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Abstract

Recent work has shown that graphene, a 2D electronic material amenable to the planar
semiconductor fabrication processing, possesses tunable electronic material properties
potentially far superior to metals and other standard semiconductors. Despite its phenomenal
electronic properties, focused research is still required to develop techniques for depositing and
synthesizing graphene over large areas, thereby enabling the reproducible mass-fabrication of
graphene-based devices. To address these issues, we combined an array of growth approaches
and characterization resources to investigate several innovative and synergistic approaches for
the synthesis of high quality graphene films on technologically relevant substrate (SiC and
metals). Our work focused on developing the fundamental scientific understanding necessary to
generate large-area graphene films that exhibit highly uniform electronic properties and record
carrier mobility, as well as developing techniques to transfer graphene onto other substrates.
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FIGURES

Figure 1. A comparison of the morphology of graphene films on Si-terminated SiC(0001)

processed under ultrahigh vacuum and argon atmosphere conditions: (a) AFM and LEEM image
of graphene on 6H-SiC(0001) with a nominal thickness of 1 ML formed by annealing in UHV at
a temperature of about 1280°C; (b) AFM and LEEM image of graphene on 6H-SiC(0001) with a

nominal thickness of 1.2 ML formed by annealing in Ar (p=900 mbar, T= 1650°C).................. 14
Figure 2. Snapshot AFM and LEEM images of graphene growth on Si-terminated SiC at various
ANNEAIING TEMPETATUIES. ...eeeieieeeeie ettt bbbttt e bbb b eneeneas 14

Figure 3. The three major growth mechanisms of graphene on Si-terminated SiC growth. For
high quality electronic grade large area graphene growth, it is vital to control the appearance of
the step-flow growth process and suppress the finger-shaped and arrow-shape growth processes.
....................................................................................................................................................... 15
Figure 4. Strain and carrier concentration mapping (color online). (a) Mechanical strain-field
map, (b) histogram of strain values for (a) categorized by the clusters in Fig. 1(c), (c) electron
concentration map, (d) histogram of electron concentrations for (c) categorized by the clusters in
Fig. 1(c). Regions of more than 1ML graphene are not shown (blackened out in (a) and (c)).
Scan size is 30 x 30 pm?. Right bottom: legend for the histogram plots and color-bar scales for
strain and carrier concentration. The graphene regions referred to in the histogram legend are
strained ML (SML), partially strained ML (PSML), and partially relaxed ML (PRML) ............ 16
Figure 5. Raman image (left) acquired via analysis of the 2D mode’s peak position that allows
for identification of regions of C12 (red) and C13 (blue) along with average Raman spectra of
thESE FEGIONS (FIGNT). ..ot bbbttt b e bbb 17
Figure 6. TOP: The semi-metal (zero bandgap) bandstructure of monolayer graphene;
MIDDLE: The zero band gap electronic structure of bilayer graphene in the absence of an
applied electric field; BOTTOM: The appearance of a band gap in bilayer graphene as a result of
the application of an electric fIeld. ... 18
Figure 7. Raman, LEED, and AFM characterization of the graphene bilayer sample. (a)
Representative spectrum of the bilayer region, with the SiC response removed. The inset shows a
2D band fitted well using four Lorentzian functions, an indication of the graphene bilayer
presence. (b) Histogram of the I(D)/I(G) ratio acquired from Raman mapping (25 x 25 pm?, 75 x
75 data points). The inset shows the spatial distribution of the total 2D peak width indicating that
the bilayer is present on the terraces (dark regions within inset, total width =50 cm™, whereas
thicker graphene layers (bright regions of inset, total width =70 cm™) are located at atomic steps
originating from the SiC. (c) LEED pattern of a bilayer graphene obtained at the illuminating
electron energy of 48 eV. (d) AFM topography of the graphene sample. The dashed contour on
the plateau indicates the region used for device fabrication. ..........ccccceeevievenienicne s 19
Figure 8. Underlayer growth mechanism during C deposition. (a,b) Upper panels are LEEM
images before and after depositing elemental C at 790 °C. Red dotted line is the boundary
between R26 and RO domains of first-layer graphene. Bright areas are bilayer islands. Lower
panels show the cross sections along the black dashed lines before and after growth. (c) Same
area at room temperature after growth. The bilayer region inside the orange line was created by a
second layer growing from the R26 region across the rotational boundary and into the RO region.
The area inside the green line is a bilayer domain that slowly expanded from a bilayer island
present in the R26 domain before C deposition. (d) LEED pattern from the orange area showing



that its topmost layer is RO graphene. (e) LEED pattern from the green area showing that its
topmost layer iS R26 graphene..........coviieiioiice et 21
Figure 9. (a) Alignment of graphene on Cu(100). Graphene grows with a wide spread of in-
plane orientations centered around two symmetry-equivalent Cu(100) directions. (b) Alignment
of graphene on Cu(111). Under optimized conditions, graphene grows closely aligned to a single
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Figure 10. A graphene lobe (a) on a Cu (001) grain at 790 °C, and the same lobe 820 s later (b).
These lobes are outlined in (c) in purple and dark green, respectively. A growth rate that is solely
a function of orientation will result in a linear growth trajectory for a point on the crystal edge
with a given normal, as shown in (c) for five points defined by normals of 25° (gray), 50° (blue),
115° (green), 140° (red), and 155° (yellow) relative to the slow-growth direction. As the
graphene lobe grew, the location of the points on its edge with these normals was tracked in
discrete increments (colored dots, solid lines are linear best-fits). The excellent agreement
between the data and fits demonstrates the linearity of the growth trajectories for given graphene
BUGE OFTENTALIONS. ...ttt b bbbt b bt et e e et st nbe st nneere s 23
Figure 11. Dark-field analysis of graphene grown on Cu(111) at 900 °C. The image is a
composite of five dark-field micrographs obtained in 1.5° rotational increments from the
Cu[112bar] direction at 0°. The saturation of each color reflects the degree graphene is aligned to
each angle. Field of VIEW 1S 20 LML ..o 24
Figure 12. (a) LEEM image of graphene islands, which are bright in the micrograph, on
Au(111). Islands nucleate both on terraces and step edges and form a dendritic shape during
growth prior to their incorporation into a complete film. (b) Micrograph of the full film. The
observed lines are likely wrinkles caused by the difference in thermal expansion between the
graphene and Au. (c) Selected area LEED reveals that the graphene orients preferentially in an
RO alignment (shown schematically in (g)), with a small minority of domains rotated by 30
degrees (h). Diffraction from the Au(111) herringbone surface reconstruction is also evident. (d,
e, f) A LEEM micrograph sequence of bright-field (d), dark-field of the Au substrate ((e), orange
circle in (b)), and dark-field of the RO orientation ((f), blue circle in (b)) of the same region
dramatically demonstrates the dominance of the RO orientation. Indeed, over 90% of the islands
in this region are RO. The field of view for all LEEM micrographs is 9 pum..........cccceceivivnnnnnne 25
Figure 13. A diagram of the electrostatic transfer method shows the patterned MLG pressed
against the heated acceptor glass substrate. A flat tungsten carbide plate is used as an anode to
ensure uniform voltage and pressure. The glass rests on a grounded heated plate (not shown). 28
Figure 14. AFM and optical images of MLG transferred to Pyrex. In (a), an AFM scan shows
the epitaxial graphene prior to lithography and transfer. In (b), an optical micrograph shows
hundreds of 20 x 20 um? squares of transferred graphene on a Pyrex coverslip. (c) An AFM scan
of a transferred graphene square on Pyrex. Arrows point to ridges in the transferred graphene. (d)
An AFM scan of a strip of transferred graphene surrounded by embossed Pyrex. The arrow
points to the tip of the transferred graphene strip. (e, f) Phase (e) and topography (f) AFM scans
of a strip of graphene from which the thickness of the transferred graphene was measured, as
shown by the profile in (g). Images (a, d—g) are of sample C; images (b) and (c) are of sample A.
....................................................................................................................................................... 29
Figure 15. Reflection optical micrograph (a), Raman maps (b, ¢) and average spectra (d) of two
squares of multilayer graphene transferred to Pyrex. The correlation with the optical image and
the intensity of the 2D mode (b) indicate the consistency of the transfer. The transfer process
does not significantly damage the graphene as less than 5% of the graphene, predominately near



the perimeter, displays the disorder-induced D-peak (c, d). Note that all spectra are normalized to
the G-peak intensity. In the Raman maps (b) and (c), yellow corresponds to the highest intensity
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Figure 16. Measured R; for several squares of transferred graphene. Insert: optical image of a
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Figure 18. Various aspects of graphene transfer are outlined via optical microscopy; A) and B)
are thin and bulk exfoliated graphite from HOPG bulk transferred to Si3N4, C) shows 10um
HOPG pillars, and D), E), F) are patterned HOPG pillars transferred to Si3N4 substrate........... 33
Figure 19. Reliability of 200 nm Si3Ny4 as an electrostatic target substrate was carried out in A)
where little carrier emission is seen up to 80 V and in B) 22 V was calculated to be the minimum
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1. INTRODUCTION

The isolation of graphene monolayers in 2004 has spurred an explosion of international graphene
research interest due to its exotic electronic properties. Although intrinsically a high mobility
semi-metal (~200,000 cm?/V's when defect-free, versus ~1500 for Si and ~8500 for GaAs) ,
graphene’s physical strength, adaptability to planar processing, micron-scale room temperature
ballistic electronic transport behavior, and potential for band gap engineering make it a
promising candidate for advancing and possibly replacing silicon technology. All told, graphene
offers a rife of possibility for the creation of disruptive high-speed carbon electronic
architectures. The promise of graphene has, therefore, attracted considerable interest across the
international research community with multiple countries investing 100s of millions to billions of
dollars in the development of this material.

Currently, a large amount of research has concentrated on single devices made from randomly
placed small graphene domains (often from manually exfoliated highly-oriented pyrolytic
graphite — HOPG). To realize graphene’s electronic device potential, however, techniques must
be developed to reproducibly deposit/synthesize high quality graphene onto technologically-
relevant surfaces over large areas. This task, while strategically straightforward, is presently
tactically intractable due to a lack of fundamental understanding concerning graphene’s
formation.

To address this major scientific and technological bottleneck, Sandia National Laboratories
(SNL) has funded a three year study to develop differentiating and synergistic approaches that
include: (1) developing routes for graphene synthesis on SiC and metal (such as copper)
substrates, including necessary understanding of nucleation/growth to achieve large area (100
um?) domains, (2) developing methods for graphene transfer on relevant surfaces, (3) improving
the understanding of intrinsic graphene and relevant defects for nanoelectronics (including the
observation of mobilities beyond the presently observed defect-limited ~10,000 cm?/Vs towards
the suggested ~200,000 cm?/Vs limit from exfoliated samples).

The following sections will discuss the various accomplishments that were achieved during this
three-year project: (1) development of a scalable synthesis route for mono/bilayer graphene on
SiC using atmospheric Ar, (2) development of a fundamental scientific understanding of growth
mechanisms for graphene on SiC and metal substrates, (3) the development of a scalable
electrostatic graphene transfer process, (4) demonstration of graphene-base field effect
transistors, and (5) observation of the Integer Quantum Hall Effect (IQHE) and a record carrier
mobility of 14,000 cm?/V/s for arrays of devices.
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2. GRAPHENE SYNTHESIS ON SIC

2.1 Graphene growth on silicon carbide via thermal decomposition

To realize graphene-based electronics adaptable to standard semiconductor processing
capabilities, the development of a wafer-scale production of electronic-grade single crystal
graphene films is essential. Since a reliable wafer scale graphene synthesis capability depends
on an adequate scientific understanding of graphene nucleation and growth, this project had a
major focus towards the basic science understanding of large scale graphene synthesis on silicon-
carbide substrates (SiC). The understanding of the growth of epitaxial graphene on SiC was seen
as an excellent test system yielding key scientific understanding that would be translatable to
other systems (i.e., graphene on copper). Upon the project’s initiation, it was known that a few-
layer thick epitaxial graphene films could be readily grown on SiC(0001) substrate (Si-
termination) by high temperature decomposition of SiC in a synthesis approach generally termed
as graphitization [1]. At elevated temperature, Si atoms preferentially sublime from a SiC
substrate, leaving behind carbon atoms at the surface that crystallize into graphene films.
However, critical scientific understanding was lacking for this process. For instance, the detailed
atomistic processes of this graphitization synthesis approach, in particular the diffusion of
surface carbon atoms, were not understood. Nonetheless, there was significant interest in
graphene-based nanoelectronics fabricated on silicon carbide [2].

To this end, our research effort first focused on developing a differentiating capability at Sandia
for growing large-area epitaxial graphene films on SiC using an atmospheric-pressure high-
temperature furnace, a newly reported synthesis approach [3]. It was hypothesized that the argon
(Ar) atmosphere used in the process slows down the sublimation of Si at elevated temperatures,
thus enabling improved control of Si sublimation and carbon diffusion at higher processing
temperatures, and consequently promoting the higher quality graphene growth (see Figure 1).
This effort was initially conducted in collaboration between Ronald Loehman and the Advanced
Materials Laboratory (AML), and later transferred to the Integrated Materials Research
Laboratory (IMRL). The characterization of the graphene films were carried out using low
energy electron microscopy (LEEM), atomic force microscopy (AFM), and Raman
spectroscopy. Raman spectroscopy measurements took place using a WITec Raman imaging
system with 532 nm incident laser light. We have shown the successful synthesis capability of
large-area graphene monolayer films, which were then used in various activities in this program
described in the other sections of this SAND report.

Our work investigated the relationship between annealing and hydrogen pre-annealing
processing temperatures, as well as annealing ramp rate on graphene morphology (Figure 2). To
gain further fundamental understanding of the Ar-atmosphere graphene growth and to further
improve the quality of the films, we investigated the atomic structure, morphology, and the
growth process of partially graphene grown films in collaboration with Norman Bartelt, Shu Nie,
Konrad Thiurmer from Materials Physics Department, and Gary Kellogg from Surface and
Interface Sciences Department at Sandia National Laboratories. We found that the first layer of
graphene growth involves three different growth mechanisms, and that the diffusion of carbon
atoms and the atomic step structures of a starting SiC morphology dictate which mechanism
governs the growth in microscopic scale. The result was published in reference [4]. Based on
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this new scientific understanding, we further improved the reproducibility of the graphene films
quality by tailoring the step structure of SiC substrate. Figure 3 shows the desired step-flow
growth, as well as arrow-growth and finger-growth.

The three different growth mechanisms prompted us to study a mechanical property of
monolayer epitaxial graphene using Raman spectroscopy and microscopy. Raman spectroscopy
is a direct probe of the phonon frequency in materials that is sensitive to their strain and
electronic dispersion. Using this method, we found a significant lateral strain variation within
the monolithic graphene monolayer and the coupling between the exerted strain and the
concentration of charge carriers, which is one of the fundamental relationships in material
physics. This work is carried out in collaboration with Diedrich Schmidt at Ruhr-University
Bochum. The publication generated from this work in currently under review [5] (See Figure 4).

Ultrahigh vacuum mid Atmospheric pressure Ar
temp. processing

high temp. processing

(b)

Figure 1. A comparison of the morphology of graphene films on Si-terminated SiC(0001) processed
under ultrahigh vacuum and argon atmosphere conditions: (a) AFM and LEEM image of graphene on 6H-
SiC(0001) with a nominal thickness of 1 ML formed by annealing in UHV at a temperature of about
1280°C; (b) AFM and LEEM image of graphene on 6H-SiC(0001) with a nominal thickness of 1.2 ML
formed by annealing in Ar (p=900 mbar, T= 1650°C).

Process 1 (1350C max) 2 (1450C max) 3 (1550C max) 4 (1650C max +10min dwell)

W DR

T | l* i

| }
!5."

Figure 2. Snapshot AFM and LEEM images of graphene growth on Si-terminated SiC at various
annealing temperatures.
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Figure 3. The three major growth mechanisms of graphene on Si-terminated SiC growth. For high
quality electronic grade large area graphene growth, it is vital to control the appearance of the step-flow
growth process and suppress the finger-shaped and arrow-shape growth processes.
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Figure 4. Strain and carrier concentration mapping (color online). (a) Mechanical strain-field map, (b)
histogram of strain values for (a) categorized by the clusters in Fig. 1(c), (c) electron concentration map,
(d) histogram of electron concentrations for (c) categorized by the clusters in Fig. 1(c). Regions of more
than 1ML graphene are not shown (blackened out in (a) and (c)). Scan size is 30 x 30 pm?. Right bottom:
legend for the histogram plots and color-bar scales for strain and carrier concentration. The graphene
regions referred to in the histogram legend are strained ML (SML), partially strained ML (PSML), and
partially relaxed ML (PRML)

2.2 Carbon deposition for growing graphene on silicon carbide

A rational extension of the graphene growth on SiC is the use of a carbon source to promote thin
film deposition process for a more predictable graphene synthesis. Toward this goal, we have
carried out in-situ observations of graphene growth by carbon deposition in LEEM using a solid
graphite and an isotopically enriched **C graphite sources. The isotope labeling also provides us
a fundamental understanding of the graphene-substrate interface structure using Raman
spectroscopy (Figure 5). We have completed the experiments, and are currently analyzing the
result. Our preliminary analysis alludes to the mixing of deposited carbon atoms with the
substrate carbons, suggesting the crucial role of the interface structure. We anticipate this result
be published in the near future.
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Figure 5. Raman image (left) acquired via analysis of the 2D mode’s peak position that allows for
identification of regions of C12 (red) and C13 (blue) along with average Raman spectra of these regions

(right).
2.3 Synthesis of bilayer graphene on silicon carbide

One of the most pressing issues in the current graphene research is the creation and the control of
the electronic band gap to exploit this material in digital electronics. Graphene nanoribbons
(GNR) have been viewed as one possible approach for inducing a band gap in graphene, but at
present the processing challenges for reliably producing GNRs for devices is a serious obstacle.
Bilayer graphene with Bernal stacking structure avoids many of the processing challenges
presented by GNRs, and is regarded as one of the more viable approaches towards inducing and
tuning a band gap in graphene by the application of a transverse electric field perpendicular to
the two stacked graphene monolayers (Figure 6). However, the growth of large-area bilayer
graphene films, in particular the control of their stacking, turned out to be a challenging issue,
only reported on SiC substrate and verified from its electronic dispersion. Its full verification in
terms of the electronic transport properties has not been reported.

We have taken on this challenge via synthesizing quasi-free standing bilayer graphene on SiC. It
was recently reported that hydrogen can be inserted between epitaxial graphene and SiC
substrate, practically decoupling graphene layers from the substrate [6]. In collaboration with
Emanuel Tutuc at University of Texas at Austin, we have shown that quasi-free standing bilayer
graphene on SiC indeed exhibits the signature of Bernal stacking from its quantum Hall states
(Figure 7). This is the first demonstration that bilayer graphene grown on SiC is a viable
material for realizing graphene-based digital electronics. The result was published in Ref. [7].
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Figure 6. TOP: The semi-metal (zero bandgap) bandstructure of monolayer graphene; MIDDLE: The
zero band gap electronic structure of bilayer graphene in the absence of an applied electric field;
BOTTOM: The appearance of a band gap in bilayer graphene as a result of the application of an electric

field.
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Figure 7. Raman, LEED, and AFM characterization of the graphene bilayer sample. (a) Representative
spectrum of the bilayer region, with the SiC response removed. The inset shows a 2D band fitted well
using four Lorentzian functions, an indication of the graphene bilayer presence. (b) Histogram of the
I(D)/1(G) ratio acquired from Raman mapping (25 x 25 um?, 75 x 75 data points). The inset shows the
spatial distribution of the total 2D peak width indicating that the bilayer is present on the terraces (dark
regions within inset, total width =50 cm™, whereas thicker graphene layers (bright regions of inset, total
width =70 cm™) are located at atomic steps originating from the SiC. (c) LEED pattern of a bilayer
graphene obtained at the illuminating electron energy of 48 eV. (d) AFM topography of the graphene
sample. The dashed contour on the plateau indicates the region used for device fabrication.
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3. GRAPHENE GROWTH ON METALS

Growth on transition-metal substrates has emerged as a leading approach to synthesize graphene
films of high quality and large area. For application, the films are typically transferred to another
substrate, such as silicon, usually by first dissolving the metal. In this LDRD, we used low-energy
electron microscopy (LEEM) to observe graphene growing on four different metals: Ir, Pd, Cu and
Au. We determined the relationships between the growth mechanism and the film properties. This
information provides direct insight into how to improve the film quality by manipulating the growth
methods.

3.1 Underlayer growth mechanism

Growth on metals with low C solubility like Cu self-limit to one graphene layer in CVD processes.
This is an advantage for applications requiring monolayer films but a disadvantage for producing
bilayers. So the question is how do bilayers form on metals? The consensus in the literature has been
that the second and subsequent layers grow as in conventional crystal growth, that is, on top of prior
layers. But our results show that this is not the case — we have established conclusively that the
second layer grows between the first layer and the substrate no matter what the source of C. That is
both C segregating from the substrate and C deposited on top of the first layer lead to “interlayer”
growth. We established the growth mechanism studying growth on Ir(111) where the occurrence of
domains with different in-plane orientations allows determining where the second layer grows [8,9].
In the method, the in-plane orientation of the first graphene layer in a region is mapped. This same
region was characterized after the second layer was grown. Low-energy electron diffraction (LEED)
established that the second layer grew next to the substrate, not on top of the first layer, even when
the C was deposited from above (Figure 8).

RO/R26/Ir R26/R0/ Ir

45 eV 45 eV
Figure 8. Underlayer growth mechanism during C deposition. (a,b) Upper panels are LEEM images

before and after depositing elemental C at 790 °C. Red dotted line is the boundary between R26 and RO
domains of first-layer graphene. Bright areas are bilayer islands. Lower panels show the cross sections
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along the black dashed lines before and after growth. (c) Same area at room temperature after growth. The
bilayer region inside the orange line was created by a second layer growing from the R26 region across
the rotational boundary and into the RO region. The area inside the green line is a bilayer domain that
slowly expanded from a bilayer island present in the R26 domain before C deposition. (d) LEED pattern
from the orange area showing that its topmost layer is RO graphene. (e) LEED pattern from the green area
showing that its topmost layer is R26 graphene.

The “underlayer” mechanism has important implications for multilayer growth on metals. Namely
metals that weakly bind to the graphene are unstable towards making multilayer mounds rather then
uniformly thick layers. In fact, we observe mound formation on Ir [8] and Pd(111) [10]. In contrast,
uniform films can be grown on substrates that strongly bind to graphene. Consistently, we observe
uniform film formation on Ru(0001).

3.2 Symmetry mismatch leads to mosaic films on Cu foils

A breakthrough in large-area graphene synthesis occurred by using low-cost Cu foils. Our work
gave new insight into the growth mechanism and limitations of the foil approach. We first
determined that the commercial Cu foils had pronounced (100) crystallographic texture, a result
of cold rolling followed by recrystallization at growth temperatures. Then we discovered that
graphene on Cu(001) has large rotational disorder. One source of the disorder is the inherent
result of symmetry — the 6-fold graphene forms around two crystallographically equivalent
orientations on the 4-fold substrate [11]. Even worse, substantial disorder occurs around these
two in-plane orientations, with the graphene being rotationally smeared over £7° (Figure 9). The
in-situ observations also revealed that graphene grows as loped islands on Cu(001) (Figure 10), a
consequence of attachment-limited growth kinetics.
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Figure 9. (a) Alignment of graphene on Cu(100). Graphene grows with a wide spread of in-plane
orientations centered around two symmetry-equivalent Cu(100) directions. (b) Alignment of graphene on
Cu(111). Under optimized conditions, graphene grows closely aligned to a single in-plane orientation.

~~
O
N

Cufl10]

Cul[112]
e

22



2um

Figure 10. A graphene lobe (a) on a Cu (001) grain at 790 °C, and the same lobe 820 s later (b). These
lobes are outlined in (c) in purple and dark green, respectively. A growth rate that is solely a function of
orientation will result in a linear growth trajectory for a point on the crystal edge with a given normal, as
shown in (c) for five points defined by normals of 25° (gray), 50° (blue), 115° (green), 140° (red), and
155° (yellow) relative to the slow-growth direction. As the graphene lobe grew, the location of the points
on its edge with these normals was tracked in discrete increments (colored dots, solid lines are linear best-
fits). The excellent agreement between the data and fits demonstrates the linearity of the growth
trajectories for given graphene edge orientations.

3.3 Cu(111) can be a superior substrate

The (001) texture of the commonly used Cu foils result from their production method (rolling).
But foils or large-area films of (111) textured Cu are easily achieved because the (111) surface
has lower surface energy than (001). We found that Cu(111) had distinct advantages as a
substrate. We determined that graphene quality on Cu(111) was a strong function of the substrate
morphology — bunches of substrate steps lead to rotational disorder. In fact, we directly observed
that step bunches can cause a graphene sheet to change orientation as the bunches are overgrown.
However, using clean and smooth Cu(111) we were able to produce graphene islands well
aligned to a single in-plane direction ( Figure 11). This result shows that Cu(111) offers an
approach to synthesize graphene films with only small angle boundaries between the separately
nucleated domains [12]. Finally, we found that growth on Cu(111) was a diffusion-limited
process, in marked contrast to Cu(001), Ir(111) and Ru(0001).

23



Figure 11. Dark-field analysis of graphene grown on Cu(111) at 900 °C. The image is a composite of
five dark-field micrographs obtained in 1.5° rotational increments from the Cu[112bar] direction at 0°.
The saturation of each color reflects the degree graphene is aligned to each angle. Field of view is 20 um.

3.4 Au is an excellent substrate

Au is almost unexplored as a substrate for graphene growth even though proven methods exist to
make large-area Au films and foils, electrochemically dissolve Au and recycle the material back
into substrate form. The principle reason for the lack of attention is that Au’s low catalytic
activity precludes simple CVD processing. We overcame this challenge by growing graphene on
Au(111) by depositing evaporated C, which is a manufacturable process. We found that we could
synthesize graphene in which about 95% of the domains were closely aligned to a single in-plane
orientation (Figure 12) [13]. Complete films were achieved through the C deposition approach.
Angle-resolved photoemission performed in collaboration with Lawrence Berkeley National
Laboratory (LBNL) revealed that the films on the Au had the almost the same perfect linear
electronic dispersion found in free-standing graphene. So Au is a viable substrate for graphene
growth.
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Figure 12. (a) LEEM image of graphene islands, which are bright in the micrograph, on Au(111). Islands
nucleate both on terraces and step edges and form a dendritic shape during growth prior to their
incorporation into a complete film. (b) Micrograph of the full film. The observed lines are likely wrinkles
caused by the difference in thermal expansion between the graphene and Au. (c) Selected area LEED
reveals that the graphene orients preferentially in an RO alignment (shown schematically in (g)), with a
small minority of domains rotated by 30 degrees (h). Diffraction from the Au(111) herringbone surface
reconstruction is also evident. (d, e, f) A LEEM micrograph sequence of bright-field (d), dark-field of the
Au substrate ((e), orange circle in (b)), and dark-field of the RO orientation ((f), blue circle in (b)) of the
same region dramatically demonstrates the dominance of the RO orientation. Indeed, over 90% of the

| islands in this region are RO. The field of view for all LEEM micrographs is 9 um.
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4. ELECTROSTATIC TRANSFER OF GRAPHENE

4.1 Transfer of epitaxial graphene using an anodic-bonding derived
technique

Graphene due to its phenomenal electrical, thermal, and mechanical properties, is an eminently
suitable material for diverse applications such as frequency multipliers, high-speed transistors,
gas sensors, and transparent conductive electrodes [14,15]. As these applications require
graphene on a variety of substrates, readily transferrable graphene grown via chemical vapor
deposition (CVD) on Ni [16] or Cu [11] is frequently used. CVVD-graphene from Cu or Ni is not
ideal as it has lower mobilities, smaller domain sizes than epitaxial graphene [11], and may be
contaminated with the Cu/Ni substrate elements.

Techniques to transfer epitaxial graphene to arbitrary substrates include mechanical exfoliation
using tape [17,18] and peeling the graphene layers using a metal/polyimide film [19].
Electrostatic transfer, an anodic bonding-derived technique, offers an alternative method for
transferring epitaxial graphene. Random graphite flakes have been electrostatically deposited
from HOPG onto Pyrex and silicon wafers [20-22].

This electrostatic transfer process relies on the presence of mobile alkali cations in the glass to
induce the transfer of graphene, similar to traditional anodic bonding. In anodic bonding, these
cations, under the presence of a large applied potential, serve to enhance the electric field at the
interface between the metal (anode) and glass (cathode). A key distinction between electrostatic
deposition of graphite and anodic bonding is that the graphite is transferred to the glass, not
covalently bonded.

An estimate for the electric field generated during anodic bonding of metal to Pyrex was
experimentally estimated by Wallis and Pomerantz, who estimated 300 MV/m for an 800 V
applied voltage [23]. Furthermore, this interface can be modeled as a pair of parallel conductor
plates, from which the electrostatic pressure can be calculated. The minimum stress to exfoliate
a graphene monolayer from bulk graphite is P = 0.4 MPa [22]. The pressure between the
graphene and glass is estimated at P = VaeoerE2, where g, is the permittivity of free space, & is the
dielectric constant of the glass (4.6 for Pyrex at room temperature), and assuming E = 300
MV/m. The electrostatic pressure at a metal/Pyrex interface is ~2 MPa, sufficient to exfoliate a
graphene monolayer.
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Figure 13. A diagram of the electrostatic transfer method shows the patterned MLG pressed against the
heated acceptor glass substrate. A flat tungsten carbide plate is used as an anode to ensure uniform
voltage and pressure. The glass rests on a grounded heated plate (not shown).

The following describes an electrostatic technique for transferring patterned multilayer epitaxial
graphene (MLG) to insulating glass substrates, as indicated in Figure 13. The acceptor substrates
used were Pyrex and Zerodur. With this method, we have transferred thousands of pre-patterned
MEG squares to the acceptor glass substrates. Electrostatic transfer offers a scalable process
enabling wafer-level production of graphene devices [24].

4.1.1 Experimental considerations

Epitaxial Graphene Synthesis and Lithography: MLG was grown on n-type 6H-SiC(000-1) (C-
face, 0.069 Q-cm, Cree Inc.) using an Ar-mediated growth process [4]. The as-grown graphene
samples were defined by smooth graphene domains bounded by ridges with heights 5-80 nm tall
and widths 100-750 nm wide. An atomic force microscope (AFM) scan of a typical region is
shown in Figure 14(a). The graphene drapes continuously over the underlying SiC terraces,
highlighted by dashed lines, which are a few microns wide and 5-10 nm high.

Optical lithography and reactive ion etching were used to define patterned graphene regions,
typically pillars 50 nm tall and 20 x 20 pm? across. Post-lithography Raman analysis showed
that the graphene was undamaged, except at the perimeter of the graphene regions, and that the
photoresist was removed.

Electrostatic Transfer of Graphene: Electrostatic transfer of graphene to Pyrex microscope slides
and coverslips and a Zerodur optical flat was carried out using a custom anodic bonder. Prior to
transfer, the slides were cleaned by soaking in piranha, rinsing with DI water, and drying with
compressed air.

Figure 13 shows a diagram of the electrostatic transfer procedure. First a force of 2-10
N is applied to press the patterned MLG into intimate contact with the glass substrate.
The sample stack is then heated to 300 °C under pressure. When the set point
temperature is reached, the potential voltage is gradually increased to the transfer
voltage, 1.2 kV. At the transfer voltage, a rapidly decaying current flows. This voltage is
maintained until the measured current drops from ~0.3 mA to below 0.02 mA, a time of 5—
15 minutes. Subsequently, the sample stack is cooled to room temperature, and the
samples are separated.

Table 1 lists the graphene samples transferred to glass; samples A, C, and D will be discussed in

more detail [24].

28



4.1.2 Optical microscopy and AFM characterization of transferred graphene

We have electrostatically transferred large areas (~10 mm?) of patterned MLG to multiply
substrates. An optical micrograph of a~1.0 x 0.5 mm? area of transferred graphene
(sample A) on Pyrex is shown in Figure 14(b). The variation in optical intensity of the

graphene is attributed to the variation in thickness of the transferred graphene. In the
case of perfect transfer, graphene would cover 25% of the Pyrex substrate. In the optical
image in Figure 14(b), graphene covers 12 + 2% of the Pyrex, a transfer efficiency of
~50%. The transfer efficiencies for all samples are listed in

Table 1.

Figure 14. AFM and optical images of MLG transferred to Pyrex. In (a), an AFM scan shows the
epitaxial graphene prior to lithography and transfer. In (b), an optical micrograph shows hundreds of 20 x
20 pum? squares of transferred graphene on a Pyrex coverslip. (c) An AFM scan of a transferred graphene
square on Pyrex. Arrows point to ridges in the transferred graphene. (d) An AFM scan of a strip of
transferred graphene surrounded by embossed Pyrex. The arrow points to the tip of the transferred
graphene strip. (e, f) Phase (e) and topography (f) AFM scans of a strip of graphene from which the
thickness of the transferred graphene was measured, as shown by the profile in (g). Images (a, d—g) are of
sample C; images (b) and (c) are of sample A.

Figure 14(c) shows an AFM scan of a transferred graphene square on a Pyrex coverslip. Full-
square transfer to Pyrex was confirmed using optical microscopy and phase contrast AFM (not
shown). The morphology of the transferred graphene resembles that of epitaxial graphene;
however, in the transferred graphene, the ridge height (5-20 nm) and density are less than in the
donor MEG.

The thickness of the transferred graphene is estimated by AFM height measurements of a torn
piece of a graphene square. Figure 14(d) shows an AFM topography image of a strip of
transferred graphene (indicated by the blue arrow), which drapes over an embossed step edge
feature. A slight phase contrast between the graphene strip and the embossed Pyrex region is
seen in Figure 14(e). Histogram measurements of the height of the graphene strip in Figure 14(f)
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and the profile in Figure 14(g), show that the height of the transferred graphene is 5.9 £ 0.2 nm,
corresponding to ~18 layers of graphene [24].

Table 1. Epitaxial graphene samples transferred to Pyrex and Zerodur.

Sample Growth temp Anneal time Acceptor Pattern size Transfer
(°C) (min) substrate (UM X um) efficiency (%)
A 1700 5 Pyrex coverslip 20 x 20 63+7°
B 1650 30 Pyrex slide 20x 20 57+3°
C 1650 10 Pyrex slide 20x 20 43+2°
D 1650 10 Zerodur 70 x 70 9345

*Where 100 % efficiency corresponds to graphene squares covering 25 % of the acceptor substrate over a 0.37 mm? region.
®\Where 100% efficiency corresponds to a 70x70 pum? region entirely covered by graphene.

4.1.3 Raman analysis of transferred graphene

To confirm the transfer of epitaxial graphene to the Pyrex substrate and to evaluate their quality,
Raman images of the samples were acquired before and after the electrostatic transfer. Raman
maps and spectra were obtained using a WITec alpha 300 R confocal Raman microscope with a
523 nm laser. Images were collected from a series of spectra spaced at 360~nm across regions of
the sample spanning at least 1125 pm?. The presence and uniformity of the transferred graphene
were investigated by examining the intensity, peak position, and FWHM of graphene's D, G, and
2D (G') Raman active modes at ~1350 cm™, ~1580 cm™, and ~2700 cm™, respectively [25,26].

An optical micrograph and Raman image of the 2D mode intensity, Figure 15 (a) and (b),
respectively, confirm that MLG was consistently transferred to a Pyrex slide (sample C).
Thicker graphene is indicated by greater 2D mode intensity in Figure 15(b). The D peak is
observed only within ~1um of the perimeter of the transferred graphene, indicating that the
electrostatic transfer does not damage the graphene (Figure 15(c)). Such perimeter damage was
also observed in Raman maps (not shown) of the epitaxial graphene pillars on SiC prior to
transfer, indicating that the lithography process slightly damages the graphene perimeter.
Furthermore, only the graphene is transferred as no spectral features from the SiC are observed
in the representative spectra shown in Figure 15 (d).

Analysis of Raman spectra peak positions suggests that the transfer process only marginally
modifies the graphene. The G-peak position of the transferred MLG is downshifted by 4 cm™, as
compared to the original epitaxial graphene. The G-peak position is sensitive to both substrate
charges and strain. As the transferred graphene samples are thick (e.g. ~18 ML flake in Figure
14(f)), substrate charges are screened and thus will not affect the G-peak position of the samples
[27,28]. Therefore, the downshift is induced by the application of a small tensile strain that
arises due to the transfer process [24].
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Figure 15. Reflection optical micrograph (a), Raman maps (b, c) and average spectra (d) of two squares
of multilayer graphene transferred to Pyrex. The correlation with the optical image and the intensity of the
2D mode (b) indicate the consistency of the transfer. The transfer process does not significantly damage
the graphene as less than 5% of the graphene, predominately near the perimeter, displays the disorder-
induced D-peak (c, d). Note that all spectra are normalized to the G-peak intensity. In the Raman maps (b)
and (c), yellow corresponds to the highest intensity of the analyzed spectral features.

4.1.4 Comparison of transferred graphene’s electronic properties

To gauge the impact of electrostatic transfer on graphene’s electronic properties, sheet resistance
(Rs) of graphene transferred to Pyrex and Zerodur was compared to the Rs of epitaxial graphene
grown on the carbon face of SiC. To measure the R; of transferred graphene (samples A and D)
a linear micro four-probe was used. This four-probe was comprised of four 3um wide
cantilevers with a 5 um pitch. The insert in Figure 16 shows an optical image of the four-probe
positioned on a 20 x 20 pm? square of transferred graphene. Since the thickness of graphene is
much less than the probes spacing, Rs can be calculated from
o AV
* In2 1
where AV is the voltage drop measured between the inner two probes and 1 is the current
sourced through the outer two probes. The average Rs of three transferred graphene squares on
Pyrex was found to be 320 + 50 Q/[7 (excluding a large outlier), where the individual R values
were 150, 180, 250, and 705 Q/77; for graphene on Zerodur, the average Rs was 250 + 90 Q/7,
where the individual values were 150, 260, and 330 /(1. Figure 4 summarizes the Rs data. The
high variance in R is attributed to the variation in thickness of the transferred graphene films.
1000
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Figure 16. Measured R, for several squares of transferred graphene. Insert: optical image of a micro
four-probe positioned on a 20 x 20 um? graphene square.
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In addition to probing the sheet resistance of transferred graphene, several Hall bar structures
were fabricated from epitaxial graphene grown on the carbon face of SiC. Since this graphitic
material is similar to the material used for the transfer, it served as a gauge to determine how the
transfer process affects the graphene. Figure 17 shows an optical image of a typical Hall bar that
was fabricated using standard optical lithography [29]. The average Rs was found to be 180 + 70
Q/1 at a temperature of 10K (low temperature was required to freeze out carriers present in the
highly doped SiC substrate). Comparison of R for transferred and epitaxial graphene show
similar values, indicating very little modification in Rs due to the transfer process. Direct
comparisons of sheet resistance are problematic since the thickness of graphene varies. For
thermal tape transferred carbon face epitaxial graphene on SiO,, Caldwell et al. reported Rs =
175 Q/1 [18]. For an additional comparison, using the same four-probe procedure, we measured
Rs =3.3+ 1.1 Q/1 for HOPG (SPI-1 grade).

Hall Bar'

\

N\
SiC Step

Figure 17. Optical image of Hall bar fabricated from C-face epitaxial graphene.

4.2 Electrostatic transfer of HOPG to Sis;N,4/Si

Recent advancements in controlled high-quality uniform layer growth of graphene through
chemical vapor deposition (CVD) on Cu [30] or growth by thermal decomposition on SiC
(0001) [4] over wafer-sized areas has been the current focus of graphene research. Through
these developments, the motivation for transferring graphene from its growth medium (usually a
metal [16]) to arbitrary dielectrics of choice has rapidly grown in importance. This is in part due
to corporate and governmental motivations to seek out the commercial and industrial viability for
securing graphene as a material with parallel fabrication capability. Severe limitations exist for
transferring large-areas of graphene including processes which chemically degrade graphene or
leave residues [31], are not suitable for parallel fabrication [32], are only good for few specific
applications [33], can only be used for HOPG bulk transfer [21], etc.

Work completed at SNL has been to research and develop an electrostatic graphene transfer
process. Our goal is to produce a reliable high-quality wafer-scale transfer apparatus that is
compatible with future parallel graphene fabrication processes. Our results prove that we have
now matched the results of current electrostatic transferring processes [21,24,34] of transferring
HOPG pillars, defined using photolithographic patterning, to common dielectric substrates
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shown in Figure 18. The target dielectric is 200-nm SisN,, deposited via lop pressure chemical
vapor deposition, on doped Si. We transferred the HOPG pillars by applying a large
compression force >50 N by sandwiching the HOPG pillars with SisN4 using a precision
flattened vice. 30 V forward bias was applied to the HOPG, creating a 0.75 MPa electrostatic
pressure force on 200 nm SizN4, thus overcoming the 0.4 MPa needed for exfoliation from
HOPG [22].
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Figure 18. Various aspects of graphene transfer are outlined via optical microscopy; A) and B) are thin
and bulk exfoliated graphite from HOPG bulk transferred to Si3N4, C) shows 10um HOPG pillars, and
D), E), F) are patterned HOPG pillars transferred to Si3N4 substrate.

SizN4 was chosen as the choice target substrate since this dielectric material can sustain high
voltages before tunneling and can maintain strength under high pressures as compared with other
substrates. Reliability test of current-voltage characterization for 200 nm of SizN4 was carried out
until a tunneling regime of Poole-Frenkle emission [35,36] was clearly seen when compared with
theoretical calculations shown in Figure 19A). The equation for this plot is labeled by Habermehl
et al. in Ref [35]. Next, the electrostatic pressure force vs. voltage was plotted for SizN,4 in Figure
19B) showing that a 0.4 MPa electrostatic pressure great enough to exfoliate HOPG can be
accomplish at >22V. This plot shows that HOPG can be exfoliated between 22 V-80 V without
venturing into the Poole-Frenkle emission tunneling arena that traps carrier charges. The
electrostatic pressure calculation consists of P=g.e,V?/2d?, where &, is dielectric permittivity of
free space 8.85x10™? F/m, ¢ is dielectric constant 7.5 for SisNg, d is thickness 200nm, and P is
pressure in N/m.

Once fully characterized, the experimental apparatus was designed and built. Initially, we
experienced problems with little to no exfoliation force. To seek out this problem we utilized a
capacitance measurement technique to gauge how much of the HOPG was in contact with the
Si3N,4 (contact area). This measurement revealed that the contact area between the two surfaces
was much less than expected (a smaller capacitance). The solution to our problem was to use a
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precision flat vice to clamp these plates together in excess of >100N/m. We were then able to
achieve the correct capacitance within 5% and results of Figure 18 were then achieved in an
ambient environment. Our results conclude that our apparatus relatively matches the electrostatic
transfer quality of other setups found in literature and is ready to explore new research
possibilities. We have yet to control the environmental conditions; therefore improvement to
achieve high quality transfer is well in within the scope of this work.
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Figure 19. Reliability of 200 nm Si3Nj, as an electrostatic target substrate was carried out in A) where
little carrier emission is seen up to 80 V and in B) 22 V was calculated to be the minimum voltage needed
to achieve the 0.4 MPa HOPG exfoliation pressure.
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5. FABRICATION OF GRAPHENE HALL BARS AND FIELD EFFECT
TRANSISTORS

To characterize the electronic properties of graphene synthesized by the thermal decomposition
of SiC, several test structures were developed during this project. Graphene Hall bar structures
were realized to measure graphene mobility and sheet resistance. Graphene FETs (GFETS) were
fabricated to determine the location of the Dirac point and to demonstrate gate control of current
conduction. The following sections describe the fabrication and characterization of these simple
graphene devices.

5.1 Graphene Hall bar (GHB) fabrication

The devices start with a SiC sample that is 5 mm x 12 mm square with varying thicknesses of
graphene along the surface of the substrate. AZ5214 Photo Resist (PR) is used throughout this
process to define the lithographic regions. The first lithography step defines the Hall bars using
the PR. The sample is then etched using a SF¢/O, in a Reactive lon Etching (RIE) system in
order to remove material 50-100 nm deep into the SiC substrate. With this process, graphene is
left only within the bar regions of the sample. The PR is then removed using a 40 psi Acetone
spray due to hardening of the PR during the etch process. One more step of lithography is then
used to define the Ti/Au electrodes that are deposited using E-beam metal evaporation at a
thickness of 3200 A. PR from this step is then removed by soaking in acetone for lift off of the
unwanted metal. Top down and cross sectional views are shown in Figure 20.

5.2 Graphene field effect transistor (GFET) fabrication

Manufacturing of the GFET devices parallels the same process as described previously for the
graphene Hall bar fabrication, and continues with additional steps. For example, after deposition
of the source and drain electrodes, 500 nm of silicon oxide is deposited conformally using
Physical Vapor Deposition (PVD) along the entire surface of the sample. A lithography step then
defines the gate regions, and metal (Ti 200 A/Au 3000A) is evaporated followed by soaking in
acetone to remove excess metal. To make sure that the oxide on the contact pads is removed, one
last lithography step is used to define regions on the pads, and the oxide is etched on the contact
pads only. Top down and cross sectional views are shown in Figure 21.
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Figure 20. Optical top down image of graphene Hall bar and cross sectional side view.
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Figure 21. Optical top down image of GFET and cross sectional side view.
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5.3 Characterization of Hall bars and GFETs

GFET and Hall bar structures were developed to characterize the electronic properties of
graphene films grown by the thermal decomposition method discussed in section 2.1. A detailed
discussion of graphene Hall bar characterization can be found in section 6.1. The remainder of
this section will discuss characterization of GFETSs fabricated from graphene grown on the
silicon face of semi-insulating SiC.

GFETSs are characterized electronically using two methods: 1) drain current (Id) is measured as a
function of source-drain voltage (\Vds) for different gate voltages (\Vg), 2) Id is measured as a
function of Vg at a constant Vds. All electronic measurements were made at room temperature
using an Agilent 4155B semiconductor parametric analyzer that has four independently
controlled source measurement units (SMUs).

Figure 22 shows typical 1d(\Vds) curves for different gate voltages. These data clearly show that
the current in the graphene channel is modulated by the gate voltage. At higher Vg levels the Id
appears to saturate. Current modulation in the graphene is due to an increase or decrease in
carrier density caused by the applied transverse electric field from the gate electrode [37]. A
mechanism for the inflections present in Id(\Vds) data at lower Vg levels is explained in Ref.
[37]. This inflection indicates the formation of an ambipolar channel, where carrier type changes
somewhere along the graphene channel that is located under the gate electrode.
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Figure 23 shows a typical 1d(\Vg) plot for a GFET device. The location of the Dirac point can be
clearly seen in the current minimum (typically close to -1V). The typical on/off ratio for our
devices is approximately 2.
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Figure 22. Typical 1d(\Vds) curves for several Vg levels.
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Figure 23. 1d(Vg) curve for a typical GFET.
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6. LOW TEMPERATURE MAGNETO TRANSPORT

The unique electronic properties of graphene and its promising potential as a next generation
electronic device material have stimulated the development of synthesis routes for improved film
quality [1,38] and the research of its electron physics. In this session, we will present two main
results: 1) Observation of the integer quantum Hall effect in high quality, uniform wafer-scale
epitaxial graphene films; 2) Electron-electron interaction in high quality epitaxial graphene.

6.1 Observation of the integer quantum Hall effect in high quality,
uniform wafer-scale epitaxial graphene films

Growth of high quality graphene films on SiC is regarded as one of the more viable pathways
toward wafer-size graphene-based electronics, as graphene films form readily on SiC surfaces by
vacuum sublimation of silicon (Si) at elevated temperature leaving behind a graphene film (a
process termed “graphitization”) [39,40].

However, the quality of graphene films produced by this method is poor when compared to
exfoliated samples and it is difficult to grow high quality, uniform wafer-size graphene layers.
Furthermore, transport measurements reveal the quality of the two-dimensional electron gas
(2DEQG) is also poor, especially for films grown on the Si-face, and there has been no report of
the integer quantum Hall effect (IQHE) [41]. Recently, a new approach that involves heating SiC
in argon at atmospheric pressure has led to significant improvement in the domain size and
electronic properties [3, 42] compared to vacuum graphitization [43] . In the past several
months, several groups [44-47] were able to achieve high quality 2DEG in epitaxial graphene
films and reported the observation of integer quantum Hall states.

In this section, we report low temperature magneto-transport and four-probe measurements of
graphene films grown on the Si face of SiC produced via Ar-assisted graphitization. We have
achieved a low temperature carrier mobility ~ 14,000 cm?/Vs at the electron density of 6.1x10"
cm in an as-grown film, which is comparable to that reported in exfoliated graphene on a
substrate (non-suspended). Integer quantum Hall effect states at the Landau level fillings
v=2,6,10 were observed in a Hall bar device made of these epitaxial graphene films.
Furthermore, four-probe measurements on a specimen grown under similar conditions show
relatively uniform sheet resistance (~ 1600 Q/square) across the whole wafer (12x6mm?). These
transport results combined with our microscopy characterization [48] reveal that atomic substrate
steps and minor multilayer graphene domains minimally influence the mobility [47].

The graphene films are produced using a method similar to that reported in Refs. [3,42]. The
samples studied here are grown on n-type 6H-SiC(0001) (Si-face, ~0.1 Q-cm, Cree, Inc.). Prior
to graphene growth, the surface was hydrogen etched (45% H, — argon (Ar) mixture) at 1500-
1600 °C to remove polishing damage and to produce extended wide atomic terraces of SiC.
Graphene was grown in a high temperature furnace operated at atmospheric pressure. The
sample temperature was raised to 1200°C in a 10% H, — Ar mixture, then to 1500-1700 °C in an
Ar atmosphere. To identify the thickness of the graphene layer, we have used the energy
dependence of the specular electron reflection (LEEM-IV) of each domain [43,49]. In the
specimen we observed the IQHE states, it was identified that 90% of the area is covered with
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single layer graphene, and the rest with multilayer. In addition to LEEM, we have used AFM to
determine the surface topography.

Conventional photolithographic techniques were used to fabricate the Hall bar structures. SFg gas
was used in a reactive ion etch chamber to both etch the graphene and up to 50 nm deep into the
SiC substrate [50]. Ti/Au was then deposited to form metal contacts. Figure 24 shows a
microscopic image of a typical Hall bar device. The inset shows 12 Hall bar structures of various
sizes.
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Figure 24. Microscopic image of a Hall bar device. Inset shows various devices of different sizes.

The low temperature magneto-transport measurements were carried out on three similarly sized
devices (50 x 6.25 pm?) in a pumped 3He system. In Figure 25, we show the longitudinal
magneto-resistivity (pxx) and transverse Hall resistivity (pxy) measured at 4K in a typical device,
after three thermal cycles between room temperature and 4K. Around B = 0, a weak-localization
(WL) peak was observed. The formula developed in Ref. [51] was used to fit this WL peak and it
yields a phase coherence length of ~ 0.7 um. At higher magnetic field, pronounced Shubnikov
de Haas (SdH) oscillations are clearly seen in py. We assign each minimum (marked by the up-
triangles in Figure 25(a) an integer number (N) and plot the conventional Landau fan diagram,
i.e., N versus 1/B, in Figure 25(b). All the data points fall onto a straight line and the intercept at
1/B =0is 1/2. The value of this intercept is the same as what was reported in Ref. [52,53] in
exfoliated graphene and was taken as evidence of a single layer sample.

At even higher magnetic field, B > 8T, p.x becomes vanishingly small. In pyy, a fully developed
plateau with a quantized value of 0.5xh/e? is seen, demonstrating the formation of the v=2 IQHE
state. Hall plateaus are also seen around B ~ 4.5T (pxy ~ 1/6xh/e?) and ~ 3T (pxy ~ 1/10xh/e?),
indicating the formation of the IQHE states at v=6 and 10, respectively. This unique sequence of
IQHE states at v=2, 6, 10 is a distinguishing signature of Dirac electrons in single layer graphene
[17,18]. Examining Figure 25(a) more carefully, we note that the center of the Hall plateaus at
v=6 and 10 does not coincide with the Ry« minimum positions of the same filling factor. This
kind of transport feature was also observed in the past in the 2DEG in GaAs/AlGaAs
heterostructures [54] and believed to be due to an asymmetric density of state caused by charged
impurities in the 2D channel, which are known to also exist in our graphene film.
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Figure 25. (a): pxx and pxy measured in a typical graphene Hall bar device. The sample temperature is 4
K. 2(b): Landau fan diagram for Shubnikov-de Haas oscillations.

Using the B value of the pxx minimum of the v=6 IQHE state, the 2DEG density is calculated to
be n = 6.1x10" cm™. This agrees well with that (~ 6.0x10* cm™) obtained from the slope of the
Hall resistance around B = 0. The as-grown electron density in this device is relatively low,
almost a factor of two smaller compared to recent reports [44]. The resistivity at B=01is p ~ 720
Q/square. The electron mobility, determined by p=1/(nep), is p ~ 14,000 cm?/Vs. This value is
consistent with that obtained from uBy ~ 1, where By ~ 0.85T is the magnetic field at the onset of
SdH oscillations, indicating that the dominant carrier scattering mechanism in this device is of
short-range scattering. The high carrier mobility probably is due to the improvements of the Ar-
assisted method used in our growth caused by a changed buffer layer surface morphology and,
consequently, high quality, large-size monolayer graphene [4]. On the other hand, it can also be a
density effect. Indeed, it has been shown in Ref. [46] that the carrier mobility can be increased to
29,000 cm?/Vs at n = 5.4x10* cm from the as-grown values of ~ 2,300 cm?/Vs and n =
8.9x10™ cm. In this regard, however, we notice that in Ref. [47] smaller mobilities, between
4000 and 7500 cm?/V/s, were reported at similar electron densities in as-grown graphene films.
Finally, our temperature dependent study of the zero magnetic field resistivity shows a weak
temperature dependence below ~10 K.

Magneto-transport measurements were also carried out on two other Hall bar devices of the same
size on the same substrate. In both devices, the quantum Hall plateau was observed at v=2 and 6.
Their 2DEG densities (mobilities) are ~4x10** cm™ (~11,000 cm?/Vs) and ~5x10** cm™
(~10,000 cm?/Vs), respectively. The density and mobility in these three different areas are
similar, suggesting that a uniform whole-wafer epitaxial single graphene film has been achieved.

To further corroborate this claim, we have measured 12 Hall bar devices on a second sample that
were fabricated on a graphene sample prepared under the same growth conditions as the first
sample above. The sizes of the Hall bars are 400 x 50 um?, 200 x 25 pm?, 100 x 12.5 pm? and
50 x 6.25 pm?.  All the measurements were carried out at zero magnetic field in a Lakeshore
Cryogenic probe station with the sample in vacuum. The sheet resistance (R;) was measured
using a standard four probe configuration at ~ 4.2 K. Typical source current sweeps ranged from
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+100 pA to -100 pA. In this current range, a linear I-V was observed. R was then determined
from a linear fit applied to the 1-V data.
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Figure 26. Rs measured for multiple devices over three cool-down cycles.

Figure 26 shows Rs for multiple devices over three different cool-down cycles. All devices,
expect for device # 5, showed a consistent R (~ 1600 Q/square) during each cool-
down/measurement cycle. Using this value and assuming a 2DEG density of 6x10** cm™, we
obtain an average mobility of ~ 6,500 cm?/Vs for this sample. This value is consistent with those
obtained by other groups [44,45,47], and roughly a factor of two smaller than that in our first
sample. Figure 4 shows the average Rs measure over several different days. The data in Figure
26 and Figure 27 clearly show no spatial dependence for Rs, as well as stability over time. The
average R for all devices (excluding device #5) measured on different days are listed in the table
inserted in Figure 27.
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Figure 27. Average Rs data for eleven devices (excluding device #5) measured in multiple days.

In summary, the unique sequence of the integer quantum Hall effect states at v=2,6,10 was
observed in a high quality epitaxial graphene Hall bar device with an electron density 6.1x10"
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cm? and mobility pu~14,000 cm?/Vs. Our four-probe measurements at B =0 further suggest that
the epitaxially grown graphene film is uniform across the whole wafer (12 x 6 mm>).

6.2 Electron-electron interaction in high quality epitaxial graphene

The ground state of a two-dimensional electron system (2DES) at T = 0 is a subject of intense
research for many years. In particular, electron transport properties in the presence of electron-
electron (e-e) interactions remain as the center of current research [55]. With the arrival of
graphene [1,38,56-58], new ground states induced by the combination of e-e interactions and
massless Dirac fermions have been proposed [59]. Indeed, the 2DES in graphene may represent a
novel two-dimensional (2D) Fermi liquid with unusual e-e interaction physics. Recent
observations of the fractional quantum Hall effect at Landau level filling v=1/3 [ 60-62], many-
body originated v = +1 states [63], and the e-e interaction-induced shift in the cyclotron
resonance measurements [64] demonstrate that a yet rich, e-e interaction induced many-body
physics still waits to be discovered in graphene at high magnetic (B) fields.

In comparison, much less experimental work has been conducted to examine e-e interactions at
zero and low magnetic fields, in particular, in epitaxial graphene films. In contrast, in an ordinary
2DES, extensive studies have been carried out in this region and it has been clearly established
that e-e interactions play a non-trivial role in carrier conductivity in the so-called diffusive
regime (or kel >>1, where kg is the Fermi vector and | electron mean free path) [65], where
Coulomb interaction is known to be enhanced between diffusively moving electrons. In this
regard, it is important to experimentally study whether and how e-e interactions affect the
graphene conductivity in the same regime [66-72].

In this session, we show that in epitaxially grown graphene, through a systematic study of weak-
localization phenomenon at zero and low B fields, e-e interactions probably do impact the carrier
conductivity in the diffusive regime and contribute a logarithmic temperature (T) dependence
term to the zero B field conductivity. Furthermore, our results indicate that the e-e interaction
correction term developed for the ordinary 2DES needs to be modified for the 2DES in graphene.

Our measurements are carried out in two high quality epitaxial graphene films grown on the
silicon-faced 6H-SiC substrates, using a method similar to that reported in Refs. [3,42].
Conventional photolithographic techniques were used to fabricate the Hall bar structures of size
50 x 6.25 pm?. The conventional low-frequency phase lock-in technique was used for low
temperature magneto-transport measurements. For sample A, the single layer graphene film is
grown on an electron-type doped 6H-SiC (0001) and it has a low temperature density n ~ 6x10™
cm and mobility p ~ 10,000 cm?/Vs. For sample B, the 6H-SiC(0001) substrate is counter-
doped and insulating at room temperature. The low temperature density and mobility are n ~
2.4x10™ cm™ and p ~ 3700 cm?/Vs, respectively. At high magnetic fields, the integer quantum
Hall states at Landau level fillings v=2, 6, 10 were observed in sample A. In sample B,
Shubnikov-de Haas oscillation minima were observed at v=10, 14, 18, and up to v=34.
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Figure 28. (a) magneto-conductive, Ac(B) = 6,(B) - ox«(0) at three temperatures for sample A. (b) weak-
localization fitting to the T = 3.6K data. The gray line is the experimental data. The black line is the
fitting.

Figure 28(a) shows Ac(B) = oxx(B)-o x(0) for sample A at three selected temperatures. ox(B) is
the magneto-conductivity, deduced according to the formula oy (B) = pxx(B)/(pxd(B)*+ pxy(B)Z),
where px(B) is the diagonal magneto-resistivity and pyy(B) is the Hall resistivity. oxx(0) =
1/p«x(0) is the conductivity at B = 0. The weak-localization (WL) phenomenon is observed at all
three temperatures and Ac(B) decreases as B approaches zero from both directions. We point out
here that to fully reveal this weak-localization phenomenon a very slow rate, 1Tesla per 100
minutes, was used for magnetic field sweep. A faster sweep rate would reduce the amplitude of
WL peaks. At the lowest temperature (T) of T = 0.3K, strong universal conductance fluctuations
(UCF) are also seen and their amplitude decreases with increasing temperature [4]. By T =

12.5 K, UCF almost disappears in this sample.

WL in graphene has been reported in previous studies [44,47,73-80] and is shown to be due to
the quantum interference effect of impurity scattering [51]. Figure 28(b), we show a WL fitting
to the trace at T = 3.6 K according to the formula developed by McCann et al. [51], Ac(B) = a X
e?/mh x [F(B/B,)-F(B/(B,+2B))) — 2F(B/(B,+Bi+B-))], where F(2) = Inz+¥(1/2+1/z), ¥ is the
digamma function, and By, = h/4Det,,i«. D is the diffusion constant. This fitting allows us to
deduce the following parameters relevant to electron transport in graphene, the phase-
decoherence time (length) , (lo), inter-valley scattering time (length) =; (i) and intra-valley
scattering time t= (Ix). We also include in our data fitting a coefficient o; o equals to 1 in
graphene.

We shall note here that the WL fitting in our samples was carried out within the so-called
transport B field (By = h/4Det ~ 20 mT in sample A, t the transport time) where the weak-
location effect is the strongest. Moreover, we have observed that o and B,, in our fitting are
nearly independent of the values of B; and B, which can be varied over a very large range, as
long as Bi,« >> B,, (or 1j» << 1,). Our final WL fitting results were obtained with two more
constrains: 1) t," + ' + w! ~ v and 2) o equals to 1 within +5%.
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Figure 29. o versus T for sample A (squares) and samples B (dots).

In Figure 29, the temperature dependence of phase coherent length (l,) for sample A (squares),
determined by |, = (qu,)l’z, is plotted. Between 1 and ~ 30K, |, displays a power law
dependence on temperature and |, ~ T2, consistent with some previous studies [74,75]. Below
1K, |, saturates to a value of ~ 1 um. This saturation is unlikely due to electron heating. A very
small excitation current, 1 nA, corresponding to an input power of 10™ W, was used for the
conductivity measurements. Rather, we believe that it is due to a finite domain size of graphene
terraces resulting from the graphitization process. Our low energy electron diffraction
microscopy measurements on a graphene sample grown under similar conditions seem to support
this proposal From the temperature dependence of |, oc T 12 , Tp = l,2/D oc T is then deducted.
This T dependence indicates that the electron- electron scattering process is the dominant de-
phasing mechanism in sample A [74]. The intervalley scattering length (I = (D7)*? and
intravalley scattering length (I = (Dt+)?) are ~ 100 nm and they are temperature independent,
consistent with previous work [44,47,73-80].
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Figure 30. Zero B field conductivity versus In(T) for sample A (squares) and sample B (dots).

Having studied the weak-localization phenomenon at low B fields, we now concentrate on the
zero B field conductivity data. Its temperature dependence is shown in Figure 30. There, the
conductivity (solid squares, in units of e%/zh) is plotted as a function of In(T). For T > 1K, a
logarithmic temperature dependence of conductivity is clearly observed. Below 1 K, the
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temperature dependence becomes much weaker. We believe that this weak dependence at T <
1 K'is probably related to the saturation of I, seen in Figure 29.

To fit this logarithmic T-dependent data, we again use the formula developed in Ref. [51] for
non-interacting electrons in graphene. This formula can be simplified for our samples
considering t, >> t >> 1; ~ . The final equation we use for fitting is given by o(T) = p x e%/zh
x In(T) + constant, where p is the scaling parameter in 1, oc T". We shall note that the phonon
contribution to the conductivity is not corrected in our fitting. This is justified since the phonon
contribution is very small in the temperature range we carried out the measurements. The straight
line in Figure 30 is a linear fit. From the slope of the line, p = 2.3 is obtained.

p =~ 2.3 is much larger than the value of p = 1 we obtained from the temperature dependence of
l,. This discrepancy strongly indicates the existence of another mechanism that can also produce
a logarithmic temperature correction to the electron conductivity. In this regard, we note that it
has long been known that in the ordinary 2DES e-e interactions contributes a logarithmic T
dependent correction to the electron conductivity at zero B field [81], with an amplitude of the
same order as that due to the quantum interference effect. It is possible that this interaction
correction also plays a similar role in carrier conductivity in graphene. We therefore adopt the e-
e interaction correction term 8o = [1+ 3(1-In(1+F°)/F°)] x e*/nh x In(keTt/h) [65,82], where
F°o is a measure of e-e interaction. With this new interaction correction term and using p=1
obtained from the T-dependence of |, F° ~ 0.23 is deduced for sample A.

A smaller but again positive F°; value is obtained in sample B with higher carrier density. Its low
T magneto-resistivity py trace taken at 4K is shown in Figure 31, and Shubnikov-de Haas
(SdH) oscillations are seen up to Landau level filling v=34. From the positions of the SdH
oscillation minima, an electron density, ~ 2.4x10% cm, is deduced. This value is consistent with
that obtained from the low B field Hall resistance (not shown). The insert of Figure 31 shows the
weak-localization phenomenon around B = 0, from which t,, ti, and = (or l, I;, and I-) can be
obtained. The temperature dependence of |, for sample B (dots) is shown in Figure 29. Unlike in
sample A, |, in sample B shows a much weaker temperature dependence, I, oc T2,
Consequently, a weaker T dependence for t,, T, o T4 (or p = 1/4), is obtained. This weak T
dependence for t,, (or l,) has also been observed in graphene films with high 2DES density
[44,76] and it suggests that de-coherence mechanisms other than e-e scattering may be

important. The zero field temperature dependence for sample B (dots) is shown in Figure 30.
Again, a logarithmic temperature dependence is observed for this sample. Similar to sample A, a
larger p (p ~ 1.3 >> 1/4) would have been obtained from the linear fit if the electron-electron
interaction term is not included in data fitting. With the interaction correction term, a value of
F° ~ 0.08 is deduced.
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We emphasize here that our data demonstrate that a new term with a logarithmic T dependence,
probably due to electron-electron interaction, has to be included to the zero B field conductivity
in order to resolve the discrepancy in the value of p obtained from the zero B measurements and
low-field magneto-resistivity measurements. However, a positive value in F°y, a measure of e-e
interaction, is obtained if we use the formula derived for the ordinary 2DES. This unphysical
value strongly suggests that the formula developed for the ordinary 2DES needs to be modified
for 2DES in graphene. This is possible since a new type of Fermi liquid with novel electron
physics has been suggested for electrons in graphene [71]. In general, the self-energy of a
fermionic system consists two parts, the exchange contribution due to e-e interactions and a
correlation contribution due to quantum fluctuations of the Fermi sea [83]. In graphene films,
due to the chirality of Dirac fermions, it is highly likely that the e-e interaction correction term
differs from the ordinary 2DES.

Finally, we note that in a recent study [84] the effect of electron-electron interaction was
investigated in graphene films fabricated by mechanical exfoliation method. The authors showed
that their results could be understood under the model developed for ordinary 2DES. It is not
known to us what exactly is responsible for this discrepancy between the two experiments. On
the other hand, different techniques, i.e., exfoliation versus epitaxial growth, were used in
obtaining the graphene films in these two experiments. It is possible that the strength of e-e
interaction is different in these different types of graphene films. Perhaps in our graphene
devices, contributions from the 2k scattering cannot be omitted in determining the electron
screening [58], which, in turn, is responsible the observed discrepancy in the two kinds of
samples.

To summarize, the weak localization phenomenon was studied in two high quality epitaxial
graphene films grown on the silicon-faced 6H-SiC substrates at zero and low magnetic fields.
Our results show that a new logarithmic temperature dependent term, probably due to electron-
electron interactions, has to be taken into account. Furthermore, our results show that the
interaction correction term developed for ordinary 2DES needs to be modified for the 2DES in
graphene.
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7. CONCLUSIONS

During this project, the Sandian graphene team has established leadership in graphene research
community by addressing the key science issues impeding the synthesis of defect-free large area
graphene films. Developing a fundamental understanding of synthesis will facilitate graphene’s
integration into advanced nanoscale devices and emerging nanoelectronic applications.

Several key accomplishments from this project are:

» Developed graphene synthesis on SiC using atmospheric Ar and high temperature
« Achieved domain size of 100 um?
« Observed record electron mobility (14000 cm?/Vs)
« Achieved excellent electronic uniformity across sample
* Developed understanding of mechanisms for graphene growth on SiC
« Developed strategy for bilayer graphene wafer scale growth
» Developed graphene growth by depositing carbon on SiC
« Developed process to synthesize graphene on Cu foils
* Observed Integer Quantum Hall Effect in multiple devices
» Developed a scalable process to transfer graphene from SiC (000-1) to Pyrex
» Fabricated GFET devices with room temperature operation

We believe these results will enable: 1) advanced understanding of graphene synthesis on SiC
and Cu foil, improving film quality and uniformity, 2) scientific understanding of how domain
size/quality depends on growth parameters, 3) improved understanding of electron transport in
graphene grown on SiC, 4) direct positioning and transferring of graphitic material on relevant
substrates, 5) advanced fabrication of novel electronic devices that exploit quantum mechanical
effects.
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APPENDIX A: SNL’S GRAPHENE TEAM NETWORK
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APPENDIX B: SUMMARY OF MAJOR ACCOMPLISHMENTS

» Sandia is established as a technical leader in the graphene community
— Produced several high impact publications and presentations
« Achieved large area (~ 100 pm?) synthesis on SiC through improved science- =~
based understanding of growth mechanics
* Developed graphene synthesis using carbon deposition on SiC
* Demonstrated CVD graphene synthesis on Cu Foils

« Studied growth mechanisms for graphene synthesis on metals \
» Developed wafer-scale bilayer synthesis approach

* Observed record mobility (14,000 cm?/Vs) for epitaxial graphene
* Observed IQHE in several devices

* Demonstrated controlled transfer of graphitic material
« Fabricated 1t generation GFETS \ izl Pyrex iy
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