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The fully bottom-up and scalable synthesis of complex micro/ ‘
nanoscale materials and functional devices requires masking methods to

© (N

define key features and direct the deposition of various coatings and films.

Here, we demonstrate selective coaxial lithography via etching of surfaces
(SCALES), an enabling bottom-up process to add polymer masks to micro/
nanoscale objects. SCALES is a three-step process, including (1) bottom-up

Si

PMMA

synthesis of compositionally modulated structures, (2) surface-initiated Ge

polymerization of a conformal mask, and (3) selective removal of the mask

only from regions whose underlying surface is susceptible to an etchant. We

demonstrate the key features of and characterize the SCALES process with a

series of model Si/Ge systems: Si and Ge wafers, Si and Ge nanowires, and Si/Ge heterostructure nanowires.

bottom-up, polymer brush, pattern, semiconductor, nanowire, heterostructure

t is now possible to synthesize a variety of structures where
composition is controlled with micro/nanoscale spatial
precision. One well-known technique is the vapor—
liquid—solid (VLS) mechanism, which leverages a liquid seed
nanoparticle to collect and concentrate precursors from the
vapor to grow a solid nanowire.' > Temporal control of
precursor identity and delivery rate permits the programming
of composition along the nanowire’s length.*® Subsequent
deposition of thin films (e.g, dielectrics and metal electrodes)
on these compositionally modulated structures can produce a
variety of functional devices (e.g, transistors, sensors, wave-
guides, and solar cells).”™'° To date, the controlled placement
of conformal coatings has been achieved by combining
conventional photo or e-beam lithography with thin film
deposition and lift-off. However, the utility of such top-down
techniques outside of the laboratory is likely limited. Achieving
the same degree of nanoscale complexity in a fully bottom-up
fashion'" promises to increase device manufacturing through-
put.
Area-selective deposition (ASD) methods, in principle, offer
a bottom-up route to selectively deposit films only in desired
regions.lz_15 ASD can be accomplished in either an (1)
intrinsic and/or (2) extrinsic manner. Intrinsic ASD leverages
surface compositional or structural differences to achieve
selectivity.'®"” Because intrinsic ASD depends on the micro-
scopic details of two or more surfaces, it is highly materials
specific.'” Extrinsic ASD uses masks in the form of polymers'®
or self-assembled monolayers (SAMs)"” to block deposition on
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certain surfaces.'” The use of a separate material for
masking, assuming a method exists for its deposition, results
in a more versatile ASD process. To date, the creation of masks
needed for extrinsic ASD has been accomplished using top-
down lithographic methods. While useful in wafer-level
processing,” such methods are not amenable to the scale-up
of device manufacturing.

Here, we demonstrate a versatile bottom-up process,
selective coaxial lithography via etching of surfaces (SCALES),
to pattern micro/nanoscale objects with conformal polymer
masks. Analogous to top-down lithography, the masks
produced by SCALES promise to block and, in doing so,
spatially control thin film deposition. However, unlike top-
down lithography, which is largely limited to 2-D substrates,
SCALES allows masks to be produced in a highly scalable,
bottom-up manner on 3-D objects. In this way, SCALES is
much more akin to the protecting groups commonly used
during chemical synthesis.

SCALES involves three key steps: (1) synthesis of
chemically or structurally heterogeneous structures, (2)
surface-initiated polymerization of a suitable masking material,
and (3) selective removal of the masking material by selectively
etching the underlying surface. We demonstrate key features of
SCALES with a series of model Si/Ge systems, including
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planar Si and Ge substrates and homogeneous Si and Ge
nanowires, and then apply this understanding to heterostruc-
tured Si/Ge nanowires. In all cases, atom transfer radical
polymerization (ATRP) is used to grow a poly(methyl
methacrylate) (PMMA) film from both Si (SiO,) and Ge
(GeO,) regions.21_25 Taking advantage of chemical differences
between Si (SiO,) and Ge (GeO,),”**’ a subsequent selective
etch in H,0, removes PMMA from Ge (GeO,). The PMMA
mask remains on the Si (SiO,) region. While the present work
focuses on Si/Ge systems, we emphasize that SCALES is
applicable to any material system where methods exist to (1)
synthesize materials/structures with compositional heteroge-
neity, (2) graft polymers to their surfaces, and (3) selectively
etch those surfaces.

RESULTS AND DISCUSSION

We first demonstrate the SCALES process on planar Si and Ge
substrates. Each step required to attach PMMA, schematically
illustrated in Figure 1, can be followed with X-ray photo-
electron spectroscopy (XPS) and is shown in Figure 2 for Si.
The starting substrate exhibits only adventitious carbon after
cleaning (Figure 2a—c). Following attachment of APTES, we
observe N(1s) photoelectron peaks at 400.6 and 401.6 eV,
indicating the presence of N—C and N—H bonds, respectively
(Figure 2d—f).”**” The presence of a C—Br bond is confirmed
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Figure 1. Surface-initiated polymerization illustration. (a) The
starting surface is Si (SiO,) or Ge (GeO,). (b) 3-Aminopropyl
triethoxysilane (APTES) is covalently attached to the oxide
surfaces and serves as an anchoring group. (c) An initiator, a-
bromoisobutyryl bromide (BIBB), is then reacted with the primary
amine of APTES. (d) Poly(methyl methacrylate) (PMMA) is then
grafted from the tertiary bromide of BIBB via atom transfer radical
polymerization.
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Figure 2. XPS characterization of surface-initiated polymerization.
N(1s), Br(3d), and C(1s) photoelectron spectra for each step in
the polymerization process (Figure 1) on a Si substrate: (a—c)
Initial, native-oxide-covered substrate; (d—f) following APTES
attachment; (g—i) following BIBB attachment; (j—1) following
PMMA polymerization. The results are similar on a Ge substrate
(not shown).

by the appearance of a Br(3d) photoelectron peak at 70.3 eV
following BIBB attachment (Figure 2g—i).”" Several strong
C(1s) photoelectron peaks are present after PMMA polymer-
ization. Peaks at 285.0, 286.8, and 289.1 eV are attributed to
the C—C, C—0O, and C=O bonds of PMMA, respectively
(Figure 2j—1).>"** We note, for the PMMA thicknesses studied
here, that film thickness does not impact XPS peak intensity
because we are electron escape depth limited.

The distinct chemical reactivity of SiO, and GeO, is next
leveraged to selectively remove PMMA attached to the Ge
substrate but not the Si substrate. Figure 3a and b show
representative C(1s) photoelectron spectra of PMMA-coated
Si and Ge substrates. After immersion of these substrates in
H,0,, Figure 3c reveals that the C(1s) photoelectron peak
intensity is not affected for the Si substrate, but Figure 3d
shows that it is sharply reduced for the Ge substrate. The weak
C(1s) peak still observed on the Ge substrate after H,0,
etching is attributed to adventitious carbon and is quite distinct
from t}ig higher binding energy peaks representative of
PMMA.™

We now investigate the time scale for PMMA removal
during H,0, selective etching on Si and Ge substrates. Figure
4 shows integrated intensities of the C(1s), Si(2p), and
Ge(3d) photoelectron peaks as a function of etch time
(Supporting Information, Figures S1 and S2). Over the course
of 60 min, Figure 4a shows that the C(1s) peak intensity
remains largely unchanged for the Si substrate, while Figure 4b
shows that it decreases markedly for the Ge substrate. The
time scale for PMMA removal, defined here as the point where
the C(1s) intensity for the Ge surface is reduced to 10% of its
initial value, is approximately 30 min. Figure 4c and d show the
trends for Si(2p) and Ge(3d) photoelectron peaks for the Si
and Ge substrates, respectively. An increase in the Ge(3d)
peak intensity for the Ge substrate is observed with time;
however, little change is seen in the Si(2p) peak. The increase
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Figure 3. Selective removal of PMMA from planar Si and Ge 2 10
substrates. C(1s) photoelectron spectra following PMMA polymer- &
ization on (a) Si (8i0,) and (b) Ge (GeO,) substrates. C(1s) 0
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measurements of PMMA thickness as a function of H,O, etch
time on Si and Ge substrates are shown in Figure 4e and f,
respectively. These data are consistent with our XPS
measurements, also showing that PMMA removal only occurs
on the Ge substrate during H,O, exposure.

Our data suggest that polymer removal, as schematically
illustrated in Figure $, follows an etchant diffusion- or polymer
transport-limited surface-reaction mechanism. Etchant mole-
cules (i.e, H,0,) first diffuse to the substrate surface. Upon
reaching the substrate surface to which PMMA is attached, the
H,0, etches the GeO, surface layer on the Ge substrate but
not the corresponding SiO, layer on the Si substrate. Upon
GeO,/Ge etching, the polymer detaches from the substrate
and is transported into the etchant solution. With a Ge etch
rate in H,0, solution of ~0.3 monolayers/second,”® polymer
release should be possible within a few seconds. However, as
Figure 4 makes clear, polymer removal from the Ge surface
occurs only after ~30 min. A study of polymer removal time as
a function of initial polymer thickness displayed in Figure 6
reveals that removal time scales with starting polymer
thickness. These data are consistent with a mechanism where
surface reaction is fast and etchant diffusion through the
polymer or polymer transport into the etchant solution limits
the rate of the overall process. These relative rates are also
consistent with the fact that H,O is a poor solvent for
PMMA,* likely leading to both a contraction of the brush,
reducing the H,O, diffusion rate, and a reduced tendency for
the PMMA to be solvated.

We now move on to a demonstration of the SCALES
process on homogeneous Si and Ge nanowires. Figure 7a and
b show SEM images of representative as-grown Si and Ge
nanowires. Figure 7c and d show conformal PMMA films
grafted from the SiO, and GeO, surface of the Si and Ge
nanowires, respectively. For both types of nanowires, the
PMMA film thickness is approximately 20 nm. The polymer
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Figure 4. Transient studies of PMMA removal on planar Si and Ge
substrates. C(1s) photoelectron peak integrated intensity ratioed
to that at 0 min vs H,0, etch time on (a) Si and (b) Ge substrates.
(c) Si(2p) and (d) Ge(3d) photoelectron peak integrated intensity
ratioed to that at 0 min vs H,0, etch time on Si and Ge substrates,
respectively. The decrease in C(1s) peak intensity and concom-
itant increase in Ge(3d) peak intensity for the Ge substrate, but
not the Si substrate, indicate selective removal of PMMA.
Ellipsometric thickness measurements of PMMA on a (e) Si and
(f) Ge substrate vs H,0, etch time reveal the same behavior.

also covers the Au seed particle. This observation is
unsurprising, as the seed particle ejects semiconductor atoms
(i.e., Si or Ge) atoms following growth, which then oxidize (i.e.,
to SiO, or GeO,) upon exposure to ambient.*® Figure 7e and f
show the result of the H,O, selective etch. The PMMA film
remains on the Si nanowire but is removed from the Ge
nanowire. While Figure 7f suggests polymer residue can
sometimes remain on the Ge nanowire, scanning transmission
electron microscopy (STEM) and energy dispersive X-ray
(EDX) spectroscopy measurements show very little carbon
(Supporting Information, Figure S4). Even if a small quantity
of polymer were present, a variety of processes (e.g, mild
oxygen plasma or rinsing in acetone) are likely able to remove
it.”” Furthermore, the seed particle on the Ge nanowire is
almost always removed during the H,0, etching. We suspect
that this behavior results from GeO, present at the Ge
nanowire/seed particle interface that is rapidly etched in
H,0,.3%%

The magnitude of the PMMA removal times differ between
the planar substrates and nanowire cases, although they are
within the same order of magnitude. The PMMA film is largely
removed from Ge at ~30 and ~60 min in the planar substrate
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Figure S. Proposed selective etching mechanism. H,O, diffuses
through the PMMA brush. When H,0, reaches the underlying
surface, it etches Ge (GeO,). The PMMA covering Ge (GeO,) is
also removed with the atoms to which it is attached. Because H,0,
cannot etch Si (SiO,), PMMA remains on that surface.
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Figure 6. Polymer thickness dependent etch study. PMMA
thickness as a function of H,0, etching time for 2, 4, and 8 h
polymerizations. These data show that polymer thickness
correlates with etch time, indicating that SCALES is limited by
etchant diffusion into the polymer or polymer transport into
solution after surface etching.
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Figure 7. Demonstration of SCALES on homogeneous Si and Ge
nanowires. SEM images of representative as-grown (a) Si and (b)
Ge nanowires. Si and Ge are false-colored red and blue,
respectively. SEM images of representative PMMA-grafted (c) Si
and (d) Ge nanowires. PMMA is false-colored green for clarity.
SEM images of representative PMMA-grafted (e) Si and (f) Ge
nanowires following H,0, etching. PMMA is only removed from
the Ge nanowire. Scale bar, 100 nm. The original, uncolored SEM
images are shown in Figure S3.

and nanowire cases, respectively. Such a discrepancy is to be
expected because of differences in substrate/nanowire surface
structure and chemistry. For example, nanowire surfaces,
depending on the details of growth and any postgrowth
treatment, can be quite rough.40 Differences in surface
roughness between planar substrates and nanowires likely
modify parameters such as polymer graft density and result in
differences in SCALES processing.

We combine our understanding of SCALES on planar
substrates and homogeneous nanowires to demonstrate, as
shown in Figure 8, the process for Si/Ge heterostructure
nanowires. Figure 8a shows a SEM image of a representative
as-grown Si/Ge heterostructure nanowire. We use a brief KOH
etch to remove any Si atoms from the surface of the Ge
segment, as shown in Figure 8b. We find this step to be
necessary because a small amount of Si is likely deposited on
the Ge segment during growth, which then oxidizes to SiO,
upon exposure to ambient. Without this brief KOH treatment,
we are unable to remove PMMA from the Ge segment during
H,0, exposure. While KOH etches Ge (Figure 8b),*" we are
confident that any unwanted Si is removed. Figure 8c shows a
conformal PMMA film grafted to the Si/Ge heterostructure
nanowire. The PMMA film thickness is approximately 20 nm,
similar to that for the homogeneous nanowires (Figure 7c and
d). Figure 8d shows the result of the selective H,0, etch. As
for prior substrate types, the Si segment retains the PMMA
film, while the PMMA is removed from the Ge segment.

Work is currently underway in our laboratory to better
understand the impact of key polymerization and selective etch
parameters on the SCALES process. Polymer graft density and
chain length, because they impact etchant diffusion and
polymer entanglement, likely play a critical role. High graft
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a.

Figure 8. Demonstration of SCALES on a heterostructured Si/Ge
nanowire. (a) SEM image of a representative as-grown Si/Ge
nanowire. Si and Ge segments are false-colored red and blue,
respectively. (b) SEM image of a representative Si/Ge nanowire
following KOH treatment. KOH is used to remove Si deposited on
the Ge segment during nanowire growth. (c) SEM image of a
representative PMMA-grafted Si/Ge nanowire. PMMA is false-
colored green for clarity. (d) SEM image of a representative
PMMA-grafted Si/Ge nanowire following H,O, etching. PMMA is
removed from the Ge segment, but remains on the Si. Scale bar,
100 nm. The original, uncolored SEM images are shown in Figure
SS.

densities and short to moderate chain lengths are known to
reduce chain entanglement,42 resulting in the more facile
solvation and removal of the polymer following cleavage from
the substrate. Low graft densities and long chains likely have
the opposite effect. This situation would lead to cross-film
entanglement that reduces the achievable spatial resolution.
Knowledge of etchant diffusion through the polymer brush is
also essential to improve the SCALES process but has not been
widely studied because there was little motivation to do so in
the past. Moreover, future research should leverage nanoscale
characterization techniques such as atomic force microscopy-
based infrared spectroscopy to gain detailed knowledge of local
bonding variations at various points during the process."’
The SCALES process is a versatile route to mask micro/
nanostructures, simply requiring (1) initial compositional
heterogeneity, (2) an ability to attach a suitable polymer,
and (3) an etchant that is selective to one composition but not
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the other. The VLS mechanism is an ideal synthetic method to
explore SCALES because of its ability to bottom-up encode
composition along the length of semiconductor nanowires. In
this study, we demonstrate the process on group IV substrates
and nanowires because of the availability of both surface
grafting methods and selective etchants for Si (SiO,) and Ge
(GeO,). However, we emphasize that a variety of top-down
and bottom-up fabricated structures are likely amenable to
SCALES. For example, we see opportunities to apply SCALES
to group III-V materials for which axial composition
modulation in nanowires is now commonplace™* and some
selective etchants are already known.*® It is worth noting that
the surface chemistry for attachment and grafting may be
different in these cases and that distinct attachment methods
and etch chemistries will need to be developed and explored.

CONCLUSION

We introduce and demonstrate the SCALES process for
bottom-up masking Si/Ge substrates and nanowires. SCALES
is a three-step process starting with the encoding of
compositional heterogeneity, followed by a blanket surface-
initiated polymerization, and completed with a selective etch
that removes the polymer brush only from a desired surface.
We have investigated the time scale for selective etching on
planar Si and Ge surfaces with XPS and ellipsometry and
characterized the SCALES process on Si/Ge nanowires with
SEM. Our approach is especially useful for creating polymer
masks on nanowires, where chemical heterogeneity can be
encoded from the bottom-up. Although the present demon-
stration focuses on Si/Ge nanowires, SCALES is compatible
with the many nanowire material systems where compositional
modulation is commonplace.

METHODS

Substrate Preparation. Planar substrates are cut into 3 cm X 3
cm squares from Si(111) (El-Cat, 10—55 Q-cm, double-side polished,
phosphorus-doped) or Ge(111) (MTI Corp., S0 Q-cm, double-side
polished, undoped) wafers. Prior to polymerization, all substrates/
nanostructures are sequentially cleaned in acetone (99.5%, VWR),
methanol (99.8%, VWR), and a 10 vol % NH,OH (28—30%, Sigma-
Aldrich) in deionized (DI) water solution, followed by a DI water
rinse. Substrates for nanowire growth are prepared by depositing gold
colloid (Ted Pella, 100 nm) on 200 nm of thermally grown SiO, on
Si(100) substrates (University Wafer, 1—10 Q-cm, single-side
polished, boron-doped). 3-Aminopropyltriethoxysilane (APTES,
Sigma-Aldrich, 99%) is used as an adhesion mediator for the gold
colloid.*”

Nanowire Growth. Si, Ge, and Si/Ge nanowires are synthesized
in a cold-wall chemical vapor deposition reactor*® (FirstNano, Easy
Tube 3000) with different combinations of silane (Voltaix, SiH,,
99.99%), germane (Matheson Tri-Gas, GeH,, 99.99%), hydrogen
bromide (Matheson Tri-Gas, HBr, 99.99%), and hydrogen (AirGas,
H,, 99.99%). For homogeneous Si nanowires, nucleation occurs at
500 °C for 2 min followed by elongation at 480 °C for 10 min in the
presence of 1000 sccm H, and 100 sccm SiH, at 10 Torr total
pressure. For homogeneous Ge nanowires, nucleation occurs at 380
°C for 2 min followed by elongation at 270 °C for 10 min in the
presence of 100 sccm H, and 30 sccm GeH, at 2 Torr total pressure.
Si/Ge heterostructured nanowires are grown via methods adapted
from the literature.”*” A Ge segment is first grown using the above
procedure. Upon completion of Ge segment growth, the GeH, supply
is terminated, and the substrate temperature is increased from 270 °C
to 430 °C with 10 sccm HBr. HBr passivates the Ge segment
sidewalls, minimizin% motion and diffusion of the gold seed particle
during heating.”***" Upon reaching 430 °C, 30 sccm SiH, is
delivered for S min at 2.8 Torr total pressure.
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Surface-Initiated Polymerization. Figure 1 shows our surface-
initiated polymerization scheme,” including (1) covalent attachment
of an anchoring group, (2) covalent attachment of an initiator to the
anchoring group, and (3) surface-initiated polymerization from the
initiator. All polymerization steps occur in a nitrogen-purged glovebox
(OMNI-LAB) and are the same for all substrates and nanowires.
APTES is initially attached using a 0.1% v/v anhydrous toluene
(Sigma-Aldrich, 99.8%) solution at 70 °C for 20 min, >33
Attachment of bromoisobutyryl bromide (BIBB, Sigma-Aldrich,
98%), a tertiary bromide polymerization initiator, is accomplished
via reaction of APTES-terminated surfaces with a 2:1:12 mixture by
volume of BIBB, triethylamine (Sigma-Aldrich, 99.5%), and toluene at
room temperature for 2 h.*"** ATRP polymerization of PMMA is
carried out by first mixing CuBr (98%, Sigma-Aldrich), CuBr, (Sigma-
Aldrich, 99%), and 2,2’-bipyridyl (bpy, Sigma-Aldrich, 99%) in a ratio
of 1:0.7:4.7 by weight, to which 0.5 mL of anhydrous
dimethylformamide (Sigma-Aldrich, 99.8%) and 3.8 mL of methyl
methacrylate (MMA, Sigma-Aldrich, 99%) are then added. This
mixture is heated to 100 °C, the BIBB-coated substrates/nanowires
are added, and PMMA polymerization is carried out for 4 h.

Selective Etching. PMMA-covered substrates/nanowires are
removed from the glovebox and immersed in isopropyl alcohol
(VWR, 99%) for 30 min. After drying, selective etching is completed
by immersing the substrates/nanowires in a 10 vol % H,0, (Sigma-
Aldrich, 30% in H,0) in DI water solution for 10—60 min. After the
desired etch time, the substrates are placed in isopropyl alcohol for 30
min to remove residual polymer.

Characterization. On planar Si and Ge substrates, polymer
thickness is determined by ellipsometry (Woollam M2000 ellips-
ometer) using a standard Cauchy film model for PMMA. Polymer
removal is corroborated using XPS (Thermo K-Alpha, Al K alpha
source, spot size 400 ym, pass energy S0 eV). An electron flood gun is
used for charge compensation. It is important to make two points
about XPS in the context of the present work. Foremost, there is no
obvious internal standard with which to correct raw peak positions.
The Si(2p) and Ge(3d) photoelectron peak intensities are weak for
polymer-covered surfaces, and the C(1s) photoelectron peak of
adventitious carbon is hidden within the C(1s) envelope of PMMA.
As a result, we chose to show uncorrected spectra but also note that
polymer thickness does not strongly impact photoelectron peak
position (Supporting Information, Figure S6). Moreover, a measure-
ment of polymer removal during etching assumes integrated peak
intensities, and thus photoelectron cross sections, that do not depend
on charging. Such behavior is commonly observed for similar systems,
and we assume it to be the case in the present work.>” In the case of
Si, Ge, and Si/Ge nanowires, nanowire structure and polymer layer
morphology are tracked with scanning electron microscopy (SEM,
Hitachi SU-8230) at each step. Additional structural and composi-
tional information for Ge nanowires is obtained using STEM (Hitachi
HD-2700) with a 0.1 nm resolution at 200 keV. Nanowires were
transferred to carbon-coated grids (Ted Pella) by direct mechanical
transfer.
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