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Abstract
High Quality Graphene Devices in Graphene‐Boron Nitride
Systems

Lei Wang

Graphene, since its first isolation, carries many promises on its superior properties.
However, unlike its conventional two-dimensional (2D) counterparts, e.g. Si and GaAs
systems, graphene represents the first 2D systems built on an atomically thin structure.
With every atoms on the surface, graphene is severely affected by the environment and the
measured properties have not reaching its full potential.
Avoiding all possible external contamination sources is the key to keep graphene intact and
to maintain its high quality electronic properties. To achieve this, it requires a revolution
in the graphene device structure engineering, because all factors in a conventional process
are scattering sources, i.e. substrate, solvent and polymer residues. With our recent two
inventions, i.e. the van der Waals transfer method and the metal-graphene edge-contact,
we managed to completely separate the layer assembly and metallization processes.
Throughout the entire fabrication process, the graphene layer has never seen any external
materials other than hexagonal boron nitride, a perfect substrate for graphene. Both optical
and electrical characterizations show our device properties reach the theoretical limit,

including low-temperature ballistic transport over distances longer than 20 micrometers,
mobility larger than 1 million cm2/Vs at carrier density as high as 2 1012cm-2, and roomtemperature mobility comparable to the theoretical phonon-scattering limit. Moreover, for
the first time, we demonstrate the post-fabrication cleaning treatments, annealing, is no
longer necessary, which greatly eases integration with various substrate, such as CMOS
wafers or flexible polymers, which can be damaged by excessive heating. Therefore the
progress made in this work is extremely important in both fundamental physics and
applications in high quality graphene electronic devices. Furthermore, our work also
provides a new platform for the high quality heterostructures of the 2D material family.
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Chapter 1

Introduction
1.1 Introduction to graphene
A single two dimensional (2D) sheet of carbon atoms in a honeycomb lattice is called
graphene (figure 1.1). This word is from graphite, a multilayer graphene structure, which
is naturally available from minerals and commonly used for more than a thousand years in
painting and lubricant. The theoretical work on graphene electronic band dispersion was
calculated by Wallace in 1947 (1). However, the experimental discovery of graphene only
happened in 2004 by Novoselov and Geim (2, 3). It is an important event in material
science and condensed matter physics, because it marks the first true 2D platform with
charge carriers being confined to a thickness as thin as the dimension of an atom and with
both carrier type and density tunability by an external gate (4). Outburst of work on
graphene were carried out after 2004, with approximately 10 000 papers every year (5, 6).

1

Figure 1.1: Schematic of a single layer graphene lattice. (a) Top view; (b) Side view.

1.1.1 Graphene preparation methods
Graphene was first discovered using the method called mechanical exfoliation in 2004 (3).
It is also the method being used in this PhD work to prepare the raw materials. The detailed
steps of this process used by the author, which are similar to the original method first
invented in 2004 (3), are described as the following.

2

Figure 1.2: Mechanical exfoliation method to produce graphene.
A scotch tape is used to peel off a piece of graphite with high crystal quality (Kish graphite
or highly ordered pyrolytic graphite (HOPG)). As shown in figure 1.2a, a piece of thin
graphite flake is first placed onto the sticky side of the scotch tape. Then the scotch tape
with that graphite area is repeatedly folded and unfolded on itself many times. In this
process, the overlap of the graphite flakes should be avoided while the blank area, space
between two graphite flakes, should also be minimized (Figure 1.2 b, c). Finally, a tape
ready for exfoliation should appear gray in color. Meanwhile, silicon chips with a 300 nm
silicon dioxide layer on the top are cleaned by acetone, isopropyl alcohol (IPA) and piranha
in sequence. The chips are then scanned by atomic force microscope in tapping mode.
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Within a scan size of 20  20 µm, if no particle is seen with height sensor set to 15 nm, the
chip is considered as clean (figure 1.3b). The sticky side of the prepared scotch tape is then
pressed onto the clean chip surface, and gently massaged back and forth for a few minutes
using a plastic pen (figure 1.2d). And then the scotch tape is separated from the chip surface
slowly. The chip is then scanned under an optical microscope, single layer, bilayer, trilayer
and multilayer graphene flakes can be identified by optical contrast (figure 1.4).

Figure 1.3: AFM images of SiO2 chip surface after piranha cleaning. (a) Not properly
cleaned surface (b) Properly cleaned surface.
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Figure 1.4: An image of a graphene flake on SiO2/Si substrate under optical
microscope.
Graphene flakes produced by mechanical exfoliation method are not under control. The
flake size, layer number and flake position cannot be predicted. Therefore, this method is
only useful in laboratory for fundamental research. Since 2004, material scientists and
chemists have been trying various methods to synthesize graphene in a controlled manner.
The major progress includes chemical vapor deposition (CVD) multilayer graphene on
nickel surface (7), CVD single layer graphene on copper surface (8-10), molecular bean
epitaxy (MBE) grphene on boron nitride surface (11, 12). So far, none of these methods
have produced graphene with crystal quality comparable to that of the mechanical
exfoliated ones. In this project, we aim to explore the high quality graphene devices, so all
experiments are carried out on mechanical exfoliated graphene flakes in this document.
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1.1.2 Electronic property of graphene
As shown in figure 1.5, graphene lattice consist of hexagonal of carbon atoms. The
structure can be seen as a triangular lattice with a basis of two atoms per unit cell. The
lattice vectors can be written as a1 

a
a
(3, 3 ) , a 2  (3, 3 ) , where a  1.42 Å is the
2
2

distance between the two carbon atoms.

Figure 1.5: Graphene honeycomb lattice and its Brillouin zone in momentum space.
(a) Lattice structure of graphene, showing in different colors the two triangular sublattices.
(b) Graphene reciprocal lattice vectors, and Brillouin zone.
In the reciprocal lattice, the lattice vectors are given by b1 

2
2
(1, 3 ) , b2 
(1, 3 ) .
3a
3a

The two inequivalent corners of the Brillouin zone are called Dirac points with their
position in momentum space are given by K  (
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2
2 2
2
,
) , K   ( ,
) . The three
3a 3 3a
3a 3 3a

nearest-neighbor vectors in real space are:  1 

a
a
(1, 3 ) ,  2  (1, 3 ) ,  3  a (1,0) .
2
2

The six second-nearest neighbor vectors in real space are:  1   a1 ,  2   a 2 ,

 3  ( a 2  a1 ) . In 1947, Wallace first (1), and others later (McClure (13); Slonczewski
and Weiss (14) ), calculated the electronic band dispersion of monolayer graphene within
the tight-binding prescription, keeping up to the second-nearest neighbor hopping term in
the calculation. The analytic formula is obtained for the conduction (upper, +, π*) band and
valence (lower, -, π) band:

 9t a 2 3ta 2
 2

sin(3 q )  q ,
E  (q)  3t   v F q  
8
 4

with q is the momentum measured relative to the Dirac points, v F  3ta / 2  1  10 6 m/s , is
the Fermi velocity,  q  arctan 1 q x / q y , t , t  are the nearest-neighbor and next-nearestneighbor hopping amplitudes, and t (  2.5 eV)  t (  0.1 eV) (15, 16).
If t  = 0, with q  K , the equation becomes E  (q )   v F q  O (q / K ) 2 , which clearly
shows the spectrum is symmetric around zero energy. For finite values of t  , the position
of the Dirac point is shifted, the electron-hole symmetry is broken and the π and π* bands
become asymmetric.
1.2 Electrical contact to graphene
Since the first isolation of graphene, electrical access has been made by direct deposition
of metal layers on the graphene top surface (2, 3). Compared with other two dimensional
7

electron systems (e.g. Si, GaAs), graphene is a zero-band gap semiconductor. So ohmic
contact with contact resistance values in the order of kilo-ohms can be easily achieved
without any special treatment (17-20). However, for high-performance graphene device, a
high-quality metal-graphene contact is crucial (21). To achieve a good metal-grephene
contact, many parameters, such as material (17), contact deposition conditions (17, 19),
contact geometry (22-24) and treatment of graphene surface (25-27) before metal
deposition, have been explored.

Figure 1.6: Conventional electrical contact to graphene, surface-contact. (a) SEM
image of a graphene device for characterizing the surface-contact resistance in reference
(28). (b) Contact metal and geometry dependence study in reference (21). (c) Contact metal
failure for surface-contact in reference (19). (d) Study of the effect contact metal
microstructure on the surface-contact resistance (17). (e) Double surface-contact geometry
in reference (23) to reduce the contact resistance.
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1.2.1 Contact materials
The material to contact graphene is one of the most critical parameters to achieve a high
quality contact, because many properties, e.g. work function, wetting, microstructure,
adhesion and bonding, are material-related. In order to find the right material to form
ohmic contacts to graphene with the lowest contact resistance values, various metals, e.g.
Ti, Ag, Co, Cr, Fe, Ni, Au, Al, and Pd, were depositing directly on graphene in previous
studies (17, 20, 22, 26, 29, 30), and contact resistances were extracted either in a fourterminal measurement or a transfer length method.
The work function of single layer graphene is about 4.6 eV (29, 31). E. Watanabe et al.
characterized the contact resistance values with different metal work function values
ranging from 4.08 eV (Ti) to 5.16 eV (Pd). And it was found that contact resistance is not
strongly related to the metal work functions. Instead, contact resistance values of Ag, Cr,
Fe contacts are larger than that of Co, Ni, and Pd contacts. Further study showed that the
grain structures of the metal layer on graphene surface would affect the contact resistance
values significantly. Metal contact with smaller grain size turned to have lower contact
resistance values. And contact resistance values of 700 Ω·µm was the lowest value
obtained (17). Besides work function, metal wetting property on graphene surface is also
crucial. Metal delamination and agglomeration were observed on Al and Cu contact
respectively (19). Thermal treatment after metal deposition resulting in lower contact
resistance values was also reported (19, 20).

9

1.2.2 Contact engineering methods
Contact resistance values has been reported in the unit of either Ω·µm or Ω·µm2 (30). It
basically means two different scaling factors, whether the contact resistance scales with the
width of the metal-graphene contact or the area of the metal-graphene interface.
Fundamentally, it related to whether the charge carriers are injected through the boundary
of the metal-graphene contact or the entire area of the graphene underneath the metal.
Graphene lacks surface bonding sites, so the lack of chemical bonding and strong orbital
hybridization makes the carrier injection not efficient through the graphene surface.
Previous studies shows that the current path from metal contact to graphene is most on the
edge of the metal-graphene interfaces (28, 32, 33). And usually the contact resistance scales
with the width of the metal contact. To further lower the contact resistance, researchers
also tried to artificially create defects/open-end bond sites by plasma treatment of the
graphene surface before metal evaporation (24, 25). In this case, the contact resistance were
found to scale with the contact area and the value could be reduced by one order of
magnitude. Another engineering approach to reduce the contact resistance is to change
contact design. For example, a double-contact geometry was tried, where the contact
resistance values were reduced by 40% compared to the values of single-contact geometry
(23).
1.3 Progress of the quality of graphene device
Graphene, with every atom on the surface, is extremely sensitive to the environment (34).
Since its first discover, researchers have been trying to make graphene devices with higher
10

electronic quality. The word quality here refers to less disordered or less affected by the
extrinsic materials. Higher quality means the measured characteristics of the device are
more close to the material intrinsic properties. There are many parameters to reflect the
quality of the graphene device. The most common one mentioned in literature is the charge
carrier mobility (6, 35, 36). Other transport methods includes, Dirac peak position and
width (37), broadening of landau levels (4, 38), quantum scattering time (39), carrier mean
free path (40, 41) and so on. There are also many optical methods to determine the graphene
quality, such as Raman G-peak width and position, D-peak intensity, 2D-peak width and
position and the intensity ratio between 2D- to G-peaks (42-46).
The factors reducing the graphene device quality include the charge impurity
scattering/doping from substrate and the contamination from fabrication process. The
progress of the graphene device quality is closely associated with switching to a better
device substrate and finding a more effective way to clean the extrinsic residues.
1.3.1 Graphene devices on silicon dioxide
Graphene was first made to be experimentally observable thanks to the optical interference
effect from the SiO2/Si substrate with the proper SiO2 thickness (3). And graphene devices
were subsequently fabrication on SiO2 surface using Si layer as a back gate. However, SiO2
is not a good substrate for graphene (35, 41). Its crystal structure not an atomic flat on the
surface. The measured roughness of graphene on SiO2 surface is about 3 ~ 4 times larger
than the values of graphite surface or graphene on mica surface (a material with atomic flat
crystal structure (47). Furthermore, there are dangling bond sites on SiO2 surface. Due to
11

its atomic structure, the surface of SiO2 crystal has to end with open bond like -O. And it
creates some surface charge traps, which may be responsible for the charge impurity
doping of graphene. Moreover, the surface optical phonon mode of SiO2 has a relative low
energy value, which will affect the graphene device performance at room temperature.
From 2004 to 2008, tens of thousands of graphene devices were made on SiO2 substrate
over the world. However, the measured mobility values varies from lab to lab, low
temperature values ranging from less than 100 cm2/Vs to around 20 000 cm2/Vs (6). One
of the very important aspect of graphene is its predicted very high mobility, over 100 000
cm2/Vs at room temperature and over 1 000 000 cm2/Vs at low temperature (36, 48, 49).
The mobility of graphene devices on SiO2 substrate were three to four order of magnitude
below its theoretical prediction.
1.3.2 Suspended graphene devices
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Figure 1.7: Suspended graphene device. (a) SEM image of a suspended graphene device.
(b) Transport properties of suspended graphene device before and after current annealing.
In 2008, the first suspended graphene device was made etching away the SiO2 substrate
underneath the graphene by hydrofluoric acid (35, 50). The mobility value was initially
measured to be similar to the best graphene device on SiO2 substrate (20 000cm2/Vs). After
overnight current annealing, a process to bake off the residues by large electrical current
heating, the mobility was measured to be 200 000 cm2/Vs, increased by ten times. First the
first time the influence from substrate and resist residues was reduced, and the potential of
the intrinsic of the graphene device was observed. However, suspended device has its own
limitation, i.e. difficult to fabricate, easy to break, limit density range and uncontrollable
current annealing process.
1.3.3 Graphene devices on hexagonal Boron Nitride

Figure 1.8: Comparison of the lattice structures of graphene and h-BN.
After the problem with the SiO2 substrate was known and the potential of high quality
graphene was demonstrate on suspended devices, researcher started looking for a better
13

substrate. In 2009, graphene was found to be ultra-flat when it is directly exfoliated on
mica, which is also a layered material with atomically flat crystal surface (47). And in 2010,
graphene devices made on hexagonal boron nitride (h-BN) showed high electronic
properties (51).

Figure 1.9: Schematic diagram of graphene devices on SiO2 and h-BN substrate (51).
The crystal structure of h-BN and graphene are similar. As shown in figure 1.8, the carbon
atoms at the A and B positions of graphene lattices are replaced by boron and nitrogen
atoms respectively. The lattice mismatch is small, about 1.7%. Owing to the strong, inplane, ionic bonding of the planar hexagonal lattice structure, h-BN is relatively inert and
is expected to be free of dangling bonds or surface charge traps. The roughness of graphene
on h-BN surface was found to be three times lower the graphene on SiO2 surface. And the
surface optical phonon modes of h-BN energies two times larger than similar modes in
SiO2, resulting an improved high-temperature performance. And h-BN has a large bandgap
(5.97 eV), with dielectric constant about 4 and electric strength about 0.7 V/nm. Graphene
devices on h-BN substrates showed mobilities and carrier inhomogeneities that are almost
an order of magnitude better than devices on SiO2 (51).
14

1.3.4 Annealing process to clean graphene
The substrate could significantly alter the electronic properties of graphene, reducing the
mobility by orders of magnitude, because the surrounding medium could act as an extrinsic
scattering source. Likewise, any extrinsic molecules that are physisorbed on graphene
surface could also cause doping, scattering and even change the graphene’s electronic
structure of the adsorption occurs at the defect sites (52, 53).
Because graphene are fully exposed during the fabrication process, anything physically
contacts the graphene surface could leave residues. So the sources of the extrinsic
molecules could be from air, water, solvents, scotch tape, photoresist and e-beam resist.
Thin layer (~1nm) of residues on graphene was found to be difficult to remove (52). It
cannot be dissolved with any know organic solvents. To clean the surface, graphene
samples are annealed to burn off these residues. The methods mainly include thermal
annealing, heating up the graphene in forming gas (mixture of H2/Ar gases) or in vacuum
at 300 ~ 400 °C for a few hours, and current annealing, passing a large current (a few mA)
through graphene channel to heat it up (35). After annealing, these graphene devices
showed improvements in their qualities. However, to what level graphene can be cleaned
by annealing and whether annealing causes any changes in the graphene intrinsic properties
are still open questions. In situ TEM studies of thermal annealing of graphene showed that
it was nearly impossible to completely burn off PMMA residues over large area by thermal
annealing (52).
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1.4 Thesis outline
This dissertation investigates the experimental approaches towards higher quality graphene
devices in electronic applications. With the background of graphene devices up to 2009
introduced in chapter one. Two critical problems are identified, the cleanness of the
graphene channel region and the integrity of graphene-metal contact. Descriptions of the
detailed steps in solving these problems during the author’s Ph.D. period (2009 to 2013)
are shown in the chapter two to chapter five. Chapter two explores the graphene transfer
method. The approach evolved from a polymer transfer method to a polymer-free transfer
method, which is essential to keep graphene intact. Chapter three characterizes the qualities
of graphene devices prepared by those different transfer methods by an optical approach,
Raman spectroscopy. BN encapsulated graphene devices by the polymer-free transfer
method are found to have negligible environmental sensitivity. Chapter four solves the
problems of the conventional surface contact by inventing a new contact geometry,
graphene-metal edge-contact, which is the solution to contact the high quality graphene
layer encapsulated between two BN layers. The graphene devices fabricated by the
combination of a high quality transfer (chapter two) and contact (chapter four) methods are
characterized in chapter five. Unprecedented device quality with orders of magnitude
improvement compared with previous study are shown. Based on the high quality these
graphene devices demonstrated, chapter six will give an overview of future directions in
both fundamentals and applications.
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Chapter 2

Graphene Transfer Methods
Silicon dioxide (SiO2) was the first substrate for graphene when it became available by
mechanical exfoliation in 2004. Intensive studies of graphene devices made on SiO2
substrate were carried out in the following years. However, the measured data of these
devices has a large variance and far below the theoretical prediction. For example, the
measured carrier mobility ranges from ~80 to ~ 20 000 cm2/Vs (6), and the best theoretical
values were orders of magnitude higher (36). In 2008, by suspending graphene above SiO2
substrate, Bolotin, et al. increased the measured mobility values by one order of magnitude
after current annealing (35). Researchers started to realize this single layer atomic sheet is
extremely sensitivity to its environment. The performance of graphene is degraded by
exposure to contamination. Especially, SiO2 is not an ideal substrate due to its charged
surface states, impurities, optical phonons and surface roughness. Suspended graphene
opened the door for high quality device, however it is fragile and limited only to low carrier
density range. Progress was made in searching for alternatives to SiO2 substrate, e.g. in
2009, graphene was found to be ultra-flat when it was exfoliated on mica, which has a flat
atomic surface structure. In 2010, Dean, et al. demonstrated graphene devices made on
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hexagonal boron nitride (h-BN) substrate show high electronic quality, e.g. mobility values
are about 5 times higher than those of graphene on SiO2 devices (51).
H-BN is an insulating isomorph of graphite with boron and nitrogen atoms occupying the
inequivalent A and B sublattices in the Bernal structure (54). The different on-site energies
of the boron and nitrogen atoms result in a large (5.97 eV) bandgap and a small (1.7%)
lattice mismatch with graphite. Owing to the strong, in-plane, ionic bonding of the planar
hexagonal lattice structure, h-BN is relatively inert and is expected to be free of dangling
bonds or surface charge traps. Furthermore, the atomically planar surface should suppress
rippling in graphene. The dielectric properties of h-BN (ε ≈ 4) compare favorably with
those of SiO2, allowing the use of h-BN as an alternative gate dielectric with no loss of
functionality.
Although h-BN has been identified as an ideal substrate for graphene, it is not
commercially available as a wafer-scale substrate like silicon. To be used as a substrate, it
was mechanically exfoliated on SiO2 in the same way as graphene exfoliation, and
graphene flakes are transferred on to the h-BN flakes (51). Chemically synthesis of h-BN
and graphene on h-BN have been intensively studied (55-58), however, the quality of those
still need improvement. Up to date, devices made by transferring mechanically exfoliated
graphene flake onto h-BN still show the higher quality than CVD grown samples. Here, I
focus on the graphene transfer methods using mechanically exfoliated flakes.
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2.1 Introduction to graphene transfer
Graphene transfer means the process of moving a piece of graphene flake from one material
surface to another material surface. The original material surface can be any surface on
which graphene flake is exfoliated. The target surface here is the top surface of an h-BN
flake on SiO2/Si substrate. There are two challenges in a transfer process. The first is to
keep a planar structure of graphene, preventing graphene flakes from rolling up, fracture
or wrinkled. A soft polymer film is usually used as a transfer medium for this purpose. The
second is to keep the device layer interfaces as pristine as possible. The point of using hBN as a substrate is to utilize its better surface properties. If there are external materials
trapped in the graphene/h-BN interfaces, forming interfacial bubbles, ridges and wrinkles,
the device quality will be severely affected. Special cares has to be taken in the flakes
selecting, transfer process and post-transfer treatment to keep both sides of the graphene
surfaces as clean as possible.
2.2 Potassium hydroxide (KOH) transfer method
In fall 2009, the KOH transfer method was developed, which was the first procedure we
used to transfer mechanically exfoliated graphene flakes from SiO2 surface onto a BN flake.
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Figure 2.1: Schematic of the KOH transfer method. (a) Graphene is deposited on SiO2
surface by mechanical exfoliation. (b) PMMA layer is spun coated on the chip. (c) The
chip is floating on the hot KOH solution due to liquid surface tension. (d) SiO2 layer is
totally removed by chemical reaction with KOH.
As shown in figure 2.1, graphene flakes are first exfoliated onto a piranha cleaned SiO2
(285 nm) /Si chip with size of 1  1 cm2. The chip is then scanned under an optical
microscope to identify a desired flake, which is usually isolated, without any Scotch tape
residue surrounding it. The flake is then examined by an AFM to make sure it is free from
wrinkles and particles. Meanwhile, the same procedures are carried out to identify a pristine
h-BN flake, which is between 10 and 20 nm in thickness.
A poly-methyl methacrylate (PMMA) layer with thickness around 600 nm is then coated
on the chip with graphene flake. This is achieved by spinning PMMA A6 950 at a speed
of 4000 rpm on the chip, which is then baked at 180 °C for 2 minutes. The chip is scratched
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using a razor blade along the four sides to expose the PMMA covered SiO2 edges. KOH
solution with 1 mol/L concentration is prepared and heated in a water bath kept at 80 °C
using a feedback control hotplate as shown in figure 2.1c. The chip is then gently placed
on the KOH solution surface with PMMA side facing up. Because of the surface tension
the liquid, the chip floats on top of the KOH solution, which slowly etches SiO2 from the
four exposed edges. After about one hour, the SiO2 layer is totally etched away, and the
remaining Si substrate sinks to the bottom of the beaker, leaving the PMMA film with
graphene flakes on its bottom surface floating on top of the KOH solution (figure 2.1d).

Figure 2.2: A photo of the transfer glass slide.
Three 100 ml beakers with deionized (DI) water are prepared. The PMMA film is then
fished out using a Teflon spoon and quickly moved to float on the DI water surface. This
process is repeated two more times to transfer the PMMA film to two other DI water bath
in sequence to dissolve and wash away KOH residues at the bottom surface of the film.
The film is then fished out using the Teflon spoon again, flipped and put back to the DI
water surface. Now the film is floating on the water surface with graphene flake side facing
up (figure 2.2 a). A glass slide with a hole, as shown in figure 2.2 b, is used to pick up the
film from water with the position of the graphene flake near the center of the hole. The
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water residue on the glass slide and inside the hole is then drained using a piece of
cleanroom wipes.

Figure 2.3: Transfer procedures and setup.
As shown in figure 2.2 c, the graphene flake on the glass slide is placed on manipulator on
a probe station, and then aligned through the optical microscope to the h-BN flake sitting
on the stage. The manipulator is then lowed until the suspended film touches the h-BN
flake chip surface. And then the heater is turned on to increase the temperature of the chip
to be about 120 °C, at which, the PMMA becomes very soft and close to melting. The
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manipulator is then moved up slowly and the portion of film touching the chip remains on
the chip surface. At this point, the graphene flake has been successfully transferred onto
the h-BN flake surface. After that, the chip is rinsed in acetone for one hour to remove the
PMMA film. The remaining PMMA residue is further removed by annealing the chip in
H2/Ar. Figure 2.4 shows an AFM scan of the graphene/h-BN stack. Very often, there are
still KOH residues on the graphene surface. Graphene and h-BN interface may also form
many bubbles and wrinkles. However, there is still small chance that a clean area can be
identified to make a device.

Figure 2.4: An AFM image of a graphene/BN stack made by the KOH transfer
method.
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2.3 Water soluble layer/ polymer transfer method
The KOH method is problematic mainly because the graphene surface has been polluted
before it is transferred onto h-BN surface. Chemical residues trapped between the
graphene/h-BN interfaces because graphene has actively contacted the chemical solution
in the transfer process, and it is almost impossible to completely remove these chemical
residues afterwards. To prevent the interfaces from contaminations, the graphene surface
has to avoid contacting other materials. Along this direction, water soluble layer/polymer
transfer method was invented in the summer 2010.
Instead of SiO2 layer, a layer of water soluble polymer is used as sacrificial layer in this
method. Graphene flakes are no longer exfoliated onto SiO2 surface, while Si chip with
two layers of polymer spun are used. Figure 2.5 shows a schematic of the new chip structure.
At the bottom is a bare Si chip, in the middle is a layer of water soluble polymer, and on
the top is a layer of PMMA. When this method was first developed, the water soluble layer
we used was aquaSAVE. Although it works well, this chemical is quite expensive. An
alternative chemical called polyvinyl-alcohol (PVA), which is much cheaper, was quickly
identified to achieve the same goal.
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Figure 2.5: Schematic of the chip structure used in the water soluble layer/ polymer
transfer method.
Various recipes of the PVA/PMMA layers were tested over the next two years, and the
optimized recipe is described here. PVA is commercially available as powder. It is then
mixed with DI water in 5% weight ratio. The mixture is stirred overnight and then filtered
by 0.2 µm size polytetrafluoroethylene (PTFE) membrane. The resulted solution is stable
over two years if it is well sealed. The PVA solution is first spun on the bare Si chip at a
speed of 8000 rpm with 10 000 rpm acceleration, and no baking is needed after that. The
resulted film color is black and about 50 nm in thickness. The PMMA, 495K A4 is used
here, is immediately spun after that at 2000 rpm with 1000 rpm acceleration. The chip is
then baked on a hot plate at 120 °C for 2 minutes. The total thickness of two polymer layers
is about 275 nm to have the best optical contrast for graphene identification.
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Figure 2.6: An AFM image of a typical graphene flake on PMMA selected for
transferring.
Graphene flakes are mechanically exfoliated on the PMMA layer surface. Isolated flakes
are identified optically and scanned by AFM. The thickness of a single layer graphene flake
on PMMA surface measured by AFM in tapping mode is about 0.8 ~ 0.9 nm, and 1.1 ~ 1.3
nm for bilayer graphene. Only clean flakes with no particles and scotch tape residues
(figure 2.6) are selected for transferring.
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Figure 2.7: Scratching the edge of the PMMA (a) and place the chip on the water
surface (b).
The chip is scratched using sharp metal tweezers along the four edges to expose the edges
from the PMMA coating (figure 2.7 a). It is then gently placed on top of the DI water. The
chip floats on the water surface due to surface tension of DI water (figure 2.7 b). One corner
of the chip is then manually pressed into the water for 30 seconds to let the water start
dissolving the PVA layer. After about 10 minutes, the PVA layer is totally dissolved by DI
water. The bare Si chip sinks to the bottom of the beaker, and the PMMA film with the
graphene flake is floating on the water surface. Different from the KOH transfer method,
the graphene flake is now on the top surface of the PMMA film. At the meantime, the BN
flakes are prepared on SiO2/Si chips. Similar to the KOH transfer method, a glass slide
with a hole (figure 2.2), is used to pick up the film from water. And the graphene flake is
aligned and transferred on an h-BN flake on a probe station stage. Similar thermal
annealing process is carried out to remove the PMMA residues. In the entire transfer
process, the side of the graphene, which contacts h-BN, and the upper side the h-BN flake
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have never contacted any chemical, solvent or water. So the graphene/h-BN interfaces is
clean, which is the major improvement compared with the KOH transfer method.

Figure 2.8: An AFM image of a typical graphene/h-BN stack made by polymer/water
soluble layer transfer method.
Figure 2.8 shows a typical AFM image of graphene/h-BN stack using this transfer method.
There are relatively large clean areas, bubbles and wrinkles still exist. The reason for the
generation of bubbles is not clear. Some studies show the material inside the bubbles is
probably water. Since both graphene and h-BN surfaces are confirmed clean by AFM prior
to transfer and their surfaces do not contact other material in the transfer process, the water
trapped in the graphene/h-BN interface is possible from the moisture in air. The other
possibility is the PMMA film is strained as it is contacting the h-BN chip surface, so some
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air is trapped in the bubbles. By controlling the way that the PMMA film touches the hBN chip surface, a large area bubble free graphene/h-BN stack can be achieved (figure 2.9).

Figure 2.9: AFM images of a bubble-free graphene/h-BN stack (a) and the same stack
with an h-BN transferred on top, showing dense bubbles (b).
This water soluble layer/ polymer transfer method is sufficient to make a simple
graphene/h-BN stack which could result in high quality devices, e.g. the measured mobility
of the graphene on h-BN is 60 000 ~ 70 000 cm2/Vs, which is about five time higher than
the values of graphene on SiO2 devices. However, it still not reaches the theory prediction.
The upper surface of graphene is still contaminated by polymer residues, which could
possibly scatter electron.
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Figure 2.10: Conductivity of a graphene sample comparing the room-temperature
transport characteristics measured for as-transferred-to-h-BN (blue curve) and after
annealing in H2Ar (black curve).
Figure 2.10 shows the conductivity as a function of gate voltage for a device before and
after thermal annealing. The conductivity values improved substantially after thermal
annealing, which removes the PMMA residue. However, in situ TEM studies showed the
limitation of thermal annealing, the last monolayer of PMMA residue cannot be effectively
removed over larger area even at the temperature as high as that the carbon-carbon bond is
about to break (52). Other studies tried searching for alternative low molecular weight
polymers which hopefully could be easier to remove (59). However, effort along this
direction is so far not yet promising. Once the graphene surface touches polymers, it is
almost impossible to completely clean it. This is the intrinsic drawback of the water soluble
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layer/ polymer transfer method, because one side of the graphene surface has to touch the
polymer, which leaves residues.
This problem becomes more pronounced when building a multi-layer stack. Figure 2.9 b
shows the process of making an h-BN/graphene/h-BN structure by transfer another h-BN
flake on a graphene/h-BN stack. As shown in figure 2.9 a, the graphene/h-BN stack is
completely free of bubble and wrinkles, however, high density bubbles appear when
another h-BN flake is transferred on top. This is probably due to the top surface of the
graphene is coated by PMMA residues, which could not be effectively removed by thermal
annealing. As reported by other similar studies, this limits the achievable device size to
only 1 µm2 (40). And as the layer number of the stack increases, having a clean device
becomes more difficult.
2.4 Van der Waals transfer method
Encapsulated device made of h-BN/Graphene/h-BN stack showed better transport property
and negligible environmental sensitivity (34). However, polymer residues at the device
layer interfaces make the device fabrication not practical. Van der Waals (vdW) transfer
method is developed by this motivation (60).
This technique utilizes van der Waals adhesion to assemble heterostructures of graphene
and BN without exposing the device layer interfaces to polymers. First, a bare Si chip is
coated with ~1 µm of poly-propylene carbonate (PPC) (Sigma-Aldrich, CAS 25511-85-7).
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Figure 2.11: Procedures to put a PPC film on a PDMS stamp. (a) A piece of PDMS is
placed on a glass slide. (b) A piece of scotch tape with a hole in the center. (c) The scotch
tape is place on a silicon chip coated with PPC film. (d) The scotch tape peels off the PPC
film. (e) The PPC film is fixed on the PDMS surface by the scotched tape.
H-BN flakes are exfoliated onto the surface of the PPC and examined by optical
microscopy and AFM (figure 2.12 b) to find an atomically smooth flake with thickness
~10-30 nm.
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Figure 2.12: AFM images of the h-BN surfaces. (a) An example of dirty surface. (b) An
example of clean surface.
The PPC is then manually peeled from the Si substrate (figure 2.11) and placed onto a
transparent elastomer stamp (poly dimethyl siloxane, PDMS), h-BN side up. The stamp is
then inverted and affixed to a microscope slide. In parallel, flakes of graphene and h-BN
are exfoliated onto Si/SiO2 (285 nm) wafers and examined by optical microscopy and
atomic force microscopy (AFM). To make an h-BN/graphene/BN stack (figure 2.13), the
slide with the PDMS stamp is inverted and attached to a micromanipulator, such that the
BN flake (which will form the top of the h-BN/graphene/BN stack) is on the bottom. The
manipulator is used to position the h-BN flake over a chosen graphene flake, bring the two
flakes into contact, and then lift the stack. The graphene adheres more strongly to the hBN than the SiO2 and is lifted from the substrate. We found that setting the stage
temperature to 40 °C produced the best results (nearly 100% yield). The process is then
repeated to pick up the bottom h-BN flake and can be further repeated to create stacks with
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arbitrary numbers of layers. For device fabrication, the stack is placed onto the desired
substrate at 40 °C first. The substrate is then heated to 90 °C slowly to soften the PPC,
which allows the glass slide and PDMS to be removed. The PPC is then removed in
chloroform to leave the h-BN/graphene/h-BN on the substrate.

Figure 2.13: Schematic diagram showing the vdW transfer method.
In samples produced by water soluble layer/polymer transfer method, the presence of
residual polymer residue, even after annealing, leads to interfacial ‘bubbles’ when a second
h-BN layer is placed on top of the graphene. These bubbles limit device size to only ~1 µm
and make assembly of more complex structures containing many active layers extremely
difficult.
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Figure 2.14: AFM image of a BN/graphene/BN/graphite stack made by the vdW
method.
A major additional benefit of the vdW transfer technique is to eliminate interfacial
contamination and minimize interfacial bubbles (figure 2.14), such that device size is
limited only by the available crystal size and multi-layer stacks can be easily created simply
by repeated ‘pick-up’. The cleanness of the graphene-BN interfaces is confirmed by
looking at the cross-sectional images of the atomic layers of the stack under a TEM (figure
2.15), the graphene layer is almost no differentiable from the BN layers (the TEM images
are taken by our collaborator in Cornell University).
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Figure 2.15: High resolution ADF-STEM image of the BN-G-BN interfaces.
Finally, this technique works for other 2D materials. As an example, figure 2.16 shows a
single layer MoS2 flake being picked up by an h-BN flake.

Figure 2.16: Optical images showing the steps of making a BN-MoS2-BN stack using
the vdW process.
2.5 Chapter summary
Material engineering on the bottom-up approach has made significant progress that the
basic building block becomes as thin as a single layer of atoms, such as graphene, boron
nitride and transition metal dichalcogenides. Heterostructures based on layering of these
2D materials represent a new class of electronic devices. One of the greatest assets of 2D
materials is that being only one atom thick. At the same time, this can be one of its worst
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features since this makes the material extremely sensitive to its environment. The
performance of graphene is degraded by exposure to contamination. Any high-performance
electronic material must be encapsulated in an insulator to protect it from the environment.
The quality of the devices has progressed with the every advancement in the transfer
method. In this chapter, the author introduced three transfer techniques being invented,
used and progressed in the scope of this thesis. The devices characterized in the
experiments described in the following chapters are mostly prepared by the last two transfer
techniques. As it will be shown, the devices prepared by vdW transfer method shows
characteristics closely matching the theoretical values. Until the direct growth of high
quality h-BN/graphene/h-BN stacks by CVD or MBE methods are figured out, vdW
transfer method will be the way to produce the cleanest 2D material stacks.
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Chapter 3

Probing Graphene‐BN Device Quality by
Raman Spectroscopy

Raman spectroscopy is a method of probing the modes of molecular motions or crystal
lattice vibrations. It based on inelastic scattering of a monochromatic excitation source. A
Raman spectrum is a plot of the intensity of Raman scattered radiation as a function of its
frequency difference from the incident radiation, usually in units of wavenumbers, cm-1).
And this difference is called the Raman shift. The selection rules of Raman spectroscopy
allow for symmetric vibration modes, which could not be seen using other spectroscopy
method. Soon after graphene was first isolated, Raman spectroscopy was used to study of
the lattice vibration modes of graphene (61). It is a fast, easy and nondestructive tool to
probe many important graphene properties, including defect density, doping type and level,
layer number, edge, lattice strain and band structure.
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3.1 Introduction to Raman Spectroscopy of graphene
Raman spectroscopy is sensitive to certain lattice vibration modes of graphene. So an
understanding of the phonon dispersion of graphene is important. There are two carbon
atoms in the graphene unit cell, so six phonon dispersion bands exist (Figure 3.1). Three
of them are acoustic branches and the other three are optic branches. And two out of six
vibration modes are perpendicular to the graphene plane, referred as out-of-plane phonon
modes. The rest four modes are in-plane. The directions of the vibrations are also classified
as longitudinal or transverse according to the atom movements parallel with or
perpendicular to the carbon-carbon directions. Using these three rules, the six phonon
curves are assigned to LO, iTO, oTO, LA, iTA, and oTA phonon modes (62).

Figure 3.1: Calculated phonon dispersion branches of graphene. (62)
Figure 3.2 shows a Raman spectrum of a monolayer graphene edge (62). The most
prominent features in the Raman spectra are D-peak, G-peak, and 2D-peak. G-peak appears
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at 1581 cm-1, which is associate with the degenerate phonon modes iTO and LO,
corresponding to the vibrations of the sublattice A against the sublattice B, at the Brillouin
zone center Γ point. It is the only band coming from a normal first-order Raman scattering
process in graphene. The D-peak and 2D-peak originate from a second-order process,
involving two iTO phonons near the K point for 2D-peak, or one iTO phonon and one
defect in the case of the D-peak.

Figure 3.2: The main Raman features of graphene. (62)
For G-peak, the renormalization between electron-hole pairs and phonon could be affected
by the changing the Fermi level. Because the Fermi level position determines whether or
not a state is available, due to Pauli exclusion, for an electron-hole to be generated, which
will also affect the scattered phonon (44). Experimentally, the frequency and width of the
Raman G-peak show dependence of the Fermi energy (43). The G-peak frequency
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increased and width decreases when the Fermi level moved away from the Dirac point.
From the statistical study (46), the position and width of the G-peak of the intrinsic
graphene is around 1580 cm-1 and 18 cm-1. As the doping level increases, the position shifts
up in frequency, for example 1620 cm-1 corresponds to a carrier concentration of electron
or hole over 1013 cm-2. The width of the G-peak will decrease with the doping level
increases (43).
D-peak is related to defect/disorder in the sp2 system. Either amorphous or sp3 bond will
have a D-peak. The higher intensity of D-peak, the larger defect density. D-peak to G-peak
intensity ratio is usually used to characterize the quality of graphene. D-peak is dispersive,
with the frequency upshifting with the increasing laser energy at about 50 cm-1/eV (45, 62).
2D-peak has nothing to do with defects. It happens at about two times of the frequency of
D-peak, because its process requires two phonons in the inter-valley scattering. It is also
dispersive, with the rate about twice of that of D-peak, ~100 cm-1/eV. 2D-peak position is
also found to be sensitive to doping levels (43). Increasing the hole doping concentration
will cause 2D-peak frequency to upshitft and increasing the electron doping will downshift
the peak frequency. 2D-peak to G-peak intensity ratio is often used to measure the quality
of the graphene. For intrinsic graphene on SiO2 substrate, the ratio is about three to four
(61). For suspended graphene, the ratio could reach a value as high as ten (42). Defective
graphene with a D-peak usually have 2D-peak to G-peak intensity ratio to be less than 1.
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3.2 Experimental methods
The experiment is aimed to compare the Raman features of graphene samples on SiO2 and
h-BN substrate. The substrate effect is also found to affect the sensitivity of the graphene
to the environment. So in this experiment, we vary the environment to be as-transferred,
annealed and vacuum, and perform Raman measurement on graphene/SiO2, graphene/BN
and BN/graphene/BN samples.
3.2.1 Device fabrication processes
Two types of samples were made to study the environmental effects on graphene devices.

Figure 3.3: An AFM image of a single layer graphene flake partially on SiO2 and
partially on h-BN (Type I sample). Inset: Optical image of the same graphene/h-BN stack.
Raman mapping is carried out in the region inside the dashed rectangle.
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The first type of sample is used to compare graphene on SiO2 and h-BN substrates, with
top graphene surface open to the environment. As shown in Figure 3.3, the h-BN flakes are
firstly deposited on the 285nm SiO2 on Si substrate by the mechanically exfoliation method.
Then a single layer graphene flake is transferred onto an h-BN flake using the water soluble
layer/polymer transfer method.

Figure 3.4: An optical image of a BN/graphene/BN stack made by the vdW transfer
technique. (Type II sample)
The second type of the sample is made to further investigate the graphene devices
encapsulated by h-BN on both sides. As shown in Figure 3.4, a single layer graphene is
sandwiched between a bottom and top h-BN flakes by the vdW transfer method.
3.2.2 Measurement methods
For type I samples, immediately after transfer, Raman spectroscopy is first carried out to
inspect the single-layer graphene flakes which are partially on h-BN and partially on SiO2
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substrates. The measurements were performed in ambient at 25 °C. As-transferred
graphene on h-BN samples are then annealed with forming gas (H2/Ar) in quartz tubing
placed inside a furnace at 340 °C for 3 hours. After thermal annealing, Raman spectra are
first taken in ambient condition. And then the sample is mounted inside a vacuum chamber
with an optical window which was pumped down to 1×10-5 torr by a diffusion pump. The
Raman spectra of the sample in vacuum were obtained at room temperature. Raman
spectroscopy for type II samples was then carried out in the same condition as type I
samples.
To take care of the interference effect on Raman signals, we adopt the multi-reflection
model of the Raman scattering developed by Yoon et al (63). There are four interfaces
associated in our experiment: air/graphene, graphene/BN, BN/SiO2, and SiO2/Si. The
effective reflection coefficient of adjacent two interfaces is introduced to reduce interface
number and simplify calculation.
Here are the definitions of formula used:
Fresnel transmission coefficient at the interface of air/graphene: t01 ( )  2n0 / (n0  n1 ( ))
Fresnel reflection coefficient at the four interfaces:

ri ( )  (ni 1 ( )  ni ( )) / (ni 1 ( )  ni ( ))

i  1 4

Where ni ( ) is the wavelength dependent refractive indices for air ( i  0 ), graphene (1),
BN (2), SiO2 (3), and Si (4).
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The effective reflection coefficients are defined in the following way:

r3,eff ( )  ( r3 ( )  r4 ( )e 2i3 (  ) ) / (1  r3 ( )r4 ( )e 2i3 (  ) )
r2,eff ( )  ( r2 ( )  r3,eff ( )e2i2 (  ) ) / (1  r2 ( )r3,eff ( )e 2i2 (  ) )
Where 2 ( )  2 d2n2 ( ) /  , 3 ( )  2 d3n3 ( ) /  , d2 and d3 are the thickness of BN
and SiO2.
According to multi-reflection model, the absorption factor is given as follows:

Fab (ab )  t01 (ab )(e i x ( ab )  r2,eff (ab )e i (2 1 ( ab )  x ( ab )) ) / (1  r1r2,eff (ab )e 2i1 ( ab ) )
Where  x ( )  2 xn1 ( ) /  , 1 ( )  2 d1n1 ( ) /  , x is the depth of the point where the
light absorption happens, and ab is the wavelength of excitation laser (532 nm).
Similarly, the scattering factor can be also written:

Fsc (sc )  t10 (sc )(ei x ( sc )  r2,eff (sc )ei (2 1 ( sc )  x ( sc )) ) / (1  r1r2,eff (sc )e2i1 ( sc ) )
Where t10 ( )  2n1 ( ) / (n0  n1 ( )) , x is the depth of the point where the scattering Raman
light is emitted, and sc is the wavelength of Raman light, 580.903 nm and 620.348 nm for
G and 2D peaks, respectively.
Then, the interference factor for each Raman peak due to interference effect is given by
d1

F  N  Fab (ab ) Fsc (sc ) dx
2

0

45

Where N is a renormalization factor, which is calculated in a similar way by removing BN
substrate and reducing the interface number.
The calculation results are shown as Figure 3.5.

Figure 3.5: The intensity ratio I2D/IG interference factor F as a function of h-BN
thickness. The interference effect due to the presence of SiO2/Si is still included.
3.3 Results and discussion
The Raman mapping of the type I sample as-transferred, annealed and in vacuum are shown
in supporting information figure 3.6, 3.7 and 3.8 respectively. The average values of every
Raman feature for both types of samples are plotted in figure 2 and 3.
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Figure 3.6: The Raman mapping results of as-transferred graphene on h-BN and on
SiO2/Si. The white line delineates the regions of two substrates: h-BN (upper part) and
SiO2/Si. The interference effect due to the presence of h-BN was removed from I2D and IG
for the graphene part on h-BN substrate. The green bar in the ωG map indicates the length
of 2 μm.
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Figure 3.7: The Raman mapping results of annealed graphene on h-BN and on SiO2/Si.
The graphene was annealed at the forming gas (H2/Ar) at 340 oC for 3 hours. The boundary
between h-BN (uppper) and SiO2/Si is denoted by the white line. The green bar in the ωG
map indicates the length of 4 μm.
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Figure 3.8: The mapping results of annealed graphene on h-BN and on SiO2/Si in
vacuum. The annealed graphene in figure 5 was placed in a chamber with an optical
window and the pressure of the chamber was pumped down to 1×10-5 torr. The green bar
in the ωG map indicates the length of 4 μm.
The Raman mapping of the type II sample as-transferred, annealed and in vacuum are
shown in supporting information figure 3.9, 3.10, 3.11 respectively.
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Figure 3.9: The mapping results of as-transferred graphene sandwiched between two
h-BN substrates. The interference effect due to the presence of h-BN layers was removed
from I2D and IG for the graphene part on h-BN substrate. The size of mapping area: 7 μm ×
5 μm.

Figure 3.10: The mapping results of annealed graphene sandwiched between two hBN substrates. The interference effect due to the presence of h-BN layers was removed
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from I2D and IG for the graphene part on h-BN substrate. The graphene was annealed at the
forming gas (H2/Ar) at 340 oC for 3 hours. The size of mapping area: 7 μm × 5 μm.

Figure 3.11: The mapping results of annealed graphene sandwiched between two hBN substrates in vacuum. The size of mapping area: 7 μm × 5 μm.
Figure 3.12 shows the Raman spectra of G and 2D peaks for the both types of samples
under three different conditions. The black dotted lines are obtained on the as-transferred
samples under ambient conditions. The red dash lines are taken on the same samples after
annealing, and the Raman mapping is still carried out under ambient conditions. The blue
solid lines are taken on the same annealed samples but in a vacuum chamber. The absence
of D peak suggests that the thermal annealing used in our experiment does not introduce
detectable level of defects. The analysis of the correlation between the position of 2D peak
(ω2D) and G peak (ωG) indicates that the strain plays a negligible role during annealing.
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Figure 3.12: The observed Raman spectra of as-transferred (black dotted lines),
annealed (red dash lines) graphene, and annealed graphene subsequently observed in
vacuum (blue solid lines) on SiO2/Si (a), on h-BN (b), and between two h-BN layers
(c). Each spectrum was normalized according to its G peak. The intensity of both 2D peaks
in (c) was multiplied by a factor of 1/2 for comparison.
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Figure 3.13: Environmental sensitivity of graphene Raman data on SiO2/Si (black
square), on h-BN (red circle), and between two h-BN layers (blue triangle).
3.3.1 G-peak positions and charge impurities doping
Let’s first focus on the type I samples. For as-transferred graphene on SiO2 and on h-BN,
their G peaks have similar positions and widths. The G peak position and width depend
strongly on the interaction between graphene and its environment (64, 65). Any charge
transfer between graphene and environment leads to a stiffened (up-shifted) and narrowed
G peak (64, 65). The stiffening stems from the reduction of strong electron-lattice vibration
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coupling as the Fermi level shifts, while the narrowed peak is the result of a longer phonon
lifetime as decay into electron-hole pairs is blocked (64, 65). The previous studies of
graphene on SiO2 and suspended graphene both showed that G peak position of the pristine
graphene is close to 1581 cm-1 (46, 66). In figure 3.13, the initial G peak shows a similar
position ωG (1581 – 1582 cm-1) and width ΓG (11 – 12 cm-1) on both substrates. These
values are essentially consistent with those of pristine graphene, indicating that astransferred graphene is negligibly doped, at or below a level of ~1×1012 cm-2 (66).
3.3.2 The 2D-peak to G-peak ratio
The integrated intensity ratio I2D/IG of the G and 2D peaks provides additional and
independent information (42, 67). The intense 2D peak is doubly electronically resonant,
and all electron scattering processes in the resonant intermediate states decrease its
intensity (68). In contrast, the G peak intensity is not affected by such scattering processes
(69). Thus, the highest I2D/IG ratio occurs in perfectly pristine graphene. Environmental
stray electrical fields, for example from oxide impurity charges, can increase scattering.
For this reason, an annealed graphene sample, conformal on a SiO2 substrate, shows an
I2D/IG ratio much lower than for suspended graphene. In addition, scattering increases with
increased carrier concentration due to the Fermi level shift (46). An electrochemical gating
experiment shows that I2D/IG decreases upon either electron or hole doping (43). At very
high hole doping the ratio further diminishes (70), in agreement with off-resonance
electronic Raman enhancement theory imposed by the Pauli exclusion principle (71). The
I2D/IG ratio also depends on laser polarization (72) and spectrometer sensitivity (69, 73).
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In addition to these intrinsic intensity effects, there is an optical interference effect (63, 74)
in the SiO2 layer which enhances the G peak intensity by a factor of ~2 on SiO2/Si,
compared with suspended graphene. The near 40 nm difference in the G and 2D scattering
wavelengths leads to different multiple reflection interference. Therefore, the observed
I2D/IG ratio systematically varies as a function of SiO2 thickness and laser excitation
frequency. In our experiment, the additional h-BN layer between graphene and SiO2 further
complicates this interference.
The calculated interference enhancement factor F for I2D/IG in figure 3.5 shows an
oscillatory pattern as h-BN thickness increases from 0 to 500 nm. The factor F has a global
maximum 2.04 on 65 nm h-BN and a global minimum 0.62 on 125 nm h-BN. An
enhancement of I2D/IG from its intrinsic value is observed for nearly three quarters of h-BN
thickness in the range from 0 to 500 nm. In our experiment the observed I2D/IG ratio of astransferred graphene on h-BN is 6.3, which can be corrected to 5.5 I2D/IG on SiO2. If the
interference in the SiO2 itself is removed, the ratios are 6 and 5.7 on the h-BN and oxide
substrates.
The ratios for these as-transferred graphene on SiO2 and on h-BN are nearly equal: ~ 6.
This near equality was observed in four different samples: the observed value was higher
in two samples, nearly ~ 10 in one sample. These high ratios are close to the reported high
ratio measured for intrinsic suspended graphene (42, 67). These Raman data reveal the very
high intrinsic quality of directly exfoliated graphene samples, observed without further
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processing (e.g. annealing) necessary to make electrical connections, on both oxide and hBN.
3.3.3 The 2D peak width and position
Figure 3.13 d shows the comparison of the 2D peak width (Γ2D). The Γ2D of the graphene
on SiO2 part is between 25 cm-1 and 26 cm-1, which agrees with previous reported values
(61). For the section of graphene on h-BN, the Γ2D is between 22 cm-1 and 23cm-1,
decreasing by ~4 cm-1 compared with the value of graphene on SiO2. The peak shape and
the amount of decrease in Γ2D are similar to that observed on the suspended graphene
samples (42). The 2D peak position ω2D is also slightly different on the two substrates: The
2D peak upshifts by ~3 cm-1for graphene on h-BN, from 2686 cm-1 for graphene on SiO2.
The increase in ω2D of graphene on h-BN here, however, is different from the behavior of
the suspended graphene. On h-BN we have repeatedly observed an upshifted 2D peak
centered near 2689 cm-1 when excited by 514.5 nm laser, while it is downshifted to ~2674
cm-1 for suspended graphene.
3.3.4 Effect of thermal annealing
Exfoliated as-transferred graphene on h-BN and SiO2 in principle can be contaminated by
both PMMA and tape residue. The extent of such contamination varies from sample to
sample, and laboratory to laboratory, typically in an uncharacterized fashion. Thermal
annealing in a reducing atmosphere has been used as a standard procedure to remove
possible contamination, for example, before further characterization in STM studies (7577) and electrical measurement (51). Detailed study on the removal of PMMA through
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thermal annealing was carried out using Raman spectroscopy and transmission electron
microscopy (TEM) (52). Careful studies have shown that annealing graphene exfoliated
directly on SiO2/Si substrate creates better conformation to the somewhat rough oxide
surface. The increased graphene distortion enables greater subsequent doping by oxygen
and water under ambient conditions (78, 79). Initially the directly exfoliated graphene sits
on the high spots of the SiO2/Si substrate, and is less perturbed. Thus, somewhat
paradoxically, we find that annealing on oxide substrates actually creates less intrinsic
graphene when subsequently observed under ambient conditions.
Now we describe the Raman mapping (taken in ambient conditions) after annealing in
forming gas at 340 oC for 3 hours. On both SiO2 and h-BN substrates there are substantial
changes in the Raman data. The I2D/IG ratio decreases by about 40% on h-BN and 70% on
SiO2/Si. This decrease is accompanied by the stiffening of G slightly to 1587 cm-1 on hBN and more substantially to 1600 cm-1 on SiO2/Si. As mentioned above, this behavior on
SiO2/Si has been previously observed. The position of 2D peak changes negligibly on hBN, with only a 1 cm-1 increase. The position upshifts by 15 cm-1 to 2701 cm-1 on SiO2/Si.
This upshift suggests hole-doping (43), consistent with earlier reports on SiO2/Si supported
graphene(78-80). Even though annealing broadens 2D peaks on both substrates, annealed
graphene on h-BN still possesses a quite narrow 2D peak (only 25 cm-1 in width), close to
that of as-transferred graphene. If we use the calibration from an electrochemical top gating
Raman study (43), then exposing our annealed graphene in air makes it hole doped
~1.5×1012 cm-2 on h-BN and ~1.3×1013 cm-2 on SiO2/Si. The presence of h-BN substrate
suppresses ~88% of doping on SiO2/Si upon annealing.
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3.3.5 Environmental effect after thermal annealing
To understand the role of ambient oxygen and moisture, we further took annealed graphene
Raman data in a vacuum chamber pumped down to 1×10-5 torr, as described above. The
spectra of graphene on SiO2/Si do not change noticeably, except for 2 cm-1 downshift in G
peak position. This downshift represents a slight doping decrease of 1×1012 cm-2, but
graphene was still strongly doped at 1.2×1013 cm-2 on SiO2/Si. For graphene on h-BN, the
G peak downshifts to 1583.5 cm-1, close to pristine value. The downshift is also companied
by 20% increase in I2D/IG ratio and 2D peak narrowing by 2 cm-1. Those changes suggest
more pristine-like graphene on h-BN when annealed graphene was placed in vacuum. If
this sample is removed from vacuum and again studied in ambient, the Raman G peak on
h-BN shifts back to the original position as before placed in the vacuum. Thus on h-BN the
ambient doping effect is largely reversible.
The observed doping of annealed graphene on h-BN in ambient can be attributed to a
modest reversible binding of oxygen and water to “distorted” graphene on h-BN, activated
by thermal annealing. Two types of mechanism were introduced to analyze the doping of
supported graphene by the local environment: (1) direct charge transfer between graphene
and adsorbates of different electronegativity, and (2) redox reactions of graphene with
water and adsorbates (81). The electrochemical mechanism has been used to explain the
different doping behaviors by ammonium (n-type) and humid atmospheres (p-type) (82).
In prior work the combination of Raman spectroscopy and scanning tunneling microscopy
suggests that the hole doping to graphene on SiO2/Si substrates comes from the interaction
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with O2 bound to the silicon dioxide surface and is facilitated in the presence of water. As
mentioned above the exfoliated graphene originally sits on the high spots of the SiO2/Si
substrate (79). After annealing, graphene is brought to be in close contact with the SiO2/Si
substrate and conforms to the surface roughness, resulting in a distorted graphene that is
closer to oxide electric fields. When close enough, charge or impurities in SiO2/Si reaches
an equilibrium of charge transfer with graphene, while distortion increases binding of
oxygen or water to graphene and dopes graphene through electrochemical mechanism. For
graphene on h-BN, the chemically inert nature of the substrate, such as the absence of
dangling bond and charge impurities, introduces a negligible amount of disorder to
graphene, as reported in previous STM studies (77, 83). A strong van der Waals interaction
exists at the interface between the two layers; in fact that h-BN can be used as metal-free
substrate to grow graphene through chemical vapor deposition (CVD) method (12, 84).
This strong interaction may block the intrusion of gas molecules into graphene-substrate
interface, which is usually present in conventional Si/SiO2 substrate.
3.3.6 Fluorescence background of h-BN
Furthermore, we also noticed that the mechanically exfoliated h-BN exhibited irregular
fluorescence background, independent of thermal annealing and varying from spot to spot.
Since h-BN is a deep UV light emitter (85), the fluorescence background could be due to
the impurity states introduced during synthesis. Because the similar background shows up
in both graphene-covered and uncovered region, we suggest the impurity is embedded
inside of h-BN, not just on the surface. Due to the strong optical absorption of graphene
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(in terms of one-atom-thick material), the fluorescence would be efficiently quenched if
graphene is in close contact with emission center. This strong background observed can
interference with G peak, therefore, such samples was discarded in our study.
3.3.7 Environmental insensitivity of h-BN/graphene/h-BN stack
The Raman electronic properties of graphene supported on BN substrate, while superior to
those on SiO2, are degraded somewhat due to exposing to air after thermal annealing.
Would this occur if graphene was protected by BN on both sides rather than one side? We
did Raman mapping on as-transferred and annealed graphene in the h-BN/graphene/h-BN
sandwich structure, in ambient and in vacuum as described above. The graphene Raman
data shows the quality of graphene encapsulated by BN on both side remains as good as
the best pristine graphene. As shown in figure 3.13, the position and width of G peak are
1581cm-1 and 16cm-1 respectively, indicating the doping level is smaller than Raman
detection limit. In contrast to single sided support on h-BN, the Raman data remain
unchanged after thermal annealing. The (interference corrected) I2D/IG ratio is high, ~ 11,
comparable to that of suspended graphene (42, 67). The 2D peak is further narrowed to 18
cm-1 and stiffened to 2695 cm-1, compared to that of one-side h-BN supported graphene. In
the sandwich structure, the width of overtone peak, 2D peak, is close to that of G peak (16
cm-1).
The doubly enhanced, very strong, two phonon 2D Raman feature is composed of a range
of phonon momentum along the K to Γ direction in the Brillouin Zone. Recent calculation
shows that the position and relatively narrow 2D width for pristine graphene represents the
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interplay of opposite trigonal warpings in electron and phonon dispersions (86). We see
that the 2D peak position systematically upshifts in the one sided and sandwich h-BN
structures. In the sandwich structure, the 2D feature peak is upshifted by 21cm-1, and the
width decreased by 4-5 cm-1, compared with suspended pristine graphene. Thus the trigonal
warping phonon and electron dispersions are changed somewhat in the h-BN sandwich
structure compared with pristine graphene in vacuum. This likely represents the effect of
the local BN dielectric constant on intrinsic graphene electronic structure.
Annealing in a reducing hydrogen gas at high temperature has a negligible effect on
graphene in the sandwich structure. Apparently the strong van der Waals interaction
between graphene and h-BN isolates both sides of graphene from gas impurities (such as
O2 and H2O) after high temperature annealing processing. Although the impurity charge
density level is reduced by one order of magnitude for graphene with one sided support on
h-BN, we still observe slight doping after thermal annealing, as a result of the equilibrium
binding of gas molecules with top side. The h-BN/graphene/h-BN sandwich offers great
advantage in creating a stable, robust near intrinsic graphene structure able to withstand
thermal annealing procedures.
3.4 Chapter summary
In summary, the Raman data reveal a high initial quality and minor environmental
perturbation for exfoliated graphene on both SiO2 and h-BN substrates under ambient
conditions, if the sample has not been thermally annealed or processed. The observed high
Raman I2D/IG ratio and large G peak width for graphene on h-BN is similar to suspended
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graphene over a trench.

On SiO2, subsequent thermal annealing strongly activates

graphene sensitivity to environmental doping by oxygen, water vapor, and charge
impurities on substrate. On h-BN substrate such thermal activation of environmental
doping is reduced by one order of magnitude, and varies slightly from sample to sample.
This residual doping after annealing is apparently caused by weak, reversible binding of
oxygen and water, and is further reduced by pumping in vacuum. An essentially complete
removing of environmental influence is achieved for graphene in an h-BN/graphene/h-BN
sandwich. The encapsulation of graphene on both sides is required to keep graphene
unperturbed during high temperature processing in a reducing atmosphere. In addition, the
h-BN local environment in the sandwich structure produces the highest graphene 2D
Raman peak position, and the narrowest width, yet observed. The Raman study supports
the suitability of h-BN substrates, especially the sandwich structure, for high-quality
graphene devices.
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Chapter 4

Edge contact to the BN‐Graphene‐BN
Sandwich Structure
The capability to assemble multiple 2D materials with complementary properties into
layered heterogeneous structures presents an exciting new opportunity in materials design,
but several fundamental challenges remain, including making good electrical contact to the
encapsulated 2D layers. Electrically interfacing three-dimensional (3D) metal electrodes
to 2D materials is inherently problematic. For graphene devices, the customary approach
is to metalize the 2D surface. However, graphene lacks surface bonding sites, so the lack
of chemical bonding and strong orbital hybridization leads to large contact resistance (25,
27, 28, 87-91). In multilayer structures, the requirement to expose the surface for

metallization presents additional restrictive demands on the fabrication process. For
example, encapsulated BN/graphene/BN heterostructures (BN-G-BN) need to be
assembled sequentially so as to leave the graphene surface accessible during metallization
since no process to selectively remove the BN layers has been identified. Moreover,
polymers used during both the layer assembly and lithography steps are difficult to remove
(75). Their presence can degrade the electrical contact and channel mobility, and
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contaminate the layer interfaces causing bubbles and wrinkles that multiply with the
addition of each successive layer, limiting typical device size to ~1 μm (40, 92).
The BN-Graphene-BN structure made by the vdW method has been shown to have the
most intrinsic properties and negligible environment sensitivity by optical study in the
chapter three. Realizing this potential in a real device, however, depends critically on the
ability to make high-quality electrical contact to graphene layer buried between BN layers.
In this chapter, I will describe a novel contact geometry in which we metalize only the onedimensional (1D) edge of a 2D graphene layer. In addition to outperforming conventional
surface contacts, the edge contact geometry allows a complete separation of the layer
assembly and contact metallization processes.
4.1 Experimental methods
We develop a new device topology where 3D metal electrodes are connected to a 2D
graphene layer along the one-dimensional (1D) graphene edge (91, 93, 94). We first
encapsulate the graphene layer in BN using the vdW transfer process. The entire multilevel
stack is then etched to expose only the edge of the graphene layer, which is in turn
metalized. This contact geometry is similar to that in conventional semiconductor FETs,
where doped 3D bulk regions make lateral contact to a 2D electron gas. And then we use
transmission electron microscopy to check the cross section of the edge-contact geometry.
Based on the elementary analysis, we confirmed the metal atoms only touches the edge of
the graphene flake. Finally, we characterized the contact resistance of the metal graphene
edge-contact using the transfer length method.
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4.1.1 Device fabrication processes
The edge-contact fabrication process is illustrated in figure 4.1. Beginning with a BN-GBN heterostructure, a hard mask is defined on the top BN surface by electron-beam
lithography (EBL) of a hydrogen-silsesquioxane (HSQ) resist. The regions of the
heterostructure outside of the mask are then plasma-etched to expose the graphene edge.
Finally, metal leads (1 nm Cr/15 nm Pd/60 nm Au) are deposited by electron beam
evaporation to make electrical contact along this edge.

Figure 4.1: Schematic diagram showing the fabrication process of the metal graphene
edge-contact.
To expose the edges of the fully encapsulated graphene layer, we use a two-layer mask,
which consists of a 70-nm-thick PMMA layer on the bottom and a 90-nm-thick hydrogen
silsesquioxane (HSQ) layer on the top (middle panel of figure 4.1). Electron beam
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lithography is used to pattern the HSQ layer to define the device shape. The PMMA layer
is then etched in an oxygen plasma. The BN-G-BN stack is then etched in an Oxford ICP
80 system using plasma generated from a mixture of O2 and CHF3 gases with flow rate of
four standard cubic centimeters per minute (sccm) and 40 sccm respectively. The etch rate
of BN is about 30 nm/min under 60 W RF power. Finally, the sample is rinsed with acetone
to remove the PMMA and HSQ mask.
4.1.2 STEM sample preparation and imaging method
The entire TEM work is done together with our collaborator David Muller in Cornell
University. Device cross-sections for STEM are fabricated using standard focused ion
beam lift-out procedures in a dual-beam FEI Strata 400 focused ion beam (FIB) system.
Before cross-sectioning, samples are coated with a ~10-40 nm layer of amorphous carbon
followed by a thick Pt layer to protect exposed layers. Samples are baked for >10 hours at
130 °C in ultra-high vacuum before loading into the microscope.
For STEM imaging, we use a NION ultra-STEM100 equipped with a Gatan Enfinium
spectrometer for electron energy-loss spectroscopy (EELS). Imaging conditions are similar
to those in References (95, 96), with a convergence angle of 25 mrad. Although we operate
the scope at 100kV, above the damage threshold of graphene and BN, by being careful to
limit the dose, we observe no damage in these layers; experiments at 60 kV yielded similar
results. The ADF-STEM images in the main text were acquired with a medium-angle
annular detector. To identify different elements and distinguish between graphene and BN
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layers, we use EELS spectrum imaging. We process and quantify the EELS edges in part
by using the open-source Cornell Spectrum Imager software (97).

Figure 4.2: High resolution cross section ADF-STEM image of the BN/graphene/BN
stack.
To correct for sample drift and other scan distortions, figure 4.2 has been cross-correlated
perpendicular to the scan direction. To do so, the image was acquired with the scan
perpendicular to the basal plane of the layers. Then, the image was processed by taking
each scan line, fitting a Gaussian to the position of the graphene layer, and aligning the
center of the Gaussian in each layer. A raw image, taken with shorter acquisition times, is
shown figure 2.15 and confirms that the sharpness and cleanliness of the G/BN interfaces
is independent of image processing.
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EELS composition maps extracted from a 128 x 128 pixel spectrum image (30 ms per
pixels). Individual maps were produced by applying a power-law background subtraction,
then integrating under the B-K, O-K, C-K, Cr-L2,3 and Pd-M4,5 edges respectively. Data
was acquired in a NION Ultra-STEM 100, with acquisition parameters similar to those in
Reference (98).
4.1.3 Measurement method
To characterize the quality of the edge contact, we use the transfer-length method (TLM).
Multiple two-terminal graphene devices consisting of a uniform 2 μm channel width but
with varying channel lengths were fabricated, and their resistances are measured as a
function of carrier density n induced by a voltage applied to a silicon back gate.

Figure 4.3: An optical image of a series of multiple two-terminal graphene devices for
the TLM characterization on contact resistance.
As shown in figure 4.3, the two-terminal devices are fabricated from the same graphene
flake with 2 µm width and varying channel lengths from 3 to 10 µm. The two-terminal
resistance of each device as a function of back gate voltage (Vg) is measured (figure 4.4).
The resistance of each device is plotted as a function of channel length for every charge
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density value n, where n is calculated from n = (Cg (Vg ̶ V0))/e. In the diffusive regime,
where the channel length remains several times longer than the mean free path, the total
resistance in a two-terminal measurement can be written as R = 2RC(W) + ρL/W, where RC
is the contact resistance, L is the device length, W is the device width, and ρ is the 2D
channel resistivity; RC and ρ are extracted as the intercept and slope of a linear fit to the
data.

Figure 4.4: The total resistances of several two-terminal devices with the same
channel width but different channel length plotted as a function of charge carrier
density.
From the Landauer-Büttiker model, the finite number of conducting channels in the
graphene leads to a quantum resistance,
from

1⁄

⁄4

, that contributes to

. This can be calculated

⁄ , assuming uncorrelated conducting channels. In Fig.

S4b we show the extrinsic contact resistance (
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- Rq) that arises only from the finite

transmission probability at the barrier. Interestingly, (

- Rq) is nearly independent of

carrier density on the electron side. On the hole side, there is a peak at low carrier density,
which is different from the Dirac peak of the channel at zero density.

Figure 4.5: Two terminal resistance versus channel length at fixed density, measured
from a single graphene device in the TLM geometry. Solid line is a linear fit to the
data.
4.2 Results and discussions
4.2.1 Edge – contact geometry
In figure 4.6, a cross-section scanning transmission electron microscope (STEM) image of
a representative device shows the resulting geometry of the edge contact. In the magnified
region, electron-energy-loss-spectroscopy (EELS) mapping confirms that the graphene and
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metal overlap at a well-defined interface. From the angle of the etch profile (~45°), we
expect that the graphene terrace is exposed only 1 to 2 atoms deep. Within the resolution
of the STEM image, there is no evidence of metal diffusion into the graphene/BN interface,
confirming the truly edge nature of the contact. The EELS map additionally indicates that
contact was made predominantly to the Cr adhesion layer (figure 4.7) .

Figure 4.6: A TEM image of the cross-section of the metal-graphene edge-contact.
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Figure 4.7: EELS mapping of the individual elements at the metal-graphene edge
contact region.
4.2.2 Charge carrier density dependence
Figure 4.8 shows the extracted contact resistance of the metal-graphene edge-contact as a
function of the charge carrier density. RC was remarkably low, reaching ~150 Ω•μm for ntype carriers at high density. This value is approximately 25% lower than the best reported
surface contacts without additional engineering such as chemical or electrostatic doping.
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Figure 4.8: The measured contact resistance as a function of charge carrier density.
Inset is the extracted contact resistance as a function of contact width.
Because this value is obtained in a two-terminal geometry, it includes the intrinsic limit set
by the quantum resistance of the channel, which can be subtracted to yield an extrinsic
contact resistance nearly 100 Ω·μm (figure 4.9).
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Figure 4.9: Rc extracted by the Landauer Büttiker model excluding the quantum
resistance.
The contact resistance is asymmetric, being lower by a factor of 2 to 3 when the device is
gated to be n-type versus p-type. This asymmetry is consistent with electrical contact being
made primarily to the Cr adhesion layer, as suggested by the cross-section EELS map
(figure 4.7), because the Cr work function is approximately 0.16 eV lower than that of
graphene. The contact resistance scales inversely with the contact width (inset in figure
4.8), as expected for the edge-contact geometry.
4.2.3 Effect of oxygen edge ending

Figure 4.10: Metal-graphene edge-contact resistance as a function of carrier density
of three devices. (a) metal contacts deposited after lithography defining the leads without
O2 plasma. (b) graphene edge exposed to 15 s O2 plasma before metal deposition. (c)
graphene edge exposed to 25 s plasma before metal deposition.
The plasma we use to etch the BN-G-BN stacks contains C, F, O and H radicals. This in
conjunction with the resist residue from lithography step defining the leads, many types of
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chemical termination of the exposed edge are possible. We exposed the etched BN-G-BN
stack to a gentle O2 plasma (25 W) before metal evaporation, with the intention to modify
the graphene edge. As shown in figure 4.10, the contact resistance at high carrier density
(>1012 cm-2) is negligibly affected by the O2 plasma treatment for both electrons and holes.
At low carrier density, we observe a peak in Rc, which does not correspond to the charge
neutrality peak (CNP). We observe a shift in the position of this peak with O2 plasma
exposure (figure 4.10 b, c), indicating that it is related to the graphene termination
chemistry. Further investigation is required to fully understand the effects of termination
chemistry on metal-graphene contact resistance.
4.2.4 Temperature dependence of edge-contact resistance

Figure 4.11: Measured contact resistance as a function of temperature from 8K to
400K at carrier density of 2.3 x 1012 cm-2 and 2.3 x 1012 cm-2
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Figure 4.11 shows the contact resistance as a function of temperature from 8 K to 400 K
for both electrons and holes at high density. This lack of strong temperature variation is
different from the reported behavior of metal-graphene surface contacts (28).
4.2.5 Contact resistances of different metallization recipes
Metal type

Layer thickness

Number of

Contact resistance at n= 1012

samples

cm-2

Cr/Pd/Au

1nm/15nm/50nm

5

140~180 Ω.µm

Cr/Au

10nm/50nm

3

160 ~200 Ω.µm

Ti/Au

15nm/50nm

2

~ 10 kΩ.µm

Pd/Au

15nm/50nm

2

~ 100 kΩ.µm

Au

50nm

2

Open

Ni/Au

15nm/50nm

2

≥ 10 MΩ.µm

Al/Au

15nm/50nm

2

~ 100 kΩ.µm

Table 4.1: Characterization of the metal-graphene edge contact resistance on devices
fabricated using different metal combinations.
We fabricated metal-graphene edge contact using different metal thicknesses and
combinations as shown in Table 4.1. All devices have the same geometry as shown in
figure 4.3. For all metals, deposition was carried out under a vacuum of 10-7 Torr. Ni, Pd,
Au, Ti were evaporated at a rate of 0.5 Å/s using an e-beam system and Al was evaporated
at the same rate using a thermal system. We found Cr layer (either e-beam or thermally
evaporated) is critical to achieve good metal-graphene edge-contact.
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4.2.6 Simulation of graphene-metal edge-contact resistance

Figure 4.12: Simulation result of the graphene-metal edge contact: (a) ab initio density
functional theory calculation of the configuration of the metal-graphene edge contact. A
schematic structure of a modeled Cr-O-graphene interface is shown. (b) Calculated
transmission as a function of energy for different metal-graphene contact structures. (c)
Calculated interfacial contact resistance as a function of energy from the transmission in
(b).
To understand why edge contacts can lead to low contact resistance, we performed ab initio
density functional theory (DFT) calculations and DFT-NEGF transport calculations (the
simulation work is performed by our collaborator Jing Guo in the University of Florida).
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The calculations were performed using the ATK package. The exchange-correlation
interaction between electrons is described with the local density approximation (LDA)
scheme. Two different metal (Cr) surface orientations of [100] and [110] are simulated for
graphene edge contact. The super cell of interfacial atomistic structure consists of a slab of
six layers of metal atoms and a graphene sheet with its edge attached to the most
symmetrical point of the metal surface, which is the most stable configuration. The
atomistic structure is relaxed until the maximum force is smaller than 0.05 eV/Å. After
relaxation, ab initio NEGF simulation is performed to calculate the transmission for the
interface. For ab initio NEGF transmission calculation, the k-point mesh density is chosen
to be 1000 in the transverse direction of graphene, which is proven dense enough by
performing a convergence test.
Cr110-graphene
Distance

between

Cr 1.42

Cr110-O-graphene

Cr100-O-graphene

1.44

1.26

surface and interfacial
atom (Å)

Table 4.2: Distance between Cr surface and interfacial atom for different edge
contacts
The distance between the interfacial atoms and the first atomistic layer of the Cr contact of
the relaxed edge structures are shown in Table 4.2. For comparison, the distance between
the graphene sheet and the first metal surface for surface contact is 2.01 Å for Cr [100] and
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1.94 Å for Cr [110]. The edge contacts lead to shorter bonding distance that can contribute
to larger orbital overlap compared to surface contacts, due to different natures of the bond
mechanism.
Carrier transport properties cross the contact interface is simulated using ab initio NEGF
approach, as shown in figure 4.12. Figure 4.12 b compares the transmission as a function
of energy of different edge contacted structures to a perfect graphene monolayer. The
results indicate that interfacial carrier transport can be highly efficient in spite of the atomic
thickness of the contact. Incorporation of interfacial species such as O, which passivates
the graphene edge before formation of metal contacts, could help to increase the
transmission.
The total contact resistance includes both the interfacial resistance and a contribution from
transport in the band bending region near the metal contacts in the graphene. As the Cr
work function is slightly lower than graphene by about 0.16 eV, the contact resistance at
high n-type density is mostly limited by the interface. We further compute the interface
contact resistance from the transmission as shown in figure 4.12 b by using the Landauer
formula, as shown in figure 4.12 c. For Cr110-O-graphene structure at E - Edirac = 0.16 eV,
which corresponds to the graphene-Cr workfunction difference and an n-type density of
2.2 × 1012 cm-2, an interface resistance of about 118 Ω·µm is calculated. Variation of the
interface structure leads to somewhat different modeled resistance at the same energy, but
the results are qualitatively similar for all structures.
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Experimentally, we observed an additional local peak in the contact resistance at finite
negative density. We have observed that exposure of the graphene edge to a weak O2
plasma immediately prior to metallization can cause this satellite peak position to vary
(figure 4.10), indicating that the origin of the second peak may relate to the specific
chemistry of the edge termination.
4.3 Chapter summary
We demonstrate the metal-graphene edge-contact has a lower contact resistance value than
that of the conventional surface-contact. Theoretical calculation shows that the contact
resistance per carbon atom of the edge-contact could be more than five thousand times
higher than that of the surface-contact, due to a slightly closer distance between carbon and
metal atoms. The edge-contact also enable us to contact encapsulated graphene layers, so
that the vdW transfer can be utilized to minimize the contaminations on the device layer.
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Chapter 5

High Quality BN‐Grapene‐BN Devices
The edge-contact geometry described in chapter four enables a new fabrication process that
allows us to construct encapsulated BN-G-BN heterostructures prior to introduction of
metal contacts. Together with the new vdW transfer method introduced in chapter two, in
which strong van der Waals interaction between 2D materials is used to assemble the
layered structure directly. For the first time, we are able to electrically probe the BN
encapsulated graphene layer, which has never touched any polymer, solvent, water or other
forms of contaminations. The impurities trapped in the interfaces are minimized shown by
both TEM cross-sectional images and optical measured. In this chapter, we explore the
electronic transport properties of the BN/graphene/BN devices built by vdW method and
edge-contact geometry.
5.1 Experimental methods
5.1.1 Device fabrication processes
The BN/graphene/BN stack is made by the vdW transfer technique described in chapter
two. And the electrical access to the graphene layer is achieved by the metal graphene
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edge-contact. Devices in Hall-bar and van der Pauw shapes are made with varying the
device size from 1 µm to 15 µm.
5.1.2 Measurement methods
Figure 5.1 shows electrical transport from a large-area, 15 μm × 15 μm, BN-G-BN device
fabricated by combining vdW assembly with edge contacts. The sheet resistivity
calculation with van der Pauw configuration we used is shown here.

Figure 5.1: A 15 µm

15 µm device in van der Pauw geometry used to characterize

sheet resistivity.
The sheet resistivity is measured and calculated similar to reference (99), and with details
described here. Consider the device with contacts 1, 2, 3 and 4 along the periphery as shown
in figure5.1. The resistance

(configuration “a”) is defined as
(5.1)
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where

flowing from contact 1 to contact 2 is sourced by a lockin amplifier output at a
is the voltage difference between the contacts 3 and 4,

frequency of 17 Hz.

measured by the same lockin amplifier in differential mode.
defined similarly as

⁄

(configuration “b”) is

.

Assuming the contacts are negligibly small (contact width is only about 6% of the side
length of the device), the sheet resistivity is calculated by
(5.2)
where

is a function of the ratio

⁄

, satisfying the relation
ar cosh

exp

⁄

(5.3)

As shown in figure 5.2, due to the highly symmetric device structure, the measured
resistances at room temperature as a function of gate voltage for
identical values. From Eqn. 5.3,
approximated as 4.53

and

have nearly

can be found to be ≈ 1, and the sheet resistivity can be

. In the low temperature ballistic regime, four-terminal

measurement is dominated by mesoscopic effects and the van der Pauw geometry becomes
unreliable.
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Figure5.2: Measured resistances as a function of gate voltage for the two
configurations in van der Pauw geometry:

and

. The two curves are nearly

identical due to the high symmetry in the device structure.
5.2 Results and discussion
5.2.1 Room temperature characterization
Figure 5.1 shows electrical transport from a large-area, 15 μm × 15 μm, BN-G-BN device
fabricated by combining vdW assembly with edge contacts. The transport characteristics
indicate the graphene device to be remarkably pristine, reaching a room temperature
mobility in excess of 140,000 cm2/Vs. At carrier density |n| = 4.5 × 1012 cm−2, the sheet
resistivity is less than ~ 40 Ω/□ (figure 5.3), corresponding to an equivalent 3D resistivity
below 1.5 μΩ·cm, smaller than the resistivity of any metal at room temperature. The
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remarkable feature of this device response is the simultaneous realization of both high
mobility and large carrier density.

Figure 5.3: Room temperature four-terminal resistivity measured from a 15 μm × 15
μm device fabricated by the van der Waals assembly technique with edge contacts.
Using the simple Drude model of conductivity, σ = neμ, where μ is the electron mobility,
we calculate a mobility of approximately 40, 000 cm2/Vs at densities as large as n ~ 4.5 ×
1012 cm−2. In this high-density regime, the measured mobility is comparable to the acousticphonon-limited mobility theoretically predicted for intrinsic graphene (100).
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Figure 5.4: Room temperature mobility versus density (solid black curve). Dashed
black curve indicates the theoretical mobility limit due to acoustic-phonon scattering.
Remaining data points label the range of mobilities reported in literature for high
performance 2D semiconductor FETs.
The room-temperature response of the graphene device reported here outperforms all other
2D materials, including the highest mobility 2D heterostructures fabricated from III-V
semiconductors (figure 5.4) by at least a factor of 2 over the entire range of technologically
relevant carrier densities (101, 102). As shown in Figure 5.5, the gate voltage of the BNG-BN device is swept to ±80V, and the lowest resistivity on the hole side is reaching 38
Ω/□.
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Figure 5.5: Resistivity plotted as a function of gate voltage for the BN-G-BN device
shown figure 5.1 with gate sweeping to 80 V.
5.2.2 Comparison between before and after thermal annealing
In our water soluble layer/polymer transfer method, the graphene flake was directly affixed
to a polymer (such as PPC or poly methyl methacrylate (PMMA)) for transfer, which leaves
small amounts of residue on the graphene that are removed (although not completely) by
annealing at ~400 °C in an Ar/H2 atmosphere. To determine whether a similar process is
required for the vdW transfer technique, we measured room-temperature performance
before and after annealing. Figure 5.6 shows the resistivity as a function of gate voltage
before and after thermal annealing. In contrast to the large changes seen in samples
produced by polymer transfer, the device resistance at high carrier density changed less
than 2% after annealing.
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Figure 5.6: Comparison of the resistivity and conductivity of a device produced by
the vdW transfer technique before and after thermal anneal.
Importantly, eliminating the need for annealing greatly eases integration with substrates
(such as CMOS wafers or flexible polymers) that can be damaged by excessive heating.
Moreover, achieving a very high mobility transport characteristic without the need for postfabrication cleaning treatments eliminates the usual necessity to thermally anneal the active
layer; a high-temperature process that would not be possible within the thermal budget of
conventional CMOS processes.
5.2.3 Ballistic behavior at liquid helium temperature
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Figure 5.7: Negative resistance is observed on the device at base temperature.
When we cool down the device to 2 K in temperature, we observed the negative resistance
(figure 5.7), which indicates that electrons travel ballistically across the diagonal of the
square, corresponding to a mean free path as large as 21 μm in this device. This value
corresponds to an electron mobility of approximately 1,000,000 cm2/Vs at a carrier density
of ~ 3 × 1012 cm−2.
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Figure 5.8: Lower bound mean free path at T=1.7 K for devices with size varying
from 1 μm to 15 μm.
We repeated this measurement for devices varying in size from 1 to 15 μm. As seen in
figure 5.8, the maximum mean free path scales linearly with device size. This result
indicates that in our devices the low-temperature mobility is limited by the available crystal
size and we have not reached the intrinsic impurity-limited scattering length. Even higher
mobility could be expected for larger-area devices, which may be realized by combining
recent progress in scalable growth techniques (83, 103) together with the edge contact
geometry described here.
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5.2.4 Temperature dependence of the mean free path

Figure 5.9: Measured mean free path versus density and temperature.
At low temperatures, four-terminal measurement yields a negative resistance (figure 5.7),
indicating quasi-ballistic transport over at least 15 μm. In the diffusive regime, the mean
free path, Lmfp, can be calculated from the conductivity, σ, according to Lmfp = σh/2e2kF
where kF =

n is the Fermi wave vector. In figure 5.9 a, Lmfp versus applied gate voltage

is shown for selected temperatures from 300 K down to 20 K. The mean free path increases
with gate voltage until it saturates at a temperature-dependent value at high density. This
maximum Lmfp increases monotonically with decreasing temperature until the mean free
path approaches the device size at T~40 K (figure 5.9 b). In the low-temperature ballistic
regime, four-terminal measurement is dominated by mesoscopic effects (104) and the
calculated mean free path exhibits large variation, depending on the measurement
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geometry. The temperature dependence therefore provides only a lower bound of the mean
free path.
5.2.5 Negligible environmental sensitivity of BN-G-BN device

Figure 5.10: Resistivity as function of back gate voltage of a BN-G-BN device
measured before and after the device being exposed to O2 plasma.
As shown in Figure 5.6, thermal cycling has negligible effect on the transport properties.
To further investigate the environmental sensitivity of our devices, we exposed them to a
very reactive O2 plasma. A sample with top BN thickness of ~ 20 nm is exposed to an O2
plasma with 50 W power for 20 s. The resistivity as a function of gate voltage at base
temperature before and after plasma treatment is shown in figure 5.10. The only change in
device performance is a small shift of ~2 V in the position of the Dirac peak.
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5.2.6 Quantum scattering time
Besides the carrier mobility, which probes the transport scattering time (τt), another
important parameter in two dimensional transport is the quantum scattering time (τq),
which characterizes the momentum relaxation of a quasiparticle and relates to its quantum
level broadening Γ through    / 2 q . In terms of scattering mechanisms Q (θ), where θ
is the scattering angle, τq and τt in graphene are shown in the following equations(105):
1

q
1

t



  Q( )(1  cos  )d ,
0



  Q( )(1  cos  )(1  cos  )d
0

τt is mostly affected by right-angle scatterings, while τq is more sensitive to small-angle
scattering events.
We obtained τq from Shubnikov-de Haas oscillations. Figure 5.11 shows the measured Hall
resistance (Rxy) and longitudinal resistance (Rxx) of a BN/graphene/BN device as a function
of an external transverse magnetic field at a fixed carrier density.
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Figure 5.11: Shubnikov-de Haas oscillations (SdH) of a BN/graphene/BN device.
The longitudinal resistance at low magnetic field region (shaded) shows oscillation peaks
with higher magnitude, which corresponds to the magnetic focusing of carriers. Under
slightly higher magnetic field, the Rxx shows Shubnikov-de Hass oscillations. This
oscillation has a background, meaning the average of positive and negative peaks is not the
same. To facilitate data analysis, we extract the maximum and minimum of each SdH
oscillations peaks and connect them to form an envelope (red and blue curves in Figure
5.12) of the background. The average of the background envelope is then calculated and
removed from the original data.
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Figure 5.12: Extracting the local maximum, minimum and the envelope of the SdH
oscillations.
Figure 5.13 a shows the oscillation after removing the background and plotted as a function
of the inverse of the magnetic field. The quantum scattering time is then determined the
fitting the data according the following relation,

 xx

 4 th exp( 
)
c q
0
2 2 k B T / c
.
With  th 
sinh(2 2 k B T / c )

The cyclotron frequency c is equal to

E
eB
 n
, with the m *  2F 
, where the Fermi
*
vF
m
vF

velocity v F = 106 m/s and the carrier density n is determined from the the slope of the Rxy
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signal (figure 5.11) as a function of magnetic field by

. The extracted quantum

scattering time ranges from 200 fs to 350 fs, which is about an order of magnitude larger
than the values for device on silicon dioxide(39). The corresponding energy broadening is
about 0.7 ~ 1 meV.

Figure 5.13: Extracting the quantum scattering time from SdH oscillations.
5.3 Chapter summary
We achieve unprecedented results on the edge-contacted BN encapsulated graphene
devices built by the vdW method. At room temperature, the mobility values reach 150 000
cm2/Vs, and only limited by the phonon scattering. At low temperature, carries are able to
travel across the device ballistically over 20 µm, which corresponding to a mobility value
larger than 1 000 000 cm2/Vs at high carrier densities.
Furthermore, we demonstrate our device is environmental insensitive. Thermal annealing
process becomes unnecessary for our devices to achieve high quality. And even exposing
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to some extreme conditions like O2 plasma has little effect on the channel quality. The
robustness of our device creates a possible approach to CMOS compatible fabrication
process in large scale graphene device applications.
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Chapter 6

Conclusion
6.1 Summary of contributions
Graphene represents a new class of materials that are only one atom thick. Its importance
so far is mostly demonstrated or predicted in fundamental physics, optics and possible
applications in electronics. Since its discovery, environmental effects on graphene have
been the major blockade for graphene devices to reach its full potential. Most researchers
made graphene devices, and found the measured values are orders of magnitude away from
the theoretical predictions. From an electrical engineering point of view, the problems are
the quality of the channel and contacts.
In this dissertation, I explored a path to solve both problems. We made electrical contact
only along the one dimensional edge of the graphene flake. In addition to providing
enhanced contact in comparison to conventional surface contacts, the edge contactgeometry provides a unique and non-destructive way to contact encapsulated layers.
Together with a novel, polymer-free, assembly technique, this enables fabrication of
encapsulated graphene devices that exhibit unprecedented transport properties. At room
temperature, for the first time, graphene devices show a mobility values over 150 000
cm2/Vs. And its density dependence is only phonon limited. At low temperature, a mobility
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value over 1 000 000 cm2/Vs is shown at carrier density as high as 2  1012 /cm2 and
ballistic transport over 20 µm.
6.2 Future work
The work established here represent a new paradigm in achievable electronic performance
for 2D materials. For future work, there are a few possible areas described here.
Can we make the graphene layer even cleaner? While we get rid of the effect of polymer,
solvent and water, the graphene layer still touches the air. A further improvement will be
transferring all flakes in a closed environment. Another fundamental solution to this
problem is to CVD high quality graphene and BN layers sequentially in a controlled way.
The edge-contact developed in this work represents a completely novel one dimensional
contact geometry. More experimental and theoretical work could be carried out to further
investigate its mechanism on more metal species. Interesting future work could be edgecontact based tunneling junction, superconducting contact and spin injection devices.
The vdW transfer method represent a fully scalable bottom-up approach, which is shown
to work for other 2D materials also. After the discovery of graphene, more than one
hundred single atomic layer materials has been found with properties from metallic,
semiconductor to insulator. This new transfer method open up tremendous possibilities in
the 2D materials based heterostructure.
The mean free path of graphene devices are shown for the first time to be more than 20 µm.
This breakthrough sets a platform for many novel device concepts based on ballistic
transport. Electron flows in these devices like the light propagation, it reflects at boundaries
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and refract at a pn interface. Devices based on electron-optics like Veselago lens, electron
waive guide and large area magnetic focusing will be achievable.
Last and the most importantly, with higher quality devices and the ability to build complex
multi-layer structures, more subtle work are achievable to probe the remaining unsolved
problems in fundamental physics such as fractional quantum hall effect in bilayer graphene,
exciton condensation in graphene based coulomb drag system, plasmon in an ultraclean
graphene and so on.
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