently bonded C1,20
has appeared on the Ge—VBC surface. The intensity of
the C 1s signal has increased significantly, while those
of the Ge 3d (BE ~29 eV), Ge 3p (BE ~122 eV), and Ge
3s (BE ~181 eV) signals?® have decreased, after the
immobilization of VBC on the Ge—H surface. The
presence of a weak O 1s signal in the wide scan
spectrum of the Ge—H surface (Figure 2a) suggests that
the Ge—H surface has been oxidized to a small extent,
even though the hydride-terminated surface is stable
in air for up to 1 h.! Hydrogermylation of VBC only gives
rise to a marginal increase in the extent of the surface
oxidation (Figure 2b).

In a control experiment on hydrogermylation, the
Ge—H substrate was soaked in neat VBC for the same
period of time, albeit in the absence of UV irradiation.
No VBC molecules were detected on the Ge—H surface
after the substrate was rinsed briefly with acetone and
subjected to surface analysis by XPS. The fact that the
[C1)/[C] ratio (~0.10), determined from the sensitivity-
factor-corrected Cl 2p and C 1s core-level spectral area
ratio, for the Ge—VBC surface is close to the theoretical
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ratio of 0.11 for the VBC molecule suggests that UV-
induced formation of benzyl radical (C—Cl cleavage)
during hydrogermylation has occurred only to a small
extent. A further increase in water contact angle to 87°
for the Ge—VBC surface, from that of the Ge—H surface,
is consistent with the presence of a hydrophobic VBC
layer on the Ge—H surface. Thus, the benzyl chloride
groups have been successfully immobilized on the Ge—H
surface to cater to the subsequent surface-initiated
ATRP from the Ge—VBC surface. On the basis of the
VBC monolayer thickness of about 0.4 (& 0.1) nm,2!
VBC density of 1.08 g/cm?3, and VBC molecular weight
of 153 g/mol, the initiator density of the Ge—VBC
surface was estimated to be about 1.4 (& 0.4) units/nm?.

Two functional monomers, viz., PFS and DMAEMA,
were selected as the model monomers for the prepara-
tion of polymer—Ge hybrids via surface-initiated ATRP.
Fluoropolymers are promising materials for interlayer
dielectric applications because of their low dielectric
constants and good chemical and thermal stability.22.23
The DMAEMA polymer (P(DMAEMA)) is both temper-
ature- and pH-sensitive. Well-defined P(DMAEMA)
brushes can be used to prepare stimuli-responsive
surfaces on a nanometer scale.® Addition of either a free
(sacrificial) initiator or a Cu(Il) complex to the ATRP
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Figure 2. Wide scan spectra of the (a) Ge—H, (b)
Ge—VBC, (¢) Ge—g-P(PFS), (d) Ge—g-P(DMAEMA), (e)
Ge—g-P(PFS)—b-P(DMAEMA), and (f) Ge—g-P(DMAEMA)—
b-P(PFS) surfaces. (Reaction conditions are given in
Table 1.)

reaction mixture allows the control of the deactivating
Cu(II) complex concentration. In comparison to the
approach of addition of a Cu(II) complex, addition of a
sacrificial initiator can give rise to the formation of free
polymers, leading to a reduction in film thickness.?*
Thus, in this work, the method of addition of a Cu(II)
complex (CuCly) was chosen to control the concentration
of the deactivating Cu(II) complex during the surface-
initiated ATRP process on the Ge—VBC surface. The
ratio of [monomer]:[CuCl (catalyst)]:[CuCl, (deactiva-
tor)]:[Bpy (ligand)] was controlled at 100:1:0.2:2.

The presence of grafted PFS polymer (P(PFS)) and
P(DMAEMA) on the Ge—VBC surfaces was confirmed
by XPS analysis and ellipsometry measurement. These
surfaces are referred to as the Ge—g-P(PFS) and
Ge—g-P(DMAEMA) surfaces, respectively. The appear-
ance of an F 1s signal at the BE of about 685.8 eV, as
well as the presence of an enhanced C 1s signal at the
BE of about 285 eV,20 in the wide scan spectrum of
Figure 2c indicates that P(PFS) has been immobilized
on the Ge—VBC surface. The presence of prominent C
1s (BE ~285 eV), N 1s (BE ~399 eV), and O 1s (BE
~530 eV) signals?? in the wide scan spectrum of Figure
2d suggests that P(DMAEMA) has been successfully
grafted on the Ge—VBC surface. The disappearance of
the Ge signals in the wide scan spectra of Figures 2c
and 2d is consistent with the fact that the thickness of
the P(PFS) brushes (about 13 nm after 4 h of ATRP)
and the P(DMAEMA) brushes (about 19 nm after 4 h
of ATRP) on the germanium surface is larger than the
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Figure 3. Dependence of thickness of (a) the grafted
P(PFS) layer on the Ge—g-P(PFS) surface and (b) the
grafted P(DMAEMA) layer on the Ge—g-P(DMAEMA)
surface on the surface-initiated ATRP time.

sampling depth of the XPS technique (about 7.5 nm in
an organic matrix).?> The corresponding water contact
angles of the Ge—g-P(PFS) and Ge—g-P(DMAEMA)
surfaces are about 97° and 56°. Since the average cross-
sectional areas of poly(methyl methacrylate)?® and
polystyrene?’ chains prepared by “living” radical po-
lymerization are about 2 nm? and the surface initiator
density is about 1.4 unit/nm?2, the surface initiator
efficiency of the present system is estimated to be about
30%. The average degrees of polymerization (DPs) for
the grafted P(PFS) and P(DMAEMA) brushes obtained
after 4 h of ATRP are thus estimated to be about 120
and 160, respectively (Table 1). In the absence of an
added (free) initiator for homopolymerization, and as
about 2 g of monomer was used in the reaction mixture
for surface-initiated ATRP on a Ge substrate of about
1.2 ecm x 1.2 cm (see Experimental Section), the
monomer conversion was negligible and it remained in
large excess throughout the reaction.

An approximately linear increase in thickness of the
grafted P(PFS) and P(DMAEMA) brushes on the
Ge—VBC surfaces with polymerization time is observed,
as shown by lines a and b, respectively, in Figure 3. The
results suggest that the chain growth from the Ge—VBC
surface was consistent with a “controlled” process. The
root-mean-square surface roughness values, as derived
from the atomic force microscope (AFM) images, of the
Ge—g-P(PFS) and Ge—g-P(DMAEMA) surfaces at the
ATRP time of 4 h are on the order of 1—2 nm. Thus,
the surface-initiated ATRPs have proceeded uniformly
on the Ge surfaces. No increase in organic layer thick-
ness was discernible on the pristine Ge(100) and Ge—H
surfaces when the two substrates were subjected to the
“surface-initiated” ATRP of the two monomers under
similar reaction conditions. Benzyl halides are useful
ATRP initiators for the polymerization of styrene and
its derivatives due to their structural similarity to
styrene. However, they fail to polymerize the methacry-
late monomers.?8 The fact that DMAEMA can be easily
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graft polymerized from the Ge—VBC surface in surface-
initiated ATRP readily suggests that the Ge—C bonded
VBC has a much higher reactivity than its molecular
counterpart.

Surface-initiated “nonliving” radical polymerization
may indeed give rise to similar dependence of the film
thickness on reaction time.2? The molecular weight
distribution of the surface-grafted polymer cannot be
determined with sufficient accuracy without the cleav-
age of grafted chains from a sufficiently large surface
area of the substrate (>1 m?).3° However, one of the
unique characteristics of the polymers synthesized by
ATRP is the preservation of active groups at the chain
ends.?! To confirm the existence of active chain ends,
surface-initiated ATRP is again used to synthesize the
P(PFS)—b-P(DMAEMA) (or P(DMAEMA)—-b-P(PFS))
diblock copolymer brushes from the germanium surface,
using the grafted P(PFS) (or P(DMAEMA)) brushes as
the macroinitiators and in the absence of any added
initiators. The formation of block copolymer brushes was
confirmed again by XPS and ellipsometry. After an
ATRP time of 4 h, the appearance of strong N 1s (BE
~399 eV) and O 1s (BE ~530 eV) signals?’ in the
wide scan spectrum of the resulting Ge—g-P(PFS)—b-
P(DMAEMA) surface suggests that DMAEMA has been
successfully block-copolymerized on the Ge—g-P(PFS)
surface (Figure 2e). The thickness of the P(DMAEMA)
layer (about 8 nm) is larger than the sampling depth of
the XPS technique.?® As a result, the F signals from the
underlying P(PFS) layer are no longer discernible in the
wide scan spectrum. On the other hand, for the PFS
block-copolymerized Ge—g-P(DMAEMA) surface, the
appearance of the F 1s signal (BE ~685.8 ¢V) and F 2s
signal (BE ~30 eV)20 in the wide scan spectrum of
the Ge—g-P(DMAEMA)—b-P(PFS) surface (Figure 2f)
indicates that P(PFS) has been immobilized on the
Ge—g-P(DMAEMA) surface. As the P(PFS) block thick-
ness (about 6 nm) of the Ge—g-P(DMAEMA)—b-P(PFS)
surface is less than the XPS sampling depth,?> the N
1s (BE ~399 eV) and O 1s (BE ~530 eV) signals?° from
the underlying P(DMAEMA) layer are still discernible
in Figure 2f. The DPs of the PIDMAEMA) and P(PFS)
blocks were estimated to be about 67 and 53, respec-
tively (Table 1). The above results confirmed that the
dormant sites at the end of the grafted P(PFS) and
P(DMAEMA) chains on the germanium surfaces allowed
reactivation during the subsequent block copolymeri-
zation process, resulting in the formation of P(PFS)—
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b-P(DMAEMA) and P(DMAEMA)-b-P(PFS) diblock
copolymer brushes.

In conclusion, a simple one-step process for the
covalent immobilization of an ATRP initiator monolayer
on the Ge—H surface has been demonstrated. The
process was based on the direct UV-induced hydroger-
mylation of VBC on the Ge—H surface to give rise to
the Ge—VBC surface. Well-defined polymer—Ge hybrids
could be readily prepared via surface-initiated ATRP on
the Ge—VBC substrates. The linear increase in polymer
film thickness with polymerization time suggested that
the chain growth of the fluoropolymer and the N-
containing polymer from the functionalized germanium
surface was consistent with a “controlled” process. The
active chain ends on the graft-modified germanium
surface could be used as macroinitiators for further
functionalization of the hybrid surfaces via block copo-
lymerization.

Experimental Section

The Ge(100) wafer was sliced into square chips of about 1.2
cm x 1.2 cm in size. The pristine germanium chips were
immersed in 20 mL of 10 vol % HF in individual Teflon vials
for 10 min to give rise to a uniform H-terminated Ge(100)
surface (the Ge—H surface).? The initiators were immobilized
via UV-induced coupling of VBC with the Ge—H surface for
10 min under an atmosphere of dry argon to give rise to a
covalently bonded (Ge—C bonded) monolayer (the Ge—VBC
surface). The Ge—VBC substrate was immersed in about 200
mL of acetone (a good solvent for VBC) for about 24 h. The
solvent was stirred continuously and changed every 8 h. The
substrate was subsequently rinsed with copious amounts of
fresh acetone to ensure the complete removal of the adhered
and physically adsorbed VBC.

For the preparation of the Ge—g-P(PFS) and Ge—g-
P(DMAEMA) hybrids, the reaction was carried out using a
[monomer (2 mL)]:[CuCl]:[CuCly]:[Bpy] molar feed ratio of 100:
1:0.2:2 in 2 mL of DMSO at 90°C in a Pyrex tube containing
the Ge—VBC substrate for a predetermined period of time.
After the reaction, the polymer—Ge hybrids were washed
and extracted thoroughly with DMSO and acetone (for the
Ge—g-P(PFS) hybrids), and doubly distilled water and ethanol
(for the Ge—g-P(DMAEMA) hybrids). The hybrids were sub-
sequently immersed in large volumes of their respective
solvent system for about 48 h to ensure the complete removal
of the adhered and physically adsorbed polymer, if any. The
solvents were stirred continuously and changed every 8 h. The
chemical composition of the modified germanium surfaces was
determined by X-ray photoelectron spectroscopy (XPS). The
static water contact angles were measured by the sessile drop
method, using 3 uL. water droplets, in a telescopic goniometer.
The thickness of the polymer brushes was determined by
ellipsometry.
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