Downloaded via UNIV OF WISCONSIN-MADISON on August 28, 2019 at 20:20:07 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

@& Cite This: J. Phys. Chem. C 2019, 123, 18445-18454

pubs.acs.org/JPCC

Synthesis of Armchair Graphene Nanoribbons on Germanium-on-

Silicon

Vivek Saraswat, " Yuji Yamamoto,* Hyun Jung Kim,® Robert M. _]acobberger,_k Katherine R. ]inkins,"_
Austin J. Way,T Nathan P. Guisinger,” and Michael S. Arnold*"

TDepartment of Materials Science & Engineering, University of Wisconsin—Madison, Madison, Wisconsin 53706, United States
*IHP—Libniz-Insitut fiir Innovative Mikroelektronik, Im Technologiepark 25, 15236 Frankfurt (Oder), Germany
$National Institute of Aerospace, 100 Exploration Way, Hampton, Virginia 23666, United States

ICenter for Nanoscale Materials, Argonne National Laboratory, Argonne, Illinois 60439, United States

O Supporting Information

ABSTRACT: The synthesis of graphene nanoribbons on complementary metal— Armchair Graphene
oxide—semiconductor-compatible substrates is a significant challenge hindering ge/si(001)via cvD
their integration into commercial semiconductor electronics. Here, the bottom-up
synthesis of armchair graphene nanoribbons on epilayers of Ge on Si(001) via
chemical vapor deposition is demonstrated. The synthesis leverages the previous
discovery that graphene crystal growth can be driven with an extreme shape
anisotropy on Ge(001) surfaces to directly form nanoribbons. However, compared

Nanoribbons on

S

to nanoribbon synthesis on Ge(001), synthesis on Ge/Si(001) is complicated by

the possibility of Si diffusion to the Ge surface and the presence of threading dislocations. Herein, we demonstrate that similar
to Ge(001), armchair nanoribbons with faceted edges and sub-10 nm widths can indeed be grown on Ge/Si(001). The
nanoribbon synthesis proceeds faster than the diffusion of Si to the Ge surface if a sufficiently thick Ge epilayer is used (e.g., 3
um), thereby avoiding competing reactions that form SiC. Moreover, threading dislocations in the Ge epilayer are not observed
to affect the nucleation or anisotropic growth kinetics of the nanoribbons. These results demonstrate that previous successes in
graphene nanoribbon synthesis on Ge(001) can be extended to Si(001) by using epilayers of Ge, motivating the future
exploration of this promising platform for hybrid semiconducting graphene/Si electronics.

B INTRODUCTION

Graphene nanoribbons are narrow stripes of graphene that can
be semiconducting and exhibit high carrier mobility,l’2 high
current carrying capacity,” and tunable band gap.*® Because of
their unique characteristics, graphene nanoribbons are being
explored as promising candidates for next;generation nano-
electronic devices® for semiconductor logic,”® high-frequency
communications,”'’ and sensing applications.'"'” Recently,
the production of graphene nanoribbons has been demon-
strated by several methods, including top-down lithographic
patterning of monolayer graphene,"® unzipping of graphite'*
and carbon nanotubes,” solution-'*!” and surface-'*7%°
assisted synthesis using organic precursors, templated growth
on SiC,”" and chemical vapor deposition (CVD) growth on
Ge.”> Of these, the bottom-up synthesis on Ge(001) using
CVD is studied here and is particularly attractive because of its
wafer-scale scalability, width, and length tunability and because
it offers a viable route for direct synthesis on a semiconducting
platform.”*~>°

During graphene synthesis on Ge(001), a carbon precursor
such as CH, or C,H, is introduced to the Ge surface at
elevated temperatures (~900 °C) in the presence of H,,
enabling the catalytic decomposition of the precursor.”**” The
reactive intermediate species that result from decomposition
(such as C, CH, CH,, and CHj;) diffuse on the surface and
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form graphene nuclei.”® For large supersaturation of these
intermediate species, these nuclei quickly evolve into large
graphene crystals with relatively low aspect ratio, and
eventually, these crystals merge to form a continuous layer of
graphene.”™*® In contrast, when the supersaturation and
growth rate are low on Ge(001), these nuclei evolve
anisotropically into highly elongated crystals, enabling the
direct synthesis of graphene nanoribbons.””** These nanorib-
bons have widths as narrow as 1.7 nm that are uniform along
their lengths, exhibit smooth armchair edges,25 which are
critical for both high carrier mobility and a technologically
relevant band gap, and are self-orienting along Ge(110)
directions.”® Furthermore, nanoribbons synthesized by CVD
exhibit promising charge transport characteristics in field-effect
transistors, which are a major advantage of this approach.”*
Although the spontaneous nucleation of nanoribbons on
Ge(001) yields nanoribbons in random locations that have
polydisperse widths and multiple orientations, arrays of more
monodisperse and unidirectionally aligned graphene nanorib-
bons with rational placement can be realized by initiating
synthesis from lithographically patterned graphene seeds.”*
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Figure 1. Characterization of the Ge/Si(001) substrate. (a) @—20 scans of as-grown Ge/Si(001) and Ge(001). (b) XPS depth profile of Ge(001)/
Si(001) showing the composition of Ge and Si. (¢) SEM micrograph of the Ge/Si(001) surface after a 3 min SECCO etch to reveal etch pits at
threading dislocations. Scale bar is S ym. AFM scans of the (d) as-grown Ge/Si(001) surface and (e) Ge/Si(001) after 30 min annealing at 910 °C.

Scale bars in (d,e) are 2 ym. Height scale bar is 10 nm.

Alignment can also be driven by conducting synthesis on
vicinal Ge(001).”> These seeding and alignment approaches
could enable front-end-of-line integration of graphene nano-
ribbons in integrated circuits (ICs), with future improvements
in the uniformity of seed size. Recent studies have shown that
nanoribbon edge—substrate interactions are responsible for the
nanoribbon anisotropic growth kinetics.”*** Reconstruction®®
and nanofaceting®?” of the substrate may also affect
nanoribbon shape evolution.

Despite these promising advances, a critical limitation of the
anisotropic synthesis of armchair graphene nanoribbons via
CVD is that so far it has only been achieved on Ge(001)
substrates. In contrast, Si, not Ge, historically has been the
platform of choice for ICs.***” However, the CVD of graphene
directly on Si is challenged by the stable formation of SiC at
temperatures >800 °C.”" This challenge is demonstrated in
Figure S1, in which the CVD of CH, on SiGe alloys containing
only 15% Si yields SiC.

One possible solution to this problem is to transfer graphene
nanoribbons grown on Ge(001) onto Si via a polymer-assisted
wet-transfer’> or a metal-assisted dry-transfer process.”*
However, such approaches are less desirable than direct
growth because even if the yield of the transfer is 100%, these
approaches can result in mechanical damage,*' doping,*
polymer residue,"”** and metallic contamination,* while
degrading carrier mobility”' and leading to irreproducible
device characteristics."’

Here, a transfer-free approach for growing graphene
nanoribbons on Si wafers is explored via the deposition and
use of complementary metal—oxide—semiconductor (CMOS)-
compatible epilayers of Ge. Prior work has shown that
sacrificial catalytic layers such as Ni, Cu, Au, and Ag can be
deposited onto SiO,/Si substrates,** ™ thereby enabling the
synthesis or templated synthesis of graphene on these
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substrates. However, these layers do not promote the
anisotropic growth phenomena that are needed during CVD
to drive the synthesis of armchair graphene nanoribbons.’!
The patterning of these layers has also been used in attempts
to template nanoribbons; however, such approaches have not
succeeded in creating sub-10 nm nanoribbons with smooth
armchair edges.’>*?

Recently, continuous sheets of monolayer graphene have
been synthesized on 200 mm diameter wafers of Si by
CVD**** and molecular beam epitaxy>* via the use of epilayers
of Ge. However, the synthesis of nanoribbons on this platform
has not yet been demonstrated or studied. Of concern are (1)
the effects of Si diffusion to the Ge surface, which are expected
to be more pronounced at the slower growth rates and longer
growth times that are needed to induce the anisotropic
synthesis of nanoribbons and (2) the effects of dislocations in
the Ge epilayer, which are always present in Ge epilayers
deposited on Si because of lattice mismatch, on the nucleation
or anisotropic growth kinetics of the nanoribbons. A
comprehensive understanding of the influence of these factors,
which has been missing from previous reports in the literature,
is critical to realizing the full potential of graphene nanoribbons
in electronics.

Here, we study the bottom-up synthesis of graphene
nanoribbons on Ge/Si(001) via CVD. We show that by
using a Ge epilayer that is 3 pm in thickness and limiting the
duration of nanoribbon synthesis (at 910 °C) to less than 9 h,
significant Si diffusion to the surface can be avoided, resulting
in graphene nanoribbon growth evolution and kinetics on Ge/
Si(001) that are indistinguishable from those on Ge(001).
Scanning tunneling microscopy (STM) shows that these
nanoribbons have faceted armchair edges with low edge
roughness and are semiconducting.””>> Moreover, threading
dislocations in the Ge epilayers do not detrimentally affect the
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Figure 2. SEM micrographs of graphene nanoribbons grown on Ge(001)/Si(001) for t = (a) 3 h, (b) 6 h, and (c) 9 h. Growth conducted at 910
°C with xcy, = 6.6 X 107 at ambient pressure. (d) STM image of a nanoribbon with w = S nm (applied bias = +2 V, tunneling current = 0.1 nA).

(e) Atomically resolved STM topography of a nanoribbon grown using t = 3 h as in (a) (applied bias = +0.2 V, tunneling current = 1 nA).
Intervalley scattering periodicity, \/g3, and honeycomb superperiodic interference patterns are highlighted. (f) Differential current image of the
nanoribbon shown in (e) (V' = 0.2 V) and its corresponding FFT image shown in the inset. Scale bars are 200 nm in (a—c) and S, 1, and 1 nm in

(d—f), respectively.

nucleation or anisotropic growth kinetics of the nanoribbons.
These results suggest that previous work on graphene
nanoribbon synthesis on Ge(001)**7*** can be translated
to Ge/Si(001) and provide strong motivation for further
research into the potential of Ge/Si(001) as a platform for
integrated semiconducting graphene/Si devices.

B RESULTS AND DISCUSSION

Characterization of Ge/Si(001) Substrates. Figure 1
characterizes the Ge/Si(001) substrates prior to nanoribbon
synthesis. These substrates are fabricated by depositing epi-Ge
on Si(001) using CVD, as described previously.”> Figure 1a
compares X-ray diffraction (XRD) @w—26 scans of as-
synthesized Ge/Si(001) and Ge(001) substrates around the
Ge(004) and Si(004) peaks. The high crystallinity of the Ge
epilayer in Ge/Si(001) is evidenced by the presence of a sha
Ge(004) peak with a full width at half-maximum of 0.008°.°°
In Ge/Si(001), the Ge(004) peak is shifted to a larger 20 by
0.047°, indicating 0.7% tensile strain in the Ge epilayer that
arises from differences in thermal expansion coefficients
between Si and Ge.”” The shoulder on the high angle side of
the Ge(004) peak arises because of slight Si diffusion into Ge
during the cyclic annealing step that is part of the Ge epitaxy,
leading to the formation of interfacial SiGe.> Figure 1b shows
an X-ray photoelectron spectroscopy (XPS) depth profile of
the as-synthesized Ge/Si(001) substrate, which confirms that
even though there is minor Si diffusion into Ge, there is a

relatively sharp interface between Ge and Si of 100 nm and
that the thickness of the Ge epilayer is 3 pm.

Figure lc shows a scanning electron microscopy (SEM)
image of the epilayer surface following a 3 min exposure to a
SECCO etching solution (two parts HF + 1 part H,O + 0.15
M K,Cr,0,).%® Etching in SECCO solution is commonly used
to quantify threading dislocation density (TDD) in Si, Ge, and
SiGe substrates,”” in which the density of etch pits generated
by exposure to the SECCO solution quantifies the TDD.%
From the density of etch pits, we estimate the TDD to be 8.9 X
10° cm™2, which is in agreement with previous work for TDD
in Ge/Si(001) with similar Ge thicknesses grown via CvD.>*¢!

Immediately before the nanoribbon synthesis, the substrates
are annealed at 910 °C under a flow of 200 sccm of Ar and 100
sccm of H, at ambient pressure to remove GeO, and other
volatile impurities from the surface.”” Figure 1d,e shows 10 ym
X 10 ym atomic force microscopy (AFM) scans of Ge/Si(001)
before and after annealing for 30 min, respectively. The root-
mean-square (rms) roughness of the substrates marginally
decreases from 0.8 to 0.6 nm during the annealing, ensuring
low surface roughness prior to nanoribbon growth.’' After
annealing, the (110) cross-hatch pattern on the surface
becomes more prominent, which is a signature of 60°
threading dislocations along (111) planes®” that glide at the
surface at high temperature.®”

Nanoribbon Orientation and Structure. Next, graphene
nanoribbons are evolved on the Ge/Si(001) substrates using
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CH, CVD at ambient pressure. A control Ge(001) substrate is
placed next to the Ge/Si(001) substrates for comparison. Prior
to these growths, the substrates are annealed for 30 min at 910
°C under a flow of 200 sccm of Ar and 100 sccm of H,,. Then,
2 scem of CH, is introduced (CH, mole fraction, xcy, = 6.6 X

107%) for different times (t = 2—14 h). Figure 2a—c shows
representative SEM micrographs of the resulting nanoribbons
on Ge/Si(001) after t = 3, 6, and 9 h of synthesis. The
nanoribbons nucleate randomly on the surface (nucleation
density &~ 2 ym™?), have widths that are uniform along their
lengths and aspect ratios >20, and grow progressively longer
with time. Electron backscatter diffraction (EBSD) data
(Figure S2; see the Supporting Information for details)
indicate that the nanoribbons are oriented roughly along
equivalent (110) directions with equal probability, as seen
previously on Ge(001).>

To gain further insight into the atomic structure and
orientation of the nanoribbons, ultrahigh vacuum STM is used.
Figure 2d shows a large-scale STM image of a nanoribbon
synthesized with £ = 3 h, as in Figure 2a (bias V = +2 V,
tunneling current I = 0.1 nA, T = 5SS K). The ribbon has a
width of $ nm and a length of 200 nm, yielding an aspect ratio
of 40. The edges of the nanoribbon appear faceted over the
entire length. To further investigate the edge structure of the
nanoribbons, atomically resolved STM images are acquired.
Figure 2e shows a constant-current STM image of a
representative nanoribbon on Ge/Si(001) (bias V = +0.2 V,
tunneling current I = 1 nA, T = 55 K), while Figure 2f shows a
differential current map (dI/dV at sample bias V = +0.2 V, set
point I = 1 nA) of the same nanoribbon. A fast Fourier
transform (FFT) reciprocal space pattern of the differential
current image is shown in the inset.

The STM data show that the edges of the nanoribbon are
relatively smooth; for example, over the 10 nm ribbon length
seen in Figure 2e, the width of the ribbon and edge roughness
deviate by at most la, (where a, is the lattice constant of
graphene = 2.4 A). Some of this apparent deviation can be
attributed to perturbation of the STM tip by adsorbates and
GeO, species on the bare Ge near the ribbon edges that make
it difficult to precisely image edge topography. K/K' Brillouin
zone points are visible in the FFT reciprocal space pattern and
show that the armchair crystallographic orientation of the
nanoribbons is parallel to the ribbon long axis. The orientation
of the K/K' Brillouin zone points further confirms that the
nanoribbons are roughly aligned with the (110) directions of
the Ge substrate. Under the nanoribbons, the Ge surface
adopts a (2 X 1) dimer reconstruction (Figure S3e). The
ability of the STM to resolve the Ge surface reconstruction,
through the nanoribbon, proves that the nanoribbons are
monolayered.®>%*

Electron interference effects are observed in both the
constant current and differential current images. A; intervalley
quasi-particle interference is observed at the edges of Figure 2e
with a period of ~3.7 A (4 = 3a,/2). \/3 and honeycomb
superperiodic interference patterns are also observed in Figure
2e, indicating constructive interference along C—C bonds
arising from electron back-scattering at pristine armchair
edges.”>® ™% The A interference pattern is even more
apparent in Figure 2f, which quantifies the electronic density
of states at the tunneling bias. The interference pattern extends
across the entire width of the nanoribbon as a result of its high
structural fidelity. A dI/dV versus V point spectrum of a 5.7 nm

wide nanoribbon is analyzed in Figure S4 and shows that there
is a gap in the density of states of the ribbon of 0.6 eV
comparable to quasi-particle calculations® that predict a band
gap in the range of 0.3—0.8 eV for this width (depending on
the discrete width family). Additional STM data are presented
in Figure S3.

Nanoribbon Growth Kinetics. Figure 3 characterizes the
average ensemble nanoribbon length (I) and width (w) versus
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Figure 3. Growth kinetics and evolution of graphene nanoribbons.
Plot of graphene nanoribbon (a) length and (b) width vs growth time
on Ge/Si(001) and Ge(001). A correction factor of 5.64 nm is
subtracted from each nanoribbon width because of blurring of the
SEM beam (see the Supporting Information for details).

synthesis time (t) on Ge/Si(001) and Ge(001) at Xcp, = 6.6
X107%, xy, = 0.33, and T = 910 °C. These growth parameters

were selected upon optimization to yield nanoribbons with
high aspect ratios (>30). It is known that in order to maximize
the nanoribbon anisotropy the growth must be conducted
close to the melting point of Ge and that the nanoribbon
growth rate must be low.”” Each datapoint in this figure
characterizes the dimensions of 200 nanoribbons. The
measured nanoribbon widths are subtractively corrected to
account for broadening arising from the resolution limits of the
SEM.®® The resolution correction factor is determined by
imaging a known reference sample of a single-walled carbon
nanotube with a diameter of 1.5 nm® on Ge(001) (Figure S5),
resulting in a 5.6 nm correction that is subtracted from the
measured nanoribbon widths (details in the Supporting
Information).

On both Ge/Si(001) and Ge(001), [ increases linearly with
t. The average nanoribbon growth rate in the length direction
(Ry) is given as 0.5 X (slope of the linear fit of | vs t), where the
factor of 0.5 arises because the nanoribbons grow outward
along both directions along their length. R, on Ge/Si(001) is
33 nm h™' and is indistinguishable from that on Ge(001). The
linearity of [ versus t indicates that R; remains constant with
time. In contrast, w initially increases linearly with time, but w
versus ¢t becomes superlinear for ¢ > 9 h. For example, the
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average growth rate in the width direction (R,) is initially 0.8
nm h™ for t < 9 h, but R, increases to 2.3 nm h™" for t > 14 h.
The increase in R, with time is comparable to behavior
previously observed on Ge(001);** although the reason
underpinning the superlinear behavior at longer times is not
yet clear.

A noteworthy observation from these data is the substantial
ribbon-to-ribbon variation in both the [ versus t and w versus ¢
plots at longer ¢, quantified by the error bars in Figure 3. This
variation is primarily attributed to the continuous nucleation of
nanoribbons throughout the growth duration (as opposed to
variations in R, or R,,).””** For instance, for a growth time of
12 h, some of the nanoribbons could have nucleated at t = 2, 4,
6 h, etc., thereby yielding an effectively shorter growth time for
these nanoribbons. Such polydispersity in | and w can be
greatly diminished by using graphene seeds to initiate
nanoribbon growth in a controlled fashion and by suppressing
seczzg%lary nucleation, as demonstrated recently by Way et
al.”™

Next, the effect of CH, concentration (xcy,) on R;and R, is

investigated, as shown in Figure 4. The nanoribbons for these
studies are grown at 910 °C at flow rates of Ar and H, of 200
and 100 sccm, respectively. The flow rate of CH, is varied from
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Figure 4. Effect of carbon precursor composition on nanoribbon
growth. Plot of (a) length growth rate (R)), (b) width growth rate
(R,), and (c) nanoribbon aspect ratio vs xcy, on Ge/Si(001) and
Ge(001). The insets of (a,b) show the same data plotted on the log—
log scale along with the best fit to extract empirical rate laws.

2 scem (xcp, = 6.6 X 107%) to 4.5 scem (xcy, = 1.47 X 1072).

The duration of the synthesis is varied from 0.75 to 6 h,
depending on x¢yy, so that nanoribbons of [ > 300 nm and w >

1S nm are realized in order to more easily characterize the
nanoribbon dimensions. Both R; and R,, increase superlinearly
with xcp,. To extract the rate laws, the data in Figure 4a,b are

plotted on a log—log scale (Figure 4a,b inset), and the slope of
the linear fit is computed. Over the range of xcy, measured, R,

empirically scales as xCHAZ'S and R, scales as xCH43'8. Figure 4c
shows a plot of aspect ratio (I/w) versus xcy,. As expected

from the rate laws, R,, increases at a much faster rate than R, as
Xcp, is increased, resulting in a decay of the average aspect

ratio from 29 + 11 to 12 + 3. These data underscore the
importance of xcy, in controlling the aspect ratio of graphene

nanoribbons and in conducting synthesis at low R; in order to
obtain high I/w.

Surface Roughness Due to Nanoribbon Synthesis.
Surface roughening of the Ge(001) surface during graphene
nanoribbon synthesis has been previously reported”” and can
potentially affect the carrier mobility of nanoribbons on Ge by
increasing surface scattering.”' Therefore, we next study the
impact of nanoribbon synthesis on the surface roughness of
Ge/Si(001) and Ge(001). We find that the roughness depends
on (1) the density of the nanoribbons and (2) the length of the
nanoribbons. These two variables are decoupled and separately
studied in Figure S.

Figure Sa shows a plot of post-growth rms roughness of the
surface versus the density of nanoribbons for a fixed t = 3 h and
xcy, = 6.6 X 107>, The density is tuned by varying the duration

of the pregrowth annealing time from 0 to 30 min, in which
longer annealing leads to a lower nucleation density. Note that
the duration of the annealing itself does not impact the
roughness (Figure 1d,e) but rather reduces the density of
absorbates (or potential nucleation sites) on the surface. The
rms roughness is computed over several 10 ym X 10 pm
regions of each sample. The rms roughness for both Ge/
Si(001) and Ge(001) follows indistinguishable trends and
values with increasing nanoribbon density. The dashed red and
blue lines represent rms roughness for Ge/Si(001) and
Ge(001), respectively, when no CH, is flowed for the entire
duration (t = 3 h) of the synthesis, which results in a
nucleation density of 0. If CH, is not flowed, the rms
roughness remains <1 nm. In contrast, the nucleation and
growth of nanoribbons at a density of 100 ym™> increase the
rms roughness to >S5 nm on both Ge/Si(001) and Ge(001)
substrates.

Increasing the length and width of the nanoribbons at fixed
nanoribbon density also leads to surface roughening. In Figure
Sb, the growth time, t, is varied using a constant pregrowth
annealing time of 30 min and xcy, = 6.6 X 107°. The

nucleation density at these fixed conditions varies only by a
factor of 4 (0.5—2 pum™) versus a factor of >100 when the
pregrowth annealing time is varied, as in Figure 5a. The rms
roughness of the surface increases continuously with t (or I or
w), for example, increasing from 1.6 to 8.3 nm, as the average
nanoribbon length increases from 130 to 960 nm and average
nanoribbon width increases from 10 to 45 nm in Figure Sb.
The roughening of both the Ge/Si(001) and Ge(001)
surfaces is likely driven by the tendency of Ge to locally form
nanofacets underneath the nanoribbons.”> At the same time,
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= 6.6 X 107°. Nanoribbon density is tuned by varying the pregrowth
annealing time from 0 to 30 min. Dotted lines correspond to the
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nucleated. The arrows attached to the data points at a nanoribbon
density of 100 ym™ indicate that the measured nanoribbon density is
a lower bound for the actual nanoribbon density. At high densities,
the nanoribbons sometimes merge together, complicating quantifica-
tion of the densities. (b) Plot of rms roughness vs growth time for
approximately the same nanoribbon density (0.5—2 ym™2), Xcp, = 6.6

X 107, and growth temperature = 910 °C.

the presence of the nanoribbons locally modulates the
sublimation rate of Ge. In regions of the substrate not
passivated by nanoribbons, there is continuous sublimation of
Ge, leading to valleys, whereas in regions passivated by
nanoribbons, the sublimation of Ge is suppressed, leading to
hills (Figures S6 and §7).2

Silicon Diffusion to the Surface during Nanoribbon
Growth. For graphene growth on Ge/Si(001), an important
consideration is Si diffusion from the bulk substrate into the
Ge epilayer. Diffusion of Si to the surface can lead to the
formation of SiC in the presence of CH, at temperatures >800
°C.*® This problem is more pronounced in the case of
graphene nanoribbon synthesis because higher growth temper-
atures (>860 °C) and slower growth rates (and thus longer
growth times) are required to obtain high aspect nanoribbons
with sub-10 nm widths that have a technologically relevant
band gap, thereby increasing the total thermal budget of the
processing.

To gain further insight into the diffusion of Si to the Ge
surface, XPS is used to quantify the Ge/Si composition of the
epilayer surface after various growth times, and SEM and
Raman spectroscopy are used to spatially map the surface. All
growths are conducted at 910 °C with a 30 min annealing time
and xcy, = 6.6 X 107%. XPS spectra are collected and averaged

from five random locations on the substrate, each with a spot
size of 400 ym.

Figure 6a shows the surface atomic fraction ratio of Ge/Si
versus growth time (). Prior to annealing and nanoribbon
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Figure 6. Silicon diffusion to the surface of Ge/Si(001). (a) Plot of
Ge/Si ratio at the surface vs growth time. (b) SEM micrograph of the
Ge/Si(001) surface after £ = 12 h. (c) Raman spectra at spots A and
B, as highlighted in (b). All growths are conducted at 910 °C with
¥cp, = 6.6 X 1073, (d) Plot of Si accumulated at the surface vs time—
assuming the worst case in which all Si atoms that diffuse to the
surface are sinked there—simulated using Ge—Si interdiffusion
coefficients. Scale bar in (b) is 10 um.

synthesis, there is no detectable Si on the surface (i.e., Ge/Si is
). Ge/Si immediately reduces to 12 upon initiating
nanoribbon synthesis but remains relatively constant for ¢ <
9 h. This initial temporal invariance indicates that the pathway
for Si diffusion to the surface at short ¢ < 9 h is mediated by
local defects or flaws in the Ge epilayer (e.g, threading
dislocations’” or stacking faults”*) because the relatively slower
Si diffusion from bulk to the surface would lead to a monotonic
decrease in Ge/Si with time. It is not yet clear if these defects
or flaws originate from the Ge epitaxial growth process or if
they form when the substrate temperature is elevated to 910
°C for the pregrowth annealing and nanoribbon synthesis.”*
Examples of features on the surface that may indicate local Si
accumulation are shown in Figure S8. These features appear
bright in the SEM and can range from 50 nm to 20 ym in
lateral size and have been observed previously.”® Away from
these features, the nanoribbon synthesis is not perturbed
(Figures 2, 3, and S8b).

For t > 9 h, the surface Ge/Si ratio begins to monotonically
decrease, falling <5 for t > 12 h, concurrent with appearance of
hillocks that appear bright, as shown in Figure 6b. Such
hillocks have been observed in previous studies of annealed
SiGe/Si(001) substrates and are attributed to intermixing of Si
and Ge.” To confirm that these hillocks are related to Si
diffusion to the surface, Raman spectra are obtained (Figure
6¢) over regions with and without hillocks (spot A and spot B
in Figure 6b, respectively). Regions with hillocks display a peak
at 380 cm™!, characteristic of SiGe,’® whereas this peak is
absent in the regions without hillocks. The size and density of
the hillocks also increase with time for t > 12 h, as shown in
Figure S9, indicating increased diffusion of Si to the surface. At
t = 18 h, the surface is fully covered by hillocks, but
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nanoribbons can be clearly seen atop these hillocks (Figure
S8¢).

A diffusion model is used to analyze the flux of Si reaching
the Ge surface using previously measured composition and
temperature-dependent diffusion coefficients’” and assuming
an extreme scenario that all Si reaching the surface is sinked as
SiC, SiO,C,, and SiO, and therefore accumulates on the
surface (see Figure S10). The calculated total Si accumulating
at the surface versus time in this extreme scenario is shown in
Figure 6d and is 1.5, 18.5, 335, and 546 atoms nm™? for t = 4,
6, 12, and 14 h, respectively. Thus, the decrease in the surface
Ge/Si ratio for t > 9 h can be attributed to the enhanced
diffusive flux of Si to the surface that occurs for later times.

These experimental data indicate that in order to synthesize
graphene nanoribbons on a 3 ym Ge epilayer on Si(001) at
910 °C and prevent bulk Si diffusion to the surface, growth
times must be limited to less than 9 h. Furthermore, improving
the quality of the Ge epilayer to minimize defects and flaws will
be important to eliminate Si surface features at shorter growth
times.

To reinforce that the starting surface must be relatively Si-
free in order to maintain low surface roughness, prevent SiC
formation, and achieve pristine graphene growth, we attempt
to synthesize graphene on Siy;sGeggs(111) sputtered on c-
sapphire using a published procedure.”® Figure Sla shows a
SEM micrograph of the surface after CVD at 960 °C. The
surface appears rough and is interspersed with white particles,
which presumably are SiC.”” XPS confirms a significant
presence of SiC (Figure S1b), and although Raman spectra
at the surface indicate that graphene is synthesized (Figure
S1d), it is highly defective, as revealed by a large D-band
Raman mode that is stronger than the G-band Raman mode of
graphene.*

Role of Threading Dislocations on Nanoribbon
Growth. Because threading dislocations are inevitably present
in Ge/Si(001) due to the 4.2% lattice mismatch between Ge
and Si,*' an important question to ask is does their presence or
location influence the nucleation or growth of nanoribbons?
To answer this question, graphene nanoribbons on Ge/
Si(001) at 910 °C are synthesized with xcy, = 8.3 X 1073 for t

= 2.4 h and imaged via SEM (Figure S11a). The substrate is
then etched in SECCO solution for 1 min, producing etch pits
that reveal the location of the threading dislocations, and is
imaged again via SEM. The same region of the sample, before
and after the SECCO etch, is identified with the aid of Au
markers on the sample (Figure S11b). The pre- and post-
SECCO etch images are next false-colored and superimposed
to generate a composite image (Figure 7). More composite
images can be found in Figure S12. The graphene nanoribbons
are shown in red, whereas the etch pits that reveal the location
of the dislocations are shown in blue. It is evident that
nanoribbons nucleate and grow both on regions with and
without threading dislocations, without a change in aspect ratio
or growth rate. This insensitivity to threading dislocations is
conceivable because graphene nanoribbons readily grow over
steps and terraces on Ge(001)** and threading dislocations
terminate as bilayer steps on the Ge/Si(001) surface.*™

B CONCLUSIONS

In this study, we demonstrate graphene nanoribbon synthesis
on low TDD, CMOS-compatible Ge/Si(001), using CVD.
These nanoribbons, similar to ones on Ge(001), are self-
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Figure 7. Superimposed image of graphene nanoribbons (red) and
etch pits (blue) located at threading dislocations formed after SECCO
etch. Scale bar is 1 ym.

defining and oriented toward Ge(110) directions. By tuning
the partial pressure of CH,, highly anisotropic nanoribbons
with aspect ratio as high as 50 are obtained. Using STM, we
reveal that these nanoribbons can have sub-10 nm widths and
smooth armchair edges with an edge roughness of 1a, or less
over a length of 10 nm, both of which are essential for future
technology. Moreover, graphene nanoribbons on Ge/Si(001)
follow identical growth evolution and kinetics as on Ge(001).
We show that surface roughness follows indistinguishable
trends on both substrates, suggesting that surface topology is
affected only by nanoribbon growth and is insensitive to the
bulk constituents of the substrates. For t < 9 h, surface Si is
invariably constant and likely originates via imperfections
formed during epitaxial Ge growth on Si. On the contrary, for ¢
> 9 h, surface Si increases monotonically, resulting in the
appearance of SiGe hillocks. We also show that the starting
surface must be relatively Si-free to prevent SiC formation.
Finally, we conclude that neither nanoribbon nucleation nor
growth is influenced by the presence of threading dislocations.

These data are important because they show that Ge
epilayers afford the synthesis of graphene nanoribbons on Si
wafer platforms. A 3 um epilayer sufficiently suppresses Si
diffusion to the Ge surface for an extended enough duration to
afford 9 h of synthesis, which is more than enough time to
grow high-quality nanoribbons. For example, 3 h of synthesis
at xcy, = 6.6 X 107? is sufficient to yield nanoribbons that are S

nm wide and 200 nm long (Figure 2d). Moreover, the data
show that all previous work on the nanoribbon synthesis on
Ge(001) can be replicated on Ge/Si(001) and that threading
dislocations (which will be prevalent in all Ge epilayers) are
not problematic for nanoribbon synthesis. Subsequently, the
selective etching of Ge over Si could provide a route for
integrating spatially patterned islands of semiconducting
graphene on Ge or for relaxing nanoribbons directly onto Si
or SiO, surfaces, enabling hybrid C/Ge/Si or C/Si electronics.
Overall, these data provide strong motivation for further
research into the potential of Ge/Si(001) as a platform for the
wafer-scale synthesis of semiconducting graphene.

B METHODS

Nanoribbon Synthesis. Ge/Si(001) (3 um) and
SigsGeggs (111) (fabricated using published procedures®”®)
and undoped Ge(001) (purchased from Wafer World, part
#1459) substrates were loaded into a horizontal quartz tube
furnace in which the furnace can slide over the length of the
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tube. Prior to nanoribbon synthesis, the CVD chamber was
evacuated to <107* Torr using a scroll pump. The system was
then back-filled with Ar and H,, and a steady flow (200 sccm
Ar, 100 sccm H,) monitored by mass flow controllers was
maintained at ambient pressure. The furnace was then slid to
surround the samples, and annealing was performed for the
requisite duration. To initiate the nanoribbon growth, CH, was
introduced for the required duration. To terminate the growth,
the furnace was slid away from the samples, and the portion of
the quartz tube containing the samples was cooled to room
temperature.

Characterization. After the nanoribbon synthesis, samples
were characterized using SEM (LEO-1530) at S kV and AFM
(Veeco MultiMode SPM) in tapping mode. For XRD
(PANalytical Empyrean), high-resolution ®—26 scans around
the (004) reflection were obtained using monochromatic Cu
Ka (4 = 1.5406 A; 40 kV; 40 mA). Surface XPS spectra were
acquired using a Thermo K-Alpha XPS with a spot size of 400
um and monochromatic Al Ka radiation (1486.7 eV). Survey
and individual spectra were acquired using analyzer pass
energies of 188 and 50 eV, respectively, with a resolution of 0.1
eV and a collection time of 50 ms. Depth profile etches were
performed using an in situ Ar* ion gun (3000 eV, 3.25 A). The
etch rate of the ion gun for Ge was calibrated to be 0.1 nm s™".
STM and STS (Omicron VT, base pressure of S X 10™"! mbar)
were simultaneously performed at either 300 or 55 K using
electrochemically etched W tips. STS data were generated by
superimposing a 30 mV modulation at 10 kHz on top of the
bias voltage and analyzing the tunneling current with a SR830
lock-in amplifier.
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