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Research Title: Graphene Identification. Using Optical Microscopy.and.Raman

ABSTRACT

We study the techniques of optical microscopy, Raman spectroscopy and
atomic forced microscopy and used them to determine the numbers of layers of
graphene samples isolated by micromechanically exfoliation technigue on SiO, sub-
strate. We find that the results obtained from these three techniques are in good
agreement and we are able to determine the number of graphene layers properly
and to classify monolayer, bilayer, tri-layer and many-layer graphene. Although all
the techniques are simple and reliable, the optical microscopy method is the safest
and the most straightforward approach. Moreover, we find that the throughput of
optical method is higher than that of the other two techniques although there is
some chance for inducing human error. To offset the minor drawback of optical mi-
croscopy, Raman spectroscopy and atomic forced microscopy might be needed as
additional confirmation methods to determine the layer thickness of graphene sam-
ples. These techniques therefore are very useful for study physical properties of each
category since they have very distinct properties theoretically. The proper identifica-
tion of graphene layers will in turn help in understanding the appropriate application

that they can be used for.

Keywords: 2D materials; graphene; Raman spectroscopy; atomic forced microscopy; optical mi-

croscopy
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Chapter 1
introduction

1.1 Introduction to the Research Problem and Its Significance

A central feature of modern electronics is the ability to control the electronic
properties of various materials by externally applied voltage. Today’s semiconductor
industry is based on silicon and driven by Moore’s law concerning size reduction in mi-
cro-computers. For decades, making silicon metal-oxide-semiconductor field-effect tran-
sistors (MOSFETs) smaller has been the key to progress, and device gate lengths had
been reduced to 22 nm by 2011. This scaling has led to significant improvements in per-
formance, and to a decrease in price per transistor, but cannot be continued indefinitely.
There are number of restrictions, both scientific as well as technological in nature, that
place limits on the ultimate size and performance of silicon devices. For example, at
some point it is physically impossible to etch transistors to the level of individual atoms
[1]. It is roughly estimated from Moore’s law, however, that transistors will need to reach
this atomic scale by 2020. These transistors will be so small that quantum principles are
expected to completely take over their operation. Such challenges have led to a grow-
ing interest in searching for new materials and device concepts to ensure that perfor-
mance continues to improve. Some of the most notable examples are organic conduc-
tors, carbon nanotubes (CNTs) [2], spin-based devices, and most recently, graphene [3-4].

Graphene is a two-dimensional, one-atom thick, sheet of carbon atoms that are
tightly packed in a honeycomb lattice. This material was isolated for the first time in
2004, by the surprisingly simple approach of using cellophane tape to exfoliate graphene
from a piece of graphite [3-5]. Since then, graphene has rapidly emerged as an exceed-
ingly promising material for studies of fundamental physics and for the development of
new electronic technologies. Much of the fascination in graphene comes from the
ungiue nature of its energy spectrum, which resembles a “Dirac spectrum” for massless
fermions and provides a connection to quantum electrodynamics (QED) [6-13]. This re-
sults, in turn, in the observation of number of unusual electronic properties, such as a
linear dispersion relation for which charge carriers behave like massless relativistic parti-
cles, anomalous quantum Hall effects [11-13], finite minimum conductivity [14-16], and
suppression of backscattering [17-19].

Motivated by these considerations, we had conducted preliminary study on
preparation of graphene on SISO, substrate using mechanical exfoliation technique.
The next step after exfoliation is to determine the number of layers of graphene flakes.



Therefore, in this work, we have conducted study on identification of graphene flakes.
We hope to be able to select several potential flakes, both monolayer and bilayer
graphene, for using in fabrication of graphene field effect transistors (FETs) in the future.

1.2 Objectives

To determine the number of layers of preselected graphitic flakes that have
been transferred onto Si/SiO, substrate earlier, using different techniques including opti-
cal microscopy, Raman spectroscopy, and atomic force microscopy (AFM).

1.3 Scope of Research
1.3.1 Identifying graphitic flakes using optical microscopy technique
1.3.2 Identifying graphitic flakes using Raman spectroscopy technique
1.3.3 Identifying graphitic flakes using atomic force microscopy (AFM) technique

1.4 Method
1.4.1 Optical Microscopy

O We use an optical microscope to scan the entire wafer at 20X magnifica-
tion, looking for flakes with a greenish tint that we then study under magni-
fications of 50X and 100X. The flake with the lowest contrast is assigned as
monolayer graphene

1.4.2 Raman spectroscopy

O We use green laser excitation (514.5 nm) to obtain Raman spectra of our
monolayer and bilayer graphene samples at room temperature. The num-
ber of graphene layers is determined from the shape of the 2D band.
Where needed, multi-Lorentzian fitting will be performed for the 2D peak.

1.4.3 Atomic forced microscopy (AFM)

O AFM can be used to map surface potential of graphene, which show the
thickness of the graphene layer. Imaging was done in non-contact mode.
All images were collected under ambient conditions at room temperature
with a scanning raster rate of 1 Hz.

More details on these steps will be discussed in Chapter 3.



Chapter 2
The Properties of Graphene

In this chapter, we introduce some of the key properties of graphene. We start
by discussing the honeycomb crystalline structure of graphene, focusing on the for-
mation of ¢ and T bonds between the carbon atoms. We then proceed to discuss the
implications of this type of crystal that lead to unique electronic band structure of both

monolayer and bilayer graphene.

2.1 Crystalline Structure of Graphene

As already mentioned in the introduction, graphene is made out of carbon atoms
arranged in hexagonal rings which form a honeycomb lattice (see Figure 2.1(a)). An iso-
lated carbon atom has six electrons in the 1522522p2 configuration. The two electrons in
the 1s orbital are inert and do not contribute to the chemical bonding whereas the re-
maining four valence electrons of the 2s and Z2p orbitals (2s, 2p,, 2p,, 2p,) construct
bonds between carbon atoms to form the hexagonal lattice. Since the energies of the 2s
and Zp orbitals are very similar, carbon can form a number of hybridized atomic orbitals
characterized by different geometries. In the case of graphene, two of the 2p electrons
(2px and Zp,) hybridize with the 2s electron to form three sz orbitals. These sz orbitals
are oriented in the xy-plane with a mutual angle of 120° while unhybridized 2p, elec-
trons exist perpendicular to the plane. As depicted in Figure 2.1(a-b), to form a crystal
two carbon atoms each utilize one sp2 hybrid to mutually link up in a o-bond which the
2p, orbitals form a m-bond that corresponds to a C-C double bond. The remaining two
spz hybrids overlap with those of another two neighboring carbon atoms, forming o-
bonds between them. Thus, a hexagonal ring of carbon is formed in a 2D layer. These o-
bonds hold carbon atoms tightly in the graphene structure, resulting in the robustness of
the crystal that makes the isolation of single atomic layers possible. However, as shown
in Figure 2.1(c), the energy bands of these o orbitals are far from Fermi energy (£7) and
hence do not normally contribute to electrical transport in graphene. In contrast, the m-
bonds provide highly delocalized electrons which are free to move in the plane and it is
these electrons that determine the band structure and conductivity in graphene. It must
be noted that the m-orbitals are not assigned firmly to a particular C-C bond but are in-

stead delocalized over a ring.



2.2 Electronic Band Structure of Graphene

The electronic properties of a material are intimately related to its band struc-
ture, particularly to its form near the Fermi energy. The band structure is generally re-
ferred to as the energy dispersion, £(k) (i.e. how the energy of an electron varies as a
function of crystal wave vector) of electrons within a material. To provide the necessary
background for the discussion of tramsport properties in graphene, we will give a brief
review of the band structure of m electrons for both monolayer and bilayer graphene.
Although there are several approaches to calculate the electronic energy bands, here
we focus on the widely used tight-binding approximation [20].
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Figure 2.1: (a) Orbital structure of carbon atoms arranged in hexagonal rings. Each carbon
atom has three in-plane sz orbitals (blue color) and one 2p, orbital (red) perpendicular
to the sheet. (b) 6 and m bonds formed from the overlap of spz orbitals and Zp, orbit-
als, respectively. (c) Large energy gap between bonding ¢ band and anti-bonding ¢*
band due to sz symmetric and anti-symmetric overlap. m band and anti-bonding m*
band which arise from symmetric and anti-symmetric overlap of 2p, orbitals lie in the
vicinity of the Fermi level (Eg) Consequently, the o bonds are frequently neglected for

the prediction of the electronic properties of graphene around the Fermi energy.

2.2.1 Single Layer Graphene

The honeycomb-arrangement of carbon atoms in graphene can be viewed as a
triangular Bravias lattice with a basis of two atoms per unit cell, indicated by A and B.
Figure 2.2(a) shows the lattice structure and the primitive unit cell with the A and B car-
bon atoms. The lattice vectors can be written as:

a;=-BV3), a=:3-V3), (2.1)



where a = 1.42 A is the distance between two nearest carbon atoms. In the reciprocal
lattice, the first Brillouin zone is also hexagonal, as illustrated in Figure 2.2(b). The recip-
rocal lattice vectors are given by:

by=Z(1,V3), by=2(3,-V3). (2.2)
a 3a
The six corners of the first Brillouin zone can be separated into two distinct but energet-

ically degenerate points. These degenerate valleys are commonly referred to as the K

and K’ points. Their positions in momentum space are given by:

2w 21| . 2w 2m
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Figure 2.2: (a) Honeycomb structure of graphene lattice in real space. Two equivalent
sublattices, A and B are represented by different colors. The primitive unit cell is shaded
in grey and has the vector basis a; and ay. (b) First Brillouin zone of the reciprocal lattice

with the base vectors by and b, and degenerate points K and K.

The electronic band structure of single-layer graphene was first calculated by
Wallace in 1947 [20] and others later [21, 22] using a tight-binding approximation. A more
pedagogical derivation of this band structure can be found in Refs. [9, 20-26]. In this
model, it is assumed that TT electrons belonging to atoms in different sublattices are
sufficiently tightly bound around their positions (although they are delocalized) and de-
scribed by independent wave-functions that satisfy the Bloch theorem. This assumption

finally leads to the energy dispersion of the graphene TT-orbitals:



E(ky ky) = +tJ1+ f(k), (2.4)

where
7

f(k) = 4cos (%a kx) cos (% ky) + 4 cos? (% ky). (2.5)
The plus and minus sign refers to the upper (") and the lower () band, respectively.
The energy dispersion of Eq. (2.4) is plotted in Figure 2.3. It consists of two symmetric
bands: the valence band (lower m band) and conduction band (upper m* band), which
touch each other at six corners of the Brillouin zone where the energy distribution van-
ishes (E = 0). Graphene is therefore a zero band-gap semiconductor and the points
where the m band touches the m* band are referred to as the “Dirac” points. Each car-
bon atom has one Tt electron and each electron may occupy either spin-up or spin-
down states. This results in the lower m band being completely filled and the upper m*
band being completely empty. Thus, in the absence of external electric charges and at
zero temperature, the Fermi level of intrinsic graphene lies at the Dirac points. The max-
imum energy at k = 0 can be estimated from Eq. (2.4) and £« = 8.4 V. When k is larg-
er (higher energy), a saddle point is reached where the six K points merge into one Fermi

surface (see Figure 2.3).

(b)

Energy {eV)

Figure 2.3: Energy dispersion of monolayer graphene obtained by the tight-binding ap-
proximation [8, 9]. (a) Energy spectrum in Brillouin zone with an expanded view of the
energy bands close to one of the Dirac points. The band structure close to the Dirac
points is referred to as the “Dirac cone” due to its shape. (b) The band structure along
high symmetry points M = I' = K— M. Inset: enlargement in vicinity of Dirac point.



Typically, transport properties of charge carriers in any conductor are determined
by the electronic states close to the Fermi level £ In the case of graphene, the states
in the vicinity of the K or K’ points are therefore relevant. In order to investigate this
low-energy band structure, a linear expansion is made around K or K’ point. By using the
wave vector k = K + g (or k = K’ + q ), where g is the momentum measured relative to
the K or K’ point, and performing a Taylor expansion of the energy dispersion in Eq. (2.4)
at that point, we obtain effective Hamiltonians Hy and Hg of the forms:

0 qx — iqy

0 qx +iqy
wtiey 0 ) (2.6)

— ( .
)an - VF qx — 1qy 0

HK = flvp(

Both Hamiltonians operate on ¢ = (¢4, P5)7 where ¢4 and ¢ are two components of
wave-function ¢ on sublattice A and B, respectively. The eigenvalues of these Hamilto-
nians finally reduce to the following:

E = +hvp|k|, (2.7)

3yoa
2h
independent, in contrast to the case of an ordinary 2D semiconductor. Therefore, near

~ 10% m/s is Femi velocity, which is very large and energy-

where vp =

the K and K’ points the energy dispersion relation in single layer graphene has a linear
dependence on wave vector (see Figure 2.3 and 2.4(a)).

In the tight-binding Hamiltonian, if we consider the next nearest neighbor hop-
ping term t" where electrons hop in the same sublattice and include t' = 0.1 eV in the

calculations, Eq. (2.4) becomes:

E= +tJ1+ fk) — t(f(k)=2). (2.8)

The second term is the so-called trigonal warping, which breaks the electron-hole sym-
metry and shifts the energy of the Dirac points [9].
The density of states, which gives the number of available electronic states per

energy and space, is given in single layer graphene as:

4E
p(E) = W (2.9)
where the factor of four accounts for the spin and valley degeneracies [25]. The density

of states of Eq. (2.9) is shown in Figure 2.4(b). Note that the density of states in single



layer graphene has a linear dependence on energy and vanishes at zero energy (a direct
consequence of the linear dispersion near the K points). This is quite different from con-
ventional 2D systems where the density of states is constant.

(a) (b)

elt

Figure 2.4: (a) Model energy dispersion E = thvglk| at K and K’ points showing
sublattice pseudospin. (b) Density of states of graphene close to the K point which can
be approximated by p(E) « |E|. The inset shows the density of states over the full
electron bandwidth [9].

2.2.3 Bilayer Graphene

Bilayer graphene is a system in which two monolayer graphene sheets are
formed on top of one another. Depending on the orientation of the monolayers, there
are two main means of stacking a graphene bilayer: (i) AA stacking and (i) Bernal (AB)
stacking [27]. In AA stacking, the atoms of the upper layer sit directly above those of the
lower layer. AA stacking has been observed in epitaxial graphene [28] and results in two,
parallel, 2D systems that may be treated as independent of each other [29]. In AB
stacking, shown schematically in Figure 2.5, the B atoms in one layer are aligned on top
of the A atoms of the other layer [30]. As a result, the unit cell of Bernal graphene con-
sists of a basis of four atoms from different planes (A1, B1, A2 and B2). This bilayer struc-
ture is commonly found in 3D graphite and must be treated as a single 2D system [25]
since interlayetr hopping couples the two layers. In the following discussions we consider
only AB stacking because of its relevance to the bilayer graphene devices discussed later

in this thesis.



The most relevant hopping energies in AB-stacked bilayer graphene are shown in
Figure 2.5(b). The intra-layer hopping energy between Al (A2) and B1 (B2) in the lower
(upper) layer is yo = t = 2.8 eV. The inter-layer hopping is described by three coupling
constants: y; = 0.4 eV is the hopping energy between atom B1 and the A2, which sit on
top of each other, y; = 0.3 eV connects atom Al and B2, which have no atom above or
below, and the much smaller y, = 0.04 eV determines the hopping energy between Al
(B1) and A2 (B2). y, is not relevant for monolayer or bilayer graphene, as it describes

next-nearest-layer hopping [31].

Al Bl

Figure 2.5: Lattice structure of AB-stacked bilayer graphene, which consists of two cou-
pled monolayers of graphene and whose unit cell contains four equivalent carbon at-
oms: Al, B1, A2 and B2. (a) Top view. Atoms A2 and B1 sit directly on top of each other
while atoms B2 of the lower layer and Al of the upper layer have no atom above or
underneath them. (b) Side view with its respective electronic hopping parameters:
Yo(A1 —B1,A2 — B2), y;(B1 — A2),y5(A1 — B2),y,(A1 — A2,B1 — B2 [9].

The electronic band structure of bilayer graphene is different from that of single-
layer graphene even though it can be calculated by extending the tight-binding approx-
imation for single-layer graphene [32-36]. Here, the hopping energies between neighbors
in different layers are also considered, in addition to the hopping energy between in-
plane nearest neighbors. For simplicity, we include only the interlayer hopping energies
Yo and y; in the calculation [9]. Finally, we obtain the set of four-band energy disper-

sions for bilayer graphene:

_4hoon  3ra)?
Ex(k)= £2 + 2J1+(k rec)”. (2.10)
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For k < y,/(3yoa), the bands are parabolic, whereas for k > y,/(3y,a) they are line-
ar. Figure 2.6 (a) shows the band structure of bilayer graphene calculated in Refs. [26,
30], in which the highest valence and lowest conduction band touch each other at the K
and K’ points at zero energy (zero band-gap). The second energy band is shifted by y; =
+0.4 eV away from the £ = 0 Fermi-level position. As mentioned above, the bands are
indeed parabolic at small energies (small k) and become linear at higher energies (higher
k). The cross-over between parabolic and linear dispersions was estimated to occur at a
carrier density of n & 5 X 10'* cm ™ [25).

In the low-energy limit, only the upper valence band and lower conduction band
are relevant and the energy dispersion of these bands is readily obtained from the secu-
lar determinant of the effective Hamiltonians Hy for the high symmetry K points:

- N % A (ks — iky)?
S Do ((k,, +iky)? A )’ 21D

where m* = y,/2v/? = 0.03m, is the effective mass (m, is the electron mass) [25]. It
must be noted that, in contrast to monolayer graphene, the carriers in bilayer graphene
are “massive” with a small effective mass m*. The energy quantity A, added in Eq. (2.11)
for bilayer dispersion, corresponds to the possibility of a shift in electrochemical poten-
tial between the two layers (this term will become non-zero if a potential bias is applied
between the layers). For A = 0 the operator in Eq. (2.11) has a similar structure to mono-
layer graphene, leading to a low-energy dispersion in bilayers which is non-Dirac-like and

parabolic:

E=+ . (2.12)
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Figure 2.6: (a) The band structure of bilayer graphene along MI'KM ([8, 20]. The bands
touch at zero energy at the K points. Inset shows the enlarged square region close to
the K points. At higher-energy, the bands become linear. The higher bands are shifted in
energy by y; = + 0.4 eV. (b) Band-gap opening induced by an applied perpendicular
electric field in bilayer graphene [37, 41]. The dotted lines (solid lines) represent the

band structure in the absence (presence) of the field.

If we lift the energy degeneracy between the carbon sublattices on the two lay-
ers, for example by applying an electric field perpendicular to the carbon-atom planes,
then we will have A # 0 and the energy dispersion will open an energy gap equal to 2A
at each valley (€ = 0) (see Figure 2.6(b)). This condition has been realized experimentally
in double gated devices and it led to the discovery of a tunable band-gap (from metal
to semiconductor) in bilayer graphene making it an interesting system for technological
applications [37-49].

Another important distinction between single-layer and bilayer graphene is the
density of states. While monolayer graphene has a density of states p(E) « E, in bilayer
graphene the density of states is a constant [25] as in conventional two-dimensional
electron gas systems (2DEG):

p(E) = :::ih‘z = const, (2.13)

where m* is the aforementioned effective mass and the factor of four accounts for the

spin and valley degeneracies.



Chapter 3
Methodology

The next step in device fabrication after graphene exfoliation is the identification
of graphene flakes on the substrate. Generally, it is found that there is plenty of graphite
debris on the substrate, with large, shiny chunks of all shapes and colors, and also some
highly transparent crystalline shapes having little color compared to the rest of the wa-
fer. It is the latter that are possible candidates as useful thin graphene flakes. There are
various methods available for locate, recognize and characterize of graphene. Optical
microscopy, Raman spectroscopy and atomic force microscopy (AFM) are all widely used
methods, and were also used in this work for flake identification. Therefore, in this chap-

ter, we describe details of these three techniques.

3.1 Optical Microscopy

This is the most simple and efficient way for identification, in which surface of
the substrate is carefully scanned in an optical microscope [50-58]. Thin flakes of
graphene add to the optical path of reflected light which changes their color with re-.
spect to a clean wafer. The sensitivity of the human eye is maximal at 550 nm and oxide
thickness ranging from 90 nm to 300 nm can give maximum reflected light intensity at
this wavelength. Blake et al. used a model based on the Fresnel law to investigate the
dependence of this color contrast on oxide thickness and light wavelength [50]. They
have demonstrated that contrast can be maximized for any oxide thickness by using ap-
propriate filters (Figure 3.1). For example, oxide thickness of approximately 90 nm and
280 nm are most appropriate, with the use of green filters, as well as without any filters,
in white light. For this reason, standard 300-nm thick SiO, was used as the substrate in

our work for deposition of the graphene flakes.
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Figure 3.1: Contour plot of contrast as a function of wavelength and SiO2 thickness. Col-

or scale on the right shows the expected contrast [50].

In our process of evaluation, the entire chip is first scanned at 20x magnification
to find areas that look green, and then magnified to 50x in those areas to locate flakes
that appear light purple under this magnification. The flake is then checked at 100x
magnification, for which its shape and thickness is easier to ascertain. Photographs of the
flake at each of these magnifications are taken, with special attention paid to ensure
that at 20x the flake and its four surrounding markers are all included in the picture,
thereby allowing efficient design of the AutoCAD file for EBL processing which will be

performed later.

3.2 Raman Spectroscopy

Raman spectroscopy is a fast and non-destructive technique for the high resolu-
tion characterization of carbon structures [62]. It also gives the most structural and elec-
tronic information. This spectroscopic method is based on inelastic scattering of mono-
chromatic light, usually from a laser source. The laser light interacts with molecular vi-
brations, phonons or other excitations in the sample, causing the energy of the reemit-
ted laser photons to be shifted up or down (Raman effect). This shift in energy provides
information about vibrational, rotational, or other low frequency modes in the sample.
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Plotting the intensity of this shifted energy versus frequency results in a Raman spectrum
of the sample. It typically involves illuminating sample with the laser beam and collect-
ing back the light from the illuminated spot with a lens. This light is sent through a
monochromator where wavelengths close to laser line due to elastic Rayleigh scattering
are filtered out and rest of the collected light is dispersed onto a detector.

- The Raman spectra of carbon materials show common features in the range of
800-2000 cm'l, with two peaks, the G and D peak, that are located near 1560cm'1 and
1360 cm”’ respectively. The G peak arises from the doubly degenerate E,, phonon at the
center of the Brillouin zone of the carbon atoms, and the D peak is due to breathing
modes of sp2 atoms and requires a defect for its activation. This peak is generally absent
for high quality graphene samples due to the absence of defects and can only be seen
at the edges of the sample [63]. However, the most prominent feature of graphene’s
Raman spectrum is the second-order D peak (also referred as 2D) which changes in
shape, width, and position for an increasing number of layers, reflecting the change in
the electron bands due to second-order resonant Raman scattering from zone boundary
K+ AK phonons [61-67].

Graphene has a sharp, single 2D peak with full width at half maximum (FWHM)
around 30 cm_l, in contrast with graphite and few-layer graphene which both show a
broad peak consisting of two sub-peaks (2D1 and 2D2). A significant downshift in the po-
sition of the G peak, and an upshift in the 2D peak, has also been observed with an in-
creasing number of graphene layers. A few early experiments [61, 66] suggested that the
intensity ratio of I(2D)/I(G) can be used to estimate the number of layers, but this was
contradicted later in further experiments [65]. Nonetheless, Raman spectroscopy can
clearly distinguish single layer graphene, from its bilayer and few- (less than 5) layer
counterparts. Beyond 5 layers, the spectrum becomes largely indistinguishable from that
of bulk graphite (Figure 3.2).
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3.3 Atomic Force Microscopy (AFM)

AFM is one technique that can be used to establish that graphene flakes are real-
ly one atomic-layer thick. The thickness of a single layer of graphene on crystalline
graphite is typically 0.4 nm, but monolayer of graphene on oxidized wafers consistently
appear to be 0.8 - 1.2 nm in thickness in AFM measurements. This origin of this extra
thickness is unclear as it cannot be caused by van der Waals interaction between the
substrate and graphene. It may be due to a water film that can be present in between
the graphene film and the SiO, surface during the graphene deposition, which is always
done in a cleanroom under ambient conditions (humidity of 45 — 50 %).

It has been shown by Wo et al. in their work on organic pentacene deposited on
SiO, that if an interfacial ‘water layer is present on the oxide surface, its thickness is
about 0.75 nm [59]. Also, graphene is hydrophobic and a hydratien layer (~ 0.15 nm in
thickness) is expected to-form at its interface with water. This-uncertainty about the na-
ture of 0.8 nm thick graphene sheets was cleared by studying self-folded sheets [60] or
combining AFM with- micro-Raman- spectroscopy [61]. ‘While AFM. suffers from disad-
vantages of being slow, and limited in lateral scan size it is nonetheless the best way to
monitor the topological quality of substrate-supported graphene. Figure 3.3 shows an
AFM image of monolayer graphene on SiO,. The step height is ~ 0.8 nm, as generally
observed in most AFM measurements of single-layer graphene.

Figure 3.3 (A) Optical image of a multilayer graphene flake with thickness ~ 3 nm on top
of SiO, substrate. (B) AFM image of 2 um by 2 um area of this flake near its edge. Colors:
dark brown, SiO, surface; orange, 3 nm height above the SiO, surface. (C) AFM image of

single layer graphene. Color: dark brown, SiO, surface; brown-red (central area), 0.8 nm

height; yellow-brown (bottom left), 1.2 nm; orange (top left), 2.5 nm. Notice the folded

part of the film near the bottom, which exhibits a differential height of ~ 0.4 nm.
Adopted from [3].



Chapter 4
Results and Discussions

In this chapter we present the results obtained from our study on identifying
graphene flakes using optical microscopy, Raman spectroscopy techniques and atomic
force microscopy (AFM). We start the chapter with the discussion on how we identify
suitable graphene flakes by visual inspection under an optical microscope. We then pro-
ceed to discuss the results obtained from Raman spectroscopy and AFM techniques. We
also comment a little on the similar results of the three techniques.

4.1 Optical Microscopy
In our process of evaluation, the entire chip is first scanned at 20x magnification

to find areas that look green, and then magnified to 50x in those areas to locate flakes
that appear light purple under- this magnification (Figure 4.1 & 4.2). The flake is then
checked at 100x magnification, for which its shape and thickness is easier to ascertain.
Photographs of the flake at each of these magnifications are taken, with special atten-
tion paid to ensure that at 20x the flake and its four surrounding markers are all includ-
ed in the picture, thereby allowing efficient design of the AutoCAD file for EBL processing
which will be performed later

Figure 4.1: Optical images of two different graphene samples obtained from natural
graphite and deposited onto a Si/SiO, substrate. The images show a change in visibility
of graphene with different number of layers. A, B and C show mono, bi- and few layer

graphene, respectively.
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Figure 4.2: Optical images of monolayer (A), bilayer (B) and many-tayer (C) graphene ob-
tained from Kish graphite and deposited on a Si/SiO, substrate. Note the relative con-
trast of these layers.

4.2 Raman Spectroscopy

Raman spectra of our samples were measured at room temperature under a 514
nm excitation wavelength. The resulting spectra of a few representative graphitic materi-
als: monolayer, bilayer and many-layer graphene are shown in Figure 4.3, The two most
prominent features, which are the G peak at 1582 ¢m’ and the 2D band at around 2700
cm’ are clearly distinguishable here. The G peak is a first-order intra-valley Raman scat-
tering, which associated with the doubly degenerate (LO and iTO) phonon mode (£,) at
the Brillouin zone center (I point), while the 2D peak is a two-phonon, inter-valley,
double resonance process of the iTO phonon-mode near the zone-boundary (K point).
In disordered graphite, such zone-boundary phonons (iTO phonon mode) also give rise
to the D peak at ~1360 cm_l, which is basically second-order inter-valley scattering pro-
cess (scattering from K to K’ (or K’ to K) point). This peak consists of iTO phonon emis-
sion and an elastic scattering due to the lattice defect with q vectors connecting K and
K’ points. As a result, the crystal quality of graphene can be quantified by making use of
the D peak. In samples with high densities of defects or impurities, the D peak is com-
monly seen. Note that the 2D peak is not an overtone mode of the D peak since defect

scattering is not involved for the former.
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The number of layers in a graphene flake can be identified [61, 63-68] either
from the intensity of the G peak, which increases with the number of layers, or from the
downshift of the G peak and the upshift of 2D peak with increasing layer number. How-
ever, doping in graphene is also found to shift the position of the G and 2D peaks [69]
and may also cause changes in their intensity. Therefore, probing the number of layers
via this approach is rather unreliable. A more reliable way is to instead use the shape of
the 2D peak, more specifically the number of Lorentzians required to fit this peak. In
monolayer graphene, the 2D peak is narrow and comprised of a single Lorentzian, while
in bilayer graphene it is much broader and up-shifted with respect to monolayer
graphene. As can be seen in Figure 4.3, our results for different graphene samples exhibit
the characteristics described above. The 2D band of the bilayer graphene has four
Lorentzian peaks as shown in Figure 4.4, where we show a Lorentzian peak fitting per-
formed on the 2D peak-of another bilayer sample of ours. For-larger numbers of layers,
two Lorentzians are generally found although these become almost in distinguishable.
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(Right) 2D peak of the Raman spectrum.
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Figure 4.4: The Raman spectrum of graphene on a Si/SiO, substrate, taken with a green
laser (514.5 nm). (a) Comparison of monolayer, bilayer and many-layer graphene (indi-
cated), showing the evolution of the G and 2D peaks as a function of the number of lay-
ers. (b) An enlargement of the 2D peak, showing its four Lorentzians, for bilayer

graphene.

4.3 Atomic Force Microscopy (AFM)

We performed AFM on one of our-monolayer sample deposited on 500 nm of
SiO, and the result is showed in Figure 4.5.. The step height obtained here'is ~ 0.8 nm, as
generally observed in most AFM- measurements of single-layer graphene. This result
therefore can be used to confirm the results obtained from optical microscopy and Ra-

man spectroscopy.
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Figure 4.5: (Left) AFM of a single layer of graphene on SiO,. Inset shows the optical image
of the scanned area. (Right) AFM scan of the area indicated by red rectangle in the left
image. The step height is = 0.8 nm when scanned along the green line.



Chapter 5
Summary and Outlook

In the course of this work, we have studied the techniques of optical microscopy,
Raman spectroscopy and atomic force microscopy (AFM) and used them to identify
graphene flakes on Si/SiO, substrate. These three techniques are most commonly used
since they are simple and reliable. By using these approaches, we were able to deter-
mine the number of graphene layers properly. For example we were able to classify
monolayer, bilayer, tri-layer and many-layer graphene. These techniques therefore are
very useful for study physical properties of each category since they have-very distinct
properties theoretically. The proper identification of graphene layers will in turn help in
understanding the appropriate application that they can be used for. The key findings of
our experimental studies were as follows:
O Of all the techniques for identification the optical microscopy method is the
safest and the most straightforward approach
O The throughput of optical method is high compare to other techniques alt-
hough there is some chance. for inducing human error
O To offset the minor drawback of optical microscopy, Raman spectroscopy
can be used for additional confirmation
O Both optical microscopy and Raman spectroscopy are noninvasive method
and therefore to not damage the sample
O AFM on the other hand can be a destructive method but at the same time
might be needed for studying layer uniformity in addition to determine the

layer thickness



Chapter 6
Output

This grant has been utilized for the study of graphene identification using optical

microscopy and Raman spectroscopy the result of which is included in the following
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The fluctuations in the conductance of graphene that arise from a long-range disorder potential
induced by random impurities are investigated with an atomic tight-binding lattice. The
screened impurities lead to a slow variation of the background potential and this varies the
overall potential landscape as the Fermi energy or an applied magnetic field is varied. As a
result, the phase interference varies randomly and leads to fluctuations in the conductance.
Recently, experiments have shown that an applied magnetic field produces a remarkable
reduction in the amplitude of these conductance fluctuations. We find qualitative agreement
with these experiments, and it appears that the reduction in magnetic field of the fluctuations
arises from a field induced smoothing of the conductance landscape.

Keywords: graphene. conductance, fluctuations. transport

(Some figures may appear in colour only in the online journal)

1. Introduction

The phenomenon of fluctuations in the conductance of a dis-
ordered metal or semiconductor at low temperature has been
studied for many years [1]: In such systems, it is observed that
the conductance will exhibit such fluctuations as the Fermi
energy, or an applied magnetic field, is varied. It is presumed
that this arises from thé variations in the local potential land-
scape and changes in the electron wave interference as these
variations are introduced. Recently, these fluctuations have
been observed in monolayer and bilayer sheets of graphene
[2-8]. In some of these experiments, it was found that the fluc-
tuations observed [9] for varying magnetic field were smaller
than for varying the gate voltage (energy) and decreased as
the density increased |7-9]. These behaviors are contrary to
the idea ol ergodicity* which arose from early diagrammatic
theories for fluctuations in disordered materials 110], and
from recent theories for graphene in the metallic regime of

4 The term ergodic in this context would mean that the amplitude would be

independent of which phiysical variable (energy, magnetic field, sample, etc)
was varied.

0953-8984/16/135302+7$33.00

high conductivity {11-13]. However, such behavior has been
observed in some simulations of the fluctuations in normal
semiconductors [14, 15]. It was originally suggested that
this reduction of the amplitude with magnetic sweeps was
duc to the breaking of microscopic symmetrics connccted
with the detailed electronic structure of the graphene itself.
However, some of these symmetries could be expected to be
broken by the in-plane magnetic field as well, and this was
not observed [9].

Motivated by the experimental situation described above,
we have undertaken simulations of quantum transport in gra-
phene to investigate the connection of the conductance fluctu-
ations (CF) to the nature of the disorder potential. With a very
short-range atomic potential used to simulate the disorder. no
decay of the fluctuation amplitude with magnetic field was
observed [16, 17]. In these earlier calculations, an atomic-
basis tight-binding lattice also was used to study the structure
and transport in a graphene nanoribbon. The random potential
was introduced via a local potential in the Anderson mode!
[18], an approach that we have used successfully for finite dif-
ference lattices in the past [14, 15]. But, this potential appears

© 2016 IOP Publishing Ltd  Printed in the UK
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_Figure 1. A typical schematic of remote charge impurity.(a) 3D view: the distance between graphene layer and impurity layer is 4 and the
positive and negative impurity charges are randomly focated within the impurity layer. (b) Side view: the distance between the impurity
charge and the point where potential is calculated is r. (¢) Top view: the distance between the impurity charge and the point where potential

is calculated is obtained by |r, — 1|

to be too short range for the atomic-basis-lattice.-a point we
return to later. On the other hand, it has been pointed out that
a long-range potential, appropriate to describe the potential
induced by remote impurities trapped-beneath the graphene
sheet, is an important approach [13]. Hence. we have used
here a long-range potential which derives from the impuri-
ties trapped below the graphene sheet in/on the silicon dioxide
substrate. In the following, we briefly first describe our simu-
lation approach, and then discuss how the results give agree-
ment with available experimental data.

2. Impurities and the simulation approach

One of the critical factors for fluctuations is the types of
extrinsic scattering sources that can exist in graphene rib-
bons. Although the scattering scenario’is‘a complicated pic-
ture with contributions from adsorbates, ripples, corrugations
and remote charged impurities, etc, here we consider only the
long-range Coulomb potential arising from the random distri-
bution of charged impurities. The resulting disordered poten-
tial will be the main scattering mechanism, at least-as based
upon experimental evidence [19-21]. Utilizing the super-
position principle, the total clectric potential of all charged
impuritics is simply the sum of potentials due to the individual
charged impuritics, which can be described in a form [21]

€ [ 7o)
exp(_f § Iru — it d )'
,.zzl 4mege, /| Ta — i+ d2 ’l
)

Here, N; is the number of the impuritics, £y is the vacuum
permittivity, and the relative permittivity is &,. e is the
elementary electric point charge which may have a dif-
ferent sign for different impurities. The exponential term

exp(—f,/|r,, -+ dl) represents the modification of the

. gy

Vo=

potential by both the screening and the set-back of the impu-
rity from the graphene sheet. Here, & is the screening coef-
ficient [22]. The distance between the point charge and the
position where potential V(r).is calculated is the argument
of the square root term in the exponential. We use a constant
screening; which has been shown to comparable to a density-
dependent screening in terms of fluctuation amplitudes [13].
Important parameters-are illustrated in figure 1.

We use an atomic-basis tight-binding model to study the
transport withsuch along-range potential. The atoms are treated
in slices, which contain two-atomic rows in order to preserve
the slice symmetry [16]. The graphene nanoribbon sample
used in our calculation has a width of 199 atoms and a length
of 200 columns (100 shices). So the area of the sample will
be-around 24.3nm (width) x 42.4am (length) = 1030.32 nm?
(we refer to this as the ‘normal’ size). We consider a density
of impurities of 3% 10'2 cm™°, This means that the number
of charged impurities in the area of the ribbon is 31. Then,
these impurity charges'are randomly distributed throughout
the area of the graphene nanoribbon. In addition, the distance
between the graphene layer and the impurity charge layer is
set 1o d = ag-and the'screening coelficient is £ = 1/(10 x ag),
corresponding 1o a screening length of 10 x ap. Here, ap =
0.142nm is distance between two adjacent carbon atoms in
the nanoribbon. A typical remote charge impurity random
potential landscape is shown in figure 2. This potential distri-
bution is changed for each simulation run.

This random potential provides the landscape in which the
transport is computed by the above prescriptions. Because the
conductance fluctuations are random, they will change with
each implementation of the impurity potential. Hence, we use
several samples, each of which has the same impurity density
of 3 x 10" cm™2 but a different distribution pattern for the
impurities. From these impurities, the screened potential is
determined and this potential 1s then mapped onto the atomic
lattice to produce the on-site potentials, one example of which
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Figure 2. The potential resulting from one implementation of the remote impurity distribution. Here, the positively charged impurities are
the larger quantity and the Fermi level would sit about 65 meV above the Dirac point in the absence of any gate bias.
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Figure 3. Typical fluctuations in the conductance observed for a magnetic field sweep (upper curve and right scale) and for a Fermi energy

sweep (lower curve and left scale).

is shown in figure 2. As mentioned, the normal lattice has a
width of 199 atoms and a length of 200 atomie columns, but
we have considered other sizes. The position of the Fermi
level, relative to the Dirac point, will depend upon the frac-
tion of the impurities that are donors (oraceeptors). Transport
through this nanoribbon is computed with a stabilized variant
of the scattering matrix formalism subject to magnetic field
strengths applied perpendicular to the plane of the graphene
sheet. The details of the computational technique have been
given earlier [16, 17]. The transmission computed with this
approach is then used in the multi-channel Landauer formula.

3. Results

When the conductance is computed for various values of the
Fermi energy or an applied magnetic field, it is observed to
have fluctuating values due to the disorder. In figure 3, we plot
typical traces for the fluctuations that are observed in both a
Fermi energy sweep and a magnetic field sweep (here. a back-
ground conductance has been removed to better illustrate the
fluctuations themselves). Although the two curves appear to

have similar amplitudes. please note that the scale on the left,
for the Fermi energy sweep, is 2.5 x larger, so that the fluctu-
ation amplitude for this latter sweep is correspondingly some
2.5 x larger than that of the magnetic field sweep. In addition,
the magnetic ficld swecep displays a rather slow variation with
magnetic field;indeed; this variation is much slower than that
observed in GaAs [15]. It is not exactly clear what leads to
this slow variation in magnetic field, but it may be connected
with the peculiar band structure and density of states in gra-
phene, where the cyclotron energy scales as the square root
of the magnetic field rather than linear in magnetic field as in
GaAs [23]. However, we showed in [15] that the correlation
magnetic field in GaAs was about one flux quantum through
the sample. For these samples, that corresponds to a magnetic
field of 3.8 T, and could explain the slow variation in magnetic
field. In the main panel of figure 4, we plot the RMS amplitude
(8Gyms) of the CF induced by the Fermi energy sweeps, under-
taken in the presence of various static magnetic fields oriented
normal to the graphene plane. In the inset to this figure. we
also plot the CF as a function of the Fermi energy for two dif-
ferent values of the magnetic field. It can clearly be seen that
the amplitude of the fluctuation is significantly smaller with
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Figure 4. Amplitude of the conductance fluctuations obtained with a sweep of Fermi-energy (or gate voltage in experiment) for our
calculations (blue circles) and from the experiments of {9] (red diamonds). The latter has been-multiplied by a factor of 14 to account
for averaging over phase coherent regions in the-experiment. The inset shows actual fluctuations versus Fermi energy for two different

magnetic fields.

the presence of the magnetic field. Also plotted in the same
figure are the experimental data from [9], which have bee¢n
multiplied by a factor of 14. In the experiments, studies of
the correlation function of the fluctuations observed in magn-
etic field sweeps were used to estimate-the phase coherence
length 1, which was found to.be about 200nm [9). This dis-
tance is much smaller than the size of the sample over which
the measurements were made. and smaller than the estimated
thermal diffusion length. Hence; it is expected that the fluctua-
tions observed experimentally should be considerably smaller
than the theory due to statistical averaging of many phase
coherent regions. The averaging length L in the measurements
is about 2 pm. For the conditions discussed here. the reduction
in amplitude is expected to be.about [241V6 (1,/L)*'2, which
suggests that the experimental values should be smaller than
the zero-temperature calculation by a factor of 12.9. Here,
we focus upon a qualitative comparison with the experiment.
Hence, we have arbitrarily used a factor of 14 in figure 4 to
match the experimental and theoretical data at zero-magnetic
field, as this gives agreement for the values of theory and
experiment at this point.

Referring to the field-induced reduction in the magnitude
of the computed fluctuations in figure 4. we may conclude
that this is not due to any symmetry breaking process (such
as that due to the breaking of time reversal symmetry or the
lifting of spin or valley degeneracy), since such mechanisms
are not included in our calculations. Indeed. spin degeneracy
should be lifted also when the magnetic field is applied in the
plane of the graphene, but no such evidence of such symmetry
breaking was found in the study of [9]. So, there must be
another explanation for the magnetic-field induced reduction
in the amplitude of the conductance fluctuations. We speculate
that it may be related to where Biittiker has shown that, under
certain conditions, and in a large perpendicular magnetic field,

the latter can lead to a suppression of both elastic and inelastic
back scattering [25]. As edge states.begin to form in the magn-
etic field, most of the perceived resistance is found at the cur-
rent contacts, and the forward and backward edge states are
unequally occupied. Reflection from impurities cannot induce
back scattering of the topologically-protected edge states,
and the magnetic field also leads to a reduction in the number
of channels that actually propagate through the sample. The
result of these two effects should be to suppress the ampl-
itude of the fluctuations in the conductance, and we speculate
that it is this-behavior that is seen in figure 4. However, we
caution that the edge states are nowhere near fully formed in
these samples. The fact that the experimental data falls more
rapidly than our calculations suggest that the reduction of
back-scattering may-well be.more effective in the presence of
additional scattering mechanisims, and when there are several
phase coherent regions that-lead to the averaging seen in the
experimental data.

In figure 5., we plot-the amplitude of the conductance fluc-
tuations observed in experimental and simulated magnetic
field sweeps as a function of the electron density. The calcul-
ations are actually done as a function of the Fermi energy,
while the experiments are performed by varying the back gate
voltage. We have converted both variations to one in terms of
carrier density, so as to have a common parameter for com-
parison. Again, the experimental data has been multiplied by
a factor of 14 to account for the multiple phase coherent area
averaging [24]. A similar reduction in the amplitude of the
fluctuations with density has been seen for both gate voltage
sweeps and magnetic field sweeps [7]. It may be seen from
this figure that the amplitude of the fluctuations is smaller than
that in figure 4 for the Fermi energy sweeps. The difference
is of the order of a factor of 3, which has also been seen in
simulations for conductance fluctuations in GaAs [15]. This is
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Figure 6. The conductance fluctuations observed for a fixed Fermi energy sweep on-the electron sideéras afunction of the net charge

induced solely by the impurities themselves.

a clear indication that the CF do not possessany-ergodic prop-
erties. as such a property would lead to equal amplitude. fluc-
tuations for different perturbations, such as sweeps in energy
versus sweeps in magnetic field. or for different samples. Such
a difference has also been seen in studies of 1/ noise in meso-
scopic structures, where it is thought that this noise arises from
similar interference effects as the conductance fluctuations
[26]. In addition, it may be observed that the amplitude of
the computed fluctuations decreases somewhat as the carrier
density is raised. behavior that is captured in experiment also.
This might be explained in the experiments by a decreasing
phase breaking time at higher densities [27, 28], which would
lead to a reduction of the phase coherence length. But, this
cannot be the case in the theory. as the phase coherence length
is assumed to be set by the simulation size. The observa-
tion, in both experiment and theory. of the density-dependent

variations in the fluctuation amplitude points, once again, to
the non-ergodie character of these fluctuations.

We have-also investigated the role played by the net charge
of the impurity distribution. In figure 6, we plot the conduct-
ance-fluctuation amplitude as a function of the net impurity
charge, or the induced carrier density in the graphene sheet as
aresult of the impurity charge. That is, when the impurities are
all negatively charged, a hole concentration of 3 x 10'? cm™2
is induced in the graphene and the Fermi energy will sit below
the Dirac point in energy. With only positive impurity charge,
the reverse is observed. However, the Fermi energy sweeps
in figure 5 are always on the electron side over the range 50
to 250 meV, or for an actual electron density that varies from
roughly 2.9 x 10" to 7.2 x 10> cm~2. In the experiment, of
course, the required gate voltage varies. and the actual carrier
density depends upon the voltage at which the Dirac point is
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located [9]. The background charge indicated in figure 5 is
the charge that shifts the Fermi energy (in the absence of gate
voltage) away from the Dirac point. The difference that arises
as the net impurity charge is varied is that the total charge in
the system (carriers plus impurities) will vary. While the varia-
tion is too large to draw much of a conclusion, there does seem
to be a slightly higher fluctuation when the induced charge is
electrons. However. in the experiment, one must face the pres-
ence of the puddle state in which both electrons and holes are
present with the Fermi energy near the Dirac point [29-31].
These puddles can form sclf-consistently and are of the order
of 5~7nm in extent [31, 32]. In the simulations done here,
there is no puddle state, as the simulation does not include the
many-body effects which would lead to the formation of these
puddles. So, in the presence of the puddles, it would not be
clear what the role of the exact net impurity density would be,
nor would it be clear what the role of the additional-random
potential on the conductance fluctuations would be. However,
it should be pointed out that an increase of the amplitude of
the fluctuation near the Dirac point is observed in some cases
[7], altbough, a reduction in the amplitude of the fluctuations
near the Dirac point also has been reported [33, 34] as has a
reduction in the 1/f noise [26]. We do not see this in the simu-
lations, and such a increase/reduction may be a natural result
of the vagaries of the puddle state and its stability.

4. Discussion

Here, we have shown that the presence of a long-range
potential, arising from the charged impurities lying between
graphene and its substrate, may induce fluctuations due to
quantum interference in the graphene conductance. We find
that this long-range potential allows the carriers to respond to
the presence of a magnetic field normal to the graphene sheet,
something that was not observed in the case of a very short

range atomic potential {17]. Indeed, for a short-range atomic-

potential, we find that there is no variation in the fluctuation
amplitude in the presence of a magnetic field [17], which is
quite similar to the experimental case of having the magnetic
field in the planc of the graphene [9]. But. with the magnetic
field oriented normal to the graphene, we find that the ampl-
itude of the conductance fluctuations varies with magnetic
field and density in a qualitatively similar manner as that
observed in experiments of [9]. confirming the idea that the
quantum interference in graphene does not exhibit the ergodic
character typically assumed to describe quantum interfer-
ence. One question is whether this magnetic field dependence
is observed in other semiconductors, such as GaAs. We have
examined this question, and find that the answer is yes (which
will be discussed further elsewhere).

Overall, this study confirms the idea that the theoretical
framework developed several decades ago, in which meso-
scopic transport in disordered material is described as ergodic
is not applicable. Indeed. an alternative analytical theory of
CF in monolayer graphene, developed by Kharitonov and
Efetov [35] demonstrates that the fluctuations can have dif-
ferent universal values for different disorder type. We have

shown in both normal materials, such as GaAs [14, 15], as
well as in graphene [17]. that the amplitude of the CF depends
quite sensitively upon the amplitude of the random potential.
This means that the fluctuations do not possess a universal
property. especially as they are known to be suppressed in very
high quality material. In addition, the response to sweeping
the Fermi energy directly in the system, and to varying it via
the magnetic field, produce dramatically different amplitudes
of the fluctuations. which means that these fluctuations are
not ergodic either. Similar behavior is scen in other interfer-
ence situations, such as measurements of the 1/f noise in gra-
phene [26]. While it may still be true that the actual physical
basis for the fluctuations is a variation in the quantum interfer-
ence of carrier waves in the random potential, the resulting
CF are quite sensitive to the actual nature of this potential,
both its amplitude and its range. Hence, one may expect that
the improvement in the quality of the material under study
will naturally lead to reduced amplitudes of these fluctuations.
In fact, these results are all consistent with an understanding
based on Anderson’s much older description of disordered
materials [18].

We do know that in very high quality material, no CF are
observed, so apparently this material does not possess a suf-
ficient degree of disorder. Secondly, we have shown previ-
ously that as the disorder is increased. states are gradually
localized. We would expect the potential landscape to show
more variations as the disorder increases, and this should then
lead to larger amplitudes of CF, just as observed in our pre-
vious studies. Indeed. along with the onset of fluctuations, we
observe the localization of the low-lying transverse modes in
the device [15]. When the fluctuations are fully developed,
at the higher values of the disorder potential, their amplitude
is essentially just that expected by the turning on or off of a
single transverse mode in the sample. Thus, we expect that
this will lead to a maximum rms value of the conductance
fluctuation as

7Ivalleynspin 62
5y = PR
ms 2ﬁ h

where the 7 are the degeneracy factors. This value actually
agrees well with the carlier perturbation thcory estimates
[10], but is based more on empirical observations than on
analytical methods. It should be remarked that the peak rms
amplitude seen in graphene can be less than this, with this
peak value of 0.35(4¢*h) being seen only at zero magnetic
field in figure 4. ‘

Third, there is no concept of ergodicity that should be
applied to CF. As the Fermi energy is varied, the number of
transverse modes and the density also vary. But, the variation
of the density with Fermi energy is quite different in e.g. GaAs
and graphene. Similarly, the magnetic ficld also will cause the
Fermi energy to change the number of transverse modes even
when the density is constant. Yet, the energy scale for this, as
given e.g. by the cyclotron energy, differs between e.g. GaAs
and graphene. as discussed above. Hence, there is no reason
to believe that there should be the same behavior for these dif-
ferent variations. Fourth, there is no a priori reason to expect
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that the degree of disorder will be the same for different sam-
ples (assuming that they do not come from the same slice of
material) from different materials. Hence, there should be no
expectation that the CF will have the same amplitude in these
different samples.

Finally, as the CF depend upon the nature of the disorder
potential, there may well be a density dependence, as seen
in figure 5 above. Whether this arises {rom variations in the
screening of the random potential, or from another effect, this
further highlights the fact that there should be no expectation
of ergodic behavior in the CF. The predictions of Anderson
universality is that each and every sample is unique and one
should not extend conclusions about the CF seen in a part-
icular sample to other samples and materials.
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ABSTRACT: Rapid (nanosecond-scale) electrical pulsing is used
to study drift-velocity saturation in graphene field-effect devices. In
these experiments, high-field pulses are utilized to drive graphene’s
carriers on time scales much faster than that on which energy loss to
the underlying substrate can occur, thereby allowing the observation
of the highest saturation velocities reported to date. In a dramatic
departure from the behavior exhibited by conventional metals and
semiconductors, as the electron or hole density is reduced toward
the charge-neutrality point, the drift velocity is found to reach values
comparable to the Fermi velocity itself. Corresponding current

“drift vel. (cms7)

densities are as large as 10° A/cm?, similar to the values reported for

carbon nanotubes and for ‘graphene-on-diamond transistors. In essence, our approach of rapid pulsing allows us to “free”
graphene from the deleterious influence of its substrate, revealing a pathway to achieve the superior electrical performance
promised by this material. The usefulness of this approach is not merely limited to graphene but should extend also to a broad

variety of two-dimensional semiconductors.

KEYWORDS: Velocity saturation, hot carriers, graphene, transient transport, thermal effects in nanodevices

R?ahzmg the full potential of graphene’ as a novel material
or nanoelectronics™’ requires strategies to maximize its
current-carrying capacity, while minimizing Joule losses to its
surrounding environment. At the microscopic scale, this
problem reduces to one of managing drift-velocity saturation
(DVS), which arises when carriers, strongly accelerated by the
electric field, rapidly lose their excess energy by spontaneously
emitting optical phonons. By limiting the ultimate velocity to
which carriers can be accelerated, DVS constrains the maximal
currents that can be carried by any material, and must therefore
be mitigated in many device scenarios. Although the large
optical phonon energies (>150 meV) _intrinsic to graphene
promise high saturation velocities*™" (v,,,), experiments
typically yield much lower values that are degraded by
unintended heating of the underlying substrate.” ' This
problem was apparent from the earliest investigations of the
high-field characteristics of graphene, which revealed the
velocity saturation to be consistent with a process in which
the drifting carriers lose energy by exciting lower-energy (~55
meV) surface optical phonons (SOPs) in the SiO, substrate.'”
This result may be understood quantitatively in terms of the
(approximate) relation for the saturation velocity'"

_ 2 wgp

o
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where n is the two-dimensional (2D) carrier density. This
relation shows that the value of v, is directly proportional to
the energy (hwgp) of the specific optical phonon responsible
for hot-carrier energy loss. Because the energy of the SiO,
SOPs is much lower than that of graphene’s intrinsic optical
modes, energy transfer to the substrate can dominate the
velocity saturatlon, resulting in the surprisingly low values
reported for v,.*~** In quantitative terms, using a density n =
10'* cm™ as a reference value, eq 1 predicts a saturated velocity
v, ~ 10° cms™ for intrinsic graphene, while typical
experiments performed with SiO, substrates yield values
around a factor of four or five times smaller than this.
Recognizing the negative influence of the substrate on the
high-field characteristics of graphene devices, one approach to
overcome its effects are to eliminate it completely, making use
of devices in which the graphene channel is freely
suspended.'*™*° Measurements“' of such devices do indeed
exhibit higher saturation velocities than those reported for
graphene-on-SiO, transistors, yet still do not reach the values
expected for intrinsic graphene. Alternatively, exfoliation of
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graphene onto BN substrates has been explored as a means to
suppress substrate-related scattering and has been demon-
strated to significantly improve low-field mobility.”*™>* While
studies of DVS have been limited in this system, they have
nonetheless been found'® to exhibit low values for v,
consistent with a phonon pathway with an energy of just
~40 meV.

Having identified how energy loss from graphene’s hot
carriers strongly suppresses its saturated velocity, a question
that arises concerns whether suitable schemes can be
implemented to alleviate this problem? The answer to this
question is suggested by recent studies of transient transport in
graphene, which show that heating of the substrate does not
develop instantaneously, but rather takes place over many tens
of nanoseconds.”***® This result can be attributed to the large
thermal mismatch between channel and substrate and indicates
that pulsed investigations of graphene, performed on nano-
second time scales, should allow its intrinsic nonequilibrium
characteristics to be revealed."' While there have previously
been several different reports of transient transport in
graphene,""*~** none of them have explored the behavior in
this regime of rapid pulsing. In this Letter, we overcome this
problem by using rapid (nanosecond) pulses, allowing us to
probe the true hot-carrier dynamics of graphene before its
performance is degraded through its coupling to the substrate.
In this way, we are able to achieve saturation velocities
consistent with those expected for intrinsic material, and higher
than those reported for suspended graphene’’ and for devices
realized on boron-nitride substrates. * In a dramatic departure
from the behavior exhibited by conventional metals and
semiconductors in which the drift-induced shift of the Fermi
surface is typically small, as the Dirac point is approached from
either the conduction or valence bands we find that v, reaches
values comparable to the Fermi velocity (~10% ¢m s7") itself.
Corresponding current densities (~10° A/cm?) are similar to
those found in carbon nanotubes™ and in graphene-on-
diamond transistors.”” In essence, our approach of rapid
pulsing allows us to “free” graphene from the influence of its
substrate and to therefore reveal a pathway to achieve the
superior electrical performance promised by this material.
Beyond graphene, we expect that this approach should also be
amenable to investigations of DVS in many other two-
dimensional materials.

Rapid pulsing of graphene was performed at room
temperature in an impedance-matched setup (Supporting
Information) in which electrical contact to graphene flakes,
exfoliated on SiO,, was provided by on-chip coplanar
waveguides (CPWs, see Figure la). The carrier density was
varied by an aligned top-gate (TG), isolated from the graphene
by 120 nm of hardened PMMA (insets to Figure lab). Pulses
of various amplitude (v,") and duration were applied to the
input CPW, and the resulting current was measured by
connecting the output waveguide to the S0-Q input of a
sampling oscilloscope. For sufficiently small pulse amplitudes,
the transient resistance (R) determined at different gate
voltages (V) agreed well with that obtained by small-signal
lockin measurement (Figure 1b). Five devices (D1—DS) were
investigated here with D2—DS5 being monolayer while D1 was
realized from bilayer graphene (see the Supporting Information
for the dimensions of the devices and their room-temperature
mobility.)

The transient electrical characteristics of graphene can be
strongly influenced by extrinsic factors, most notably by charge
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Figure 1. (a) The main panel is an optical micrograph of one of the
graphene transistors (Device DS) studied here, showing the CPW
structure used to make contact to the graphene flake. The area
enclosed by the dotted line is shown in expanded form in the inset, in
which the hardened PMMA layer has been colorized to highlight the
top-gate geometry. (b) Comparison of the Dirac curve measured for
Device D1 at room temperature by small-signal lockin detection (solid
line) and low-amplitude transient pulsing (vP"‘ = 100 mV,
corresponding to a field strength F ~ 0.6 kVem™; duration = 4 ns;
filled symbols). The inset is a cross-sectional schematic indicating the
essential components of the top-gated devices. (¢) The main panel
shows the current—voltage characteristic determined at V3¢ = 0 and
room temperature for Device D1 for pulses of varying duration
(indicated) and for DC biasing. The inset plots three long pulses of
varying duration (v, = 3.05 V, corresponding to F ~ 34 kVem™) for
Device D4, exhibiting the influence of charge trapping and substrate
heating.

injection into the dielectric layers of the device and by thermal
conduction to its substrate.”~>**! Under such conditions, it is
easy to reach misleading conclusions regarding the physical
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origins of current saturation, as demonstrated by the results of
Figure lc. Here we plot current—voltage characteristics of one
of our devices for transient pulses of varying duration and
amplitude. (Throughout this Letter, quoted current values, and
the drift velocities inferred from them, correspond to those
determined at the end of the current pulse just before its falling
edge.) At fields (F) below ~15 kV/cm, the transient current is
independent of pulse duration and is also consistent with that
obtained by DC biasing. At higher fields, however, the current
decreases systematically with increasing pulse length and tends
toward the DC result. Present in each data set is an apparent
region of negative-differential conductance (NDC), whose
onset shifts to higher field for shorter pulses. This behavior
does not represent an intrinsic NDC, however, but rather
results from the extrinsic influence of trapping and heating.”
This may be seen by referring to the inset of Figure Ic, where
we show measurements of pulses up to several hundred
nanoseconds long. A monotonic decay of 1,°* is seen on this
time scale, which has previously been identified as arising from
the combined influence of charge trapping and substrate
heating.*™®*' It is this decay that is responsible for the
observed NDC and in order to avoid its influence it is necessary
to pulse graphene on time scales much faster than those
considered in Figure lc.

An example of our rapid pulsing of graphene is presented in
Figure 2a, the contour of which represents the output transients
(v,"*) measured in response to the application of short (4 ns)
pulses of varying amplitude (v,"). The contour micely
reproduces the form of the input pulses; as shown in the
insets to Figure 2a where we directly compare the input and
output signals. The faithful manner in which the input transient
is reproduced at the output demonstrates that parasitic circuit
elements exert little influence on these measurements, and that
trapping and substrate heating are both suppressed. In Figure
2b—d, we plot the current-(drain) voltage characteristics
inferred from experiments of this type. Figure 2b plots gate
voltages on the hole side of the Dirac curve (whose charge-
neutrality point is at Vg ~ 16.5 V), while Figure 2d shows
similar data for electrons. Clear current saturation is observed
for both carrier types with no evidence of NDC, despite the fact
that the peak field strength in the measurements is almost twice
that in Figure lc.

From data such as those of Figure 2, and a knowledge of the
carrier density (Supporting Information), the field-velocity
characteristics of graphene are determined. Representative
results are plotted in Figure 3a,b, where we see clear saturation
of the drift velocity (vy) for field strengths exceeding ~30 kV/
cm. Consistent with the form of eq 1, v, increases as the carrier
density is reduced from either the hole or electron sides. In the
vicinity of the Dirac point, however, the drift velocity does not
saturate (Figure 3a, inset), but rather shows a “kink-like”
feature. The kink is also apparent in the current—voltage
characteristics (see the data for Vg = 10 and 15 V in Figure 2b
and for Vg = 20 V in Figure 2d) and has previously been
attributed to the role of minority-carrier injection from the
drain 51332

The results obtained from our rapid-pulsing studies exhibit a
number of important differences with those reported in prior
(DC or quasi-DC) investigations. First, the current densities
that we achieve (~4 mA/um, see Figure 2b) are much larger
than reported previously. Second, we note that velocity
saturation has previously been pa_rametrized""’l 11633 by

appealing to Thornber’s equation™*
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Figure 2. (a) Output pulses of duration 4 ns, measured in Device D2
in response to the application of input pulses of varying amplitude.
The top-gate voltage is fixed at V¢ = —10 V. The inset plots the form
of the input and output pulses as two-dimensional color contours to
allow a comparison of their forms. (b) Transient current—voltage
characteristics determined using 4 ns pulses such as those in panel a.
Data are for holes in Device D3 and the different top-gate voltages are
indicated. (¢) Data in panel b replotted as a color contour. (d)
Transient current—=voltage characteristics determined using 4 ns pulses
such as those in panel a. Data are for electrons in Device D3 at the
indicated top-gate voltages. Solid lines in panels b and d are
interpolation curves.
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where p is the low-field mobility, F is the electric field
responsible for drift, and f is a phenomenological parameter. In
work based on DC (and quasi-DC) methods, the field
dependence of v; has been found to be well fitted'”"" with f
~ 2. As we show in Figure 3c, however, our data are also well
described by eq 2 but only by taking f = 5. This larger value
translates into a more rapid initial increase of current with

electric field and to the onset of saturation at larger vy (see
Figure 3c). Overall, the implication of these observations is that
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Figure 3. (a) Transient velocity-field characteristic determined for
holes in Device D3 by 4 ns pulsing. Solid lines through the data are fits
to eq 2 using the experimentally observed v, and a fit parameter = 5.
The inset plots corresponding data for the same device near its charge-
neutrality point, where the current—voltage characteristics show the
“kink” behavior arising from minority-carrier injection from the drain,
Solid lines are fits to eq 2, obtained by assuming f = 5 and varying v,
to obtain a best fit to the lower-field data. Filled symbols: Vg = 15V.
Open symbols: Vi = 20 V. (b) Similar plot as in panel a except for
electrons in Device D3. (c) Fit of the velocity-field characteristic to eq
2, using the same values of v, but different § values. Filled symbols
were obtained for Device D2 for Vyg = —10 V. (d) Variation of
saturated drift velocity with carrier density. The different symbols are
identified in the inset to the plot. Dashed lines correspond to the
predictions of eq 1, using different characteristic phonon energies (also
indicated in the inset).

relative to DC investigations our strategy of rapid pulsing
allows us to more effectively drive graphene’s carriers by
avoiding the onset of trapping and heating.

The most important result of our study is presented in Figure
3d, which shows the density-dependent variation of v,
determined in three of our devices. Data obtained by rapid
pulsing for both electrons and holes clearly follow the variation
expected from eq 1, for graphene’s intrinsic optical-phonons
(hwgp = 160—200 meV). As the density is reduced below 10"
cm™, v, approaches the Fermi velocity of graphene (vz ~ 10°
cm/s), providing a dramatic difference with the behavior
exhibited by typical metals. (To determine v, in this low-

402

density limit, we restrict our fitting in terms of eq 2 to the field
regime below the kink, see the inset to Figure 3a). These results
should be contrasted with the data obtained from prior
studies™ ' (data plotted as filled triangles), performed
under DC, or quasi-DC, conditions and which clearly follow
the variation expected for scattering from the lower-energy
(hwgp = 55 mV) SOPs of SiO,. In fact, our values for v, even
exceed those obtained for freely  suspended graphene”’
(mverted tnangles) and for graphene isolated on a BN
substrate'* (open squares). On the basis of these observations
we conclude that rapid pulsing of graphene can indeed be used
to probe its intrinsic DVS, free of the negative impact of
current-induced Joule heating of the substrate.

Some further points should be made regarding the
importance of using very short pulses to obtain the intrinsic
saturation velocities demonstrated in Figure 3d. In the inset to
Figure 1Ic, the decaying portions of the different transient
curves overlap very closely with one another, which leads one
to consider whether it should be possible to infer the intrinsic
velocity saturation from these curves also, simply by using the
maximum value of the current just after the rising edge? While
this would be reasonable if our measurements were performed
in a “single-shot” scheme, it must be noted that our transient
curves are instead captured by repetitive sampling. Con-
sequently the entire duration of the transient pulse, including
that obtained at short times, may reflect processes occurring on
much longer time scales. These include substrate heating and
charge trapping, the latter of which is known™ to yield long
recovery times. This point is discussed in more detail in the
Supporting Information, where we provide an example to
demonstrate the significantly increased saturation velocities that
can be achieved by using short-pulse studies. As a further, more
technical, point we note that such pulsing allows us to apply
much higher fields to the devices (compare the maximum field
strength in Figure lc to that in Figures 2b—d and 3a—c)
without irreversibly degrading their performance or even
destroying them as the local substrate temperature is driven
well-beyond ambient.

As a final comment on the results of Figure 3d, we point to
the data plotted as the solid blue circles in this figure. These
data show how the inferred drift velocity is steadily degraded as
the measurement pulse is made longer; on increasing the
duration from 4 to 20 ns, the drift velocity already drops by
some 10%, while for a pulse length of around a microsecond
the decrease is as much as 50% (these data are plotted more
clearly in the Supporting Information). This figure again
emphasizes the need to probe transport on very short
(nanosecond) time scales when studying graphene’s intrinsic
characteristics. A useful avenue to pursue in the future, to study
the dynamics of thermal decoupling from the substrate in more
detail, would be to fix the pulse duration at its shortest value
and to steadily increase the pulse-repetition frequency up to a
value (125 MHz) approaching the pulse length. Unfortunately,
this was not possible with our experimental setup in which the
maximum repetition frequency of the pulse generator was 1
MHez. Up to this frequency, at least we found the short-pulse
characteristics to be independent of the repetition rate, as we
describe in further detail in the Supporting Information.
Despite being unable to extend our measurements to higher
repetition frequencies, for the first time we emphasize that the
main value of this work lies in its demonstration of the use of
short well-separated pulses to reveal the intrinsic velocity
saturation of graphene.
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While previous theoretical work®***® has explored the

influence of different substrates on high-field DC-transport in
graphene, our work demonstrates how rapid pulsing may be
used to effectively eliminate any such influence. In this way, we
achieve significantly higher saturated velocities than those
reported previously, despite the poorer low-field mobility of our
devices (Supporting Information) when compared to sus-
pended material®’ or to graphene on BN.'! The lessons learned
from our study are not only relevant to graphene but rather
point to a broader strategy in which rapid pulsing may be used
to manage heat dissipation in different 2D semiconductors.
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Energy relaxation of hot carriers in graphene is studied at low temperatures, where the loss rate
may differ significantly from that predicted for electron-phonon interactions. We show here that
plasmons, important in the relaxation of energetic carriers in bulk semiconductors, can also provide
a pathway for energy relaxation in transport experiments in graphene. We obtain a total loss rate to
plasmons that results in energy relaxation times whose dependence on temperature and density
closely matches that found experimentally. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4938760]

The study of “hot” carriers, driven out of equilibrium by
an electric field, has long been pursued, since the relaxation
properties of these carriers are important for semiconductor-
device performance.’ With the emergence of graphene as a
promising electronic material.”>™ there has been significant
experimental®~'® and theoretical'®~** interest in the dynamics
of its hot carriers. One aspect of graphene is the high energy
of its optical phonons, which should render these modes inef-
fective at mediating cooling below room temperature.”>
Similarly, momentum-conservation constraints dictate that
cooling via acoustic phonons is quasi-elastic, and therefore
also inefficient. Consequently, the role of other scattering
processes has drawn increasing attention, with particular in-
terest having focused on the implications of impurity-
assisted “supercollisions.”??

Commonly in studies of hot-carrier cooling, one com-
pares the variations of some transport feature (e.g., meso-
scopic fluctuations, localization-related magneto-resistance,
and other quantum corrections), as a function of lattice tem-
perature (7T,) and electric field, to infer hot-carrier tempera-
ture (T,.). We study the dependence of this parameter on
electric field and T} yields information on the scattering
processes responsible for cooling, with this assignment
achieved by introducing the hot-carrier energy-loss rate (P,).
Defined as the power dissipated per electron, this rate usually
varies as?®

Pt‘(Te’TL) = A(Tf - 72)» (l)

with A and p characteristic parameters reflective of the spe-
cific relaxation process. Acoustic-phonon scattering in pris-
tine graphene, for example, is predicted to yield p=41%
while p=3 is expected for supercollisions.*> While both
power laws have been reported in separate experi-
ments,m’l“'17 other work has demonstrated an exponent of
p=3 in a regime where supercollisions are clearly not
expected to be effective.'>'® This suggests that some other
mechanism may be responsible for cooling, and in this letter,
we suggest that this may be provided by plasmon-medi-
ated?”® scattering.

0003-6951/2015/107(26)/262103/3/$30.00

107, 262103-1

The relaxation of carrier energy through plasmon-
induced losses has been studied for transport in metals™"*°
and semiconductors®™’ (the single-particle carrier-carrier
scattering, of course, does not relax either the net energy or
the net momentum). Plasmons themselves have also been
studied in carbon nanotubes®® and graphene,’® where the
dielectric function has been calculated.*® The plasmons of
interest here arise from the free carriers in graphene, and
their influence on cooling is determined by starting from the
standard expression for the energy-loss rate'*>*'

P, = <-“11—f> = Z{f(Ek)[] -—f(Ek - fw))] h(uWk_dk_,,

kg,

~f(E)[1 —f(E + P0)] BoWiakag}, (D)

where the symbols E and k represent the carrier energy and
momentum, respectively, while ficw and 7ig are the energy
and momentum exchanged in each collision, here that of the
plasmon modes, and f(E) is the carrier distribution function.
The scattering element W describes the plasmon-mediated
interaction, the form of which we take from treatments of the
low-temperature dephasing time (although with some differ-
ences). In (2), the energy-relaxation process depends on the
difference in emission and absorption terms, whereas the
phase-breaking time depends upon the sum of these terms.
Each of these two terms is expressed as

g Y0, B
Wi = - Nlm{e(q,w)}é ) p , 3

where N is either the Bose Einstein distribution, in the
absorption term, or 1 plus this distribution, in the emission
term. The scattering function arises from the imaginary part
of the screened Coulomb potential V(q) = e/2¢,q, where e is
the electron charge and ¢, is the permittivity of graphene.z""'42
Here, the screening is done by the full frequency and mo-
mentum dependent dielectric function. As may be expected,
the dielectric function is dominated by the plasmon pole, but
in using the inverse of the dielectric function in (3), we

© 2015 AIP Publishing LLC
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incorporate the collision broadening of this resonance. This
is given as Im(V/e) = we®/e,zoq%t, where yp=n.e?/
2m’ e, = nye?vp [2hikres, ng is the sheet density of carriers, vp
is the Fermi velocity, kr is the Fermi momentum, and 7 is
the scattering time. In two dimensions, the plasmon fre-
quency involves the momentum as @’ = nge’q/2m"e;, where
ng is the sheet density and m" is the electron or hole effective
mass (= fik/vg). The broadening arises from the total scat-
tering rates, which yield a scattering time 1. A key step in the
development of the energy loss rate lies in the fact that (3)
may be used to rewrite (2) as

\%
P,=2n Z Jgdwlm @)
q 2n &(q, w)

where §,, represents the energy-conserving delta function
and the various distribution functions (both Fermi-Dirac and
Bose-Einstein) are pulled into the expression

O(x) = {[N(x,T) + 1f(E)! - F(E - x)]
~N(& T)F(E)1 = f(E +x)]}, ©)

s,0(fiw), (4

where x will ultimately involve the plasma frequency and the
electron distribution function is at the carrier temperature 7.
Carrying out the various integrations (see supplementary ma-
terial**) yields the energy-loss rate

dE 2.4k3
Pe=(— )= =TT ER; 6
¢ <d1‘> 211:7521'%-1:( 1 I‘) ©)

where v is the Fermi velocity. Comparison with the form of
(1) indicates two important features of this expression. First,
the plasmon mechanism yields an exponent of p =3, similar
to that obtained for super'collisions. Second, the prefactor (A)
in the energy-loss rate of (6) is governed by a system-
dependent scattering time t, which describes the broadening,
that can be determined from the density and temperature de-
pendent mobility of the device under test. In most cases at low
temperature, this is dominated by the impurity scattering.”’

An important parameter related to the energy-loss rate is
the energy-relaxation time (7,), which may be obtained from
(6) by factoring the cubic terms in T to give a definition of 7,
from the theoretical parameters*’

_ kg(T, —Tv)
T, )

P, M

In Fig. 1, we compare the variation of 1.(T,), obtained in the
experiment of Ref. 13, with that predicted by (6) for the base
temperature of 1.8 K, as used in the experiments. Theoretical
values of 1, are determined by taking the experimentally-
determined energy-loss rate for the given density and T, and
introducing this into (6) and (7) to compute 1,. From this fig-
ure, we see that the plasmon-based model reproduces not
only the low-temperature magnitude of 7,. for both electrons
and holes, but that it also captures its quantitative depend-
ence on temperature.

The most striking observation of Ref. 13 was of a strong
variation of 7. as a function of carrier density. This behavior
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FIG. 1. The energy relaxation time for several values of the electron and
hole density. Experimental values from Ref. 13 are plotted as open symbols
while theoretical values obtained from (6) and (7) are the closed symbols.
Error bars are shown for the experimental data only. Dotted lines through
the theoretical data are guides to the cye that indicate a lincar variation of
power input with T°. In each case, the red and green curves have been offset
by a factor of 10 for clarity as indicated.

is reproduced in Fig. 2, along with the results of our calcula-
tions. The main panel compares the behavior observed at a
number of different electron temperatures, and again shows
close, if not perfect, agreement between experiment and
theory. In the inset to the figure, we plot the variation of 1,
as a function of electron density, for three different measure-
ment currents. As with the data in the main panel, the theory
reproduces the experiment well.

The plasmon-loss mechanism rearranges the energy dis-
tribution function, but this energy remains in the electron gas
as a whole. Under the excitation current (or electric field),
the distribution function is shifted in momentum space to
reflect the current, and it spreads as the electron temperature
rises. The shift can also distort the distribution to produce an
elongated extension in the direction of the field or current.
The ultimate limit of this elongation is a delta function in the
field direction.! Between the shift in momentum space, and
the elongation. the distribution function has more carriers in
the forward direction than the backward direction. The plas-
mon loss takes carriers from the streaming forward direction
and moves them to the backward direction, in the symmetric
terms of the distribution function, on the average. This scat-
tering process relaxes the streaming distribution, but the ulti-
mate result still remains that another process must pass the
energy to the lattice. This can be due to acoustic-phonon
scealttcring',,l'(’“24 or even s.upercollisions.23 However, it is the
plasmon interaction that dominates what is seen experimen-
tally, as it is this process which moves the current carrying
particles out of the forward extension of the distribution
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FIG. 2. The energy relaxation time as a function of the carrier density with
the electron temperature as a parameter. Experimental values from Ref. 13
are plotted as open symbols while theoretical values obtained from (6) and
(7) are the closed symbols. Dotted lines provide a guide though the theoreti-
cal data (filled symbols). At the lower left, we plot the variation of the relax-
ation time with density for a few values of the excitation current at
T,=4.2K.

function. The other processes which ultimately move the
energy to the lattice are thus masked, and this would be even
more true with the supercollision process as it has the same
temperature dependence (i.e., p = 3) as that found here.

In conclusion, a good quantitative agreement between
the experimental data of Ref. 13 and the theoretical results
obtained here suggest that the plasmon interaction dominates
hot-carrier energy relaxation in graphene at low tempera-
tures. Since the role of this mechanism in governing energy
loss does not appear to have been appreciated thus far. it sug-
gests that its relevance may be far wider than simply the ex-
perimental study analyzed here.
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Abstract Energy relaxation of hot carriers in graphene is
studied theoretically-and experimentally at low temperatures,
where the loss rate may differ significantly from that pre-
dicted for electron—phonon interactions. We show here that
plasmons, important in the relaxation of energetic carriers in
bulk semiconductors, can also provide a pathway for energy
relaxation in transport experiments in graphene. Reflecting
the linear nature of graphene’s bands. we obtain a total
loss rate to plasmons that is independent of carrier density.
This results in energy relaxation times whose dependence on
temperature and density closely matches that reported exper-
imentally.

Keywords Graphene - Energy relaxation - Plasmons -
Carrier heating

1 Introduction

The study of “hot” carriers in semiconductors has been pur-
sued for many decades (See, e.g., [1]). By hot carriers, we
refer to those carriers driven out of equilibrium by an applied
electric field, or equivalently by passing a large current
through the device. Since the relaxation of these carriers is
important for electronic-device performance, it is important
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to understand just how this relaxation process occurs. When
an electric field is applied to a semiconductor, or a current
is passed throughft, the distribution function is dramatically
affected. While spherically symmetric in momentum space
at thermal equilibrium (or cylindrically symmetric in the
case of a two-dimensional semiconductor such as graphene),
under non-equilibrium conditions this function splits into
what can be considered as two separate parts. The first of
these remains largely symmetric, while the second, the so-
called “streaming”, term is responsible for the current [2-4].
Electrical transport measurements typically probe only the
streaming term, while telling us nothing about the symmetric
one, behavior that 'should be contrasted with optical mea-
surements. In the latter, the small photon momentum does
not create the streaming term, and only information about
the symmetric term can be obtained. Here, we want to treat
plasmon-mediated energy relaxation, which is different since
the interaction is between carriers in the streaming part of
the distribution and those in the symmetric part. That is, the
plasmon interaction transfers net energy from the streaming
terms, thus serving to relax that part of the distribution that is
measured by transport. It does this by primarily (near) back-
scattering (for materials like graphene, exact back scattering
is chirally forbidden). In a purely symmetrical distribution,
we would not expect this process to be important, so that it
is not likely to be significant in an optical experiment.

With the emergence of graphene as a promising material
for future nanoelectronics [5~7], there has been significant
experimental [8-21] and theoretical [22-27] interest in the
processes governing its hot carrier dynamics. One aspect of
graphene is the very high energy of its optical phonons,
which ensures that these are ineffective at cooling elec-
trons and holes except at higher temperatures, near or above
room temperature [28]. At lower temperatures than this,
the major cooling pathway has been thought to involve the
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interaction of hot carriers with acoustic phonons. Due to
momentum-conservation constraints, however, this process
is quasi-elastic, and so inefficient at mediating energy trans-
fer. Consequently, the role of other phonon processes has
drawn increasing attention, with significant interest having
focused on the implications of imp'urity-assisled “supercol-
lisions” [26]. Experiments utilizing noise thermometry [15,
20], coupled microwave and dc heating [29], and p-n junc-
tion photocurrent spectroscopy [18,19], have established the
role of this mechanism at elevated carrier/phonon tempera-
tures. Nonetheless, lower-temperature studies of mesoscopic
devices [16,21] suggest that this mechanism does not provide
a complete picture of hot-carrier cooling.

In evaluating the heating of carriers induced in a transport

measurement, it is convenient to express the results in a form
(See e.g., [30])
P(T., T) = A (TF = Tf), )
where P, is the power input per carrier (the energy loss
rate) and A and p are parameters determined by the specific
mechanism of energy relaxation. Scattering of hot carriers by
acoustic phonons in pristine graphene, for example, is pre-
dicted to be characterized by an exponent p = 4 [22,23],
while p = 3 is expected for the aforementioned supercolli-
sions [26]. The situation with regards to the latter mechanism
is unclear, however, since some experiments [16,21] have
also yielded p = 3 while clearly being performed in the
regime in which supercollisions are not expected to domi-
nate. Motivated by this, we therefore explore the possibility
of cooling in graphene by a very-different process, namely
that arising from plasmon-mediated scattering of hot carriers.
Here, we demonstrate that such an exponent (p = 3), in fact,
also is consistent with the role of plasmon-mediated relax-
ation. By deriving an expression for the energy-relaxation
time (7.), the time scale governing the loss of energy from
hot carriers in the system, we demonstrate here that this
interaction can provide an important relaxation pathway in
graphene. To demonstrate the validity of this approach, we
show that the relaxation time predicted by this model repro-
duces well the temperature- and density-dependent variations
of this parameter found in a recent experiment [16]. Most
importantly, this agreement is achieved without the use of any
adjustable parameters. Thus, this highlights how the weak
electron—phonon coupling in graphene opens up the possibil-
ity of hot-carrier dissipation via novel mechanisms, beyond
those typically considered in more conventional materials.

2 Plasmons in graphene

Scattering of carriers by the screened potential of other elec-
trons and from the collective plasmon modes are both part of

@ Springer

the total electron—electron (or hole-hole) interaction among
the free carriers. Starting from the non-interacting electron
gas, the inter-carrier Coulomb interaction is usually treated
as a perturbation, but is problematic due to the long range of
the Coulomb potential. The coupled dielectric function then
has two importarit poles, one at zero frequency and one at the
plasmon frequency. These correspond to the single-particle
scattering potential and the plasmon mode, respectively. Gen-
erally, one introduces a screening wave vector to the Coulomb
potential, which separates the long-range and the short-range
parts. Then, the potential can be split into a short-range part,
where the scattering wave vector is larger than this screen-
ing vector, and this corresponds to the free-particle Coulomb
scattering. The long-range part, on the other hand, is respon-
sible for the interactions with the collective plasmon mode.
These collective mode are bosons, so that the scattering rate
can be found in quite normal ways. The relaxation of car-
rier energy through plasmon-induced losses has been studied
for transport in metals {31,32] and semiconductors [33-39]
for some time. Plasmons themselves have also been stud-
ied in carbon nanotubes [40] and graphene [41], where the
dielectric function has been calculated [42]. It has also been
suggested that the plasmon interaction can be important for
phase breaking in two dimensional systems [43—45].

To be sure, there has been a lively debate in the literature
over whether or not the electrons can actually interact with
the plasmons. It has been stated in some papers that this inter-
action cannot occur in graphene [46—48], since graphene is
qualitatively different from a parabolic band semiconductor.
It has been known for quite some time that the- plasmons
can be scattered by the single-particle interactions, a process
known as Landau damping. If this scattering is large, then the
plasmon modes are heavily damped and one could say that
they don’t really exist. However, it has been conclusively
shown that the plasmon dispersion curve (energy versus
wave vector) in graphene remains outside the region of sin-
gle particle electron—electron interactions [42]. However, the
dispersion curve does enter the region of electron-hole scat-
tering. In spite of this, away from the Dirac point, one does
not have strong electron-hole interactions as one or the other
of these particles is absent. Moreover, in a recent review of
many-body interactions in graphene [49], it was found that
a double feature is present in the decay rate given by the
imaginary part of the self-energy. One of these was a peak
at positive energies, signaling an onset of plasmon emission.
In another context, plasmonics is a new area of interest in
graphene. Here, high frequency waves are used to excite the
plasmons. In a recent paper, the authors computed the dielec-
tric function and plasmons in graphene, and find that [50]
*...scattering between plasmons and electrons is possible
and will lead to damping of the plasmons.” This is plasmon
absorption by the electrons. Of course, one then expects that
the reverse will be true and this scattering will lead to emis-
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sion of plasmons by energetic electrons. So, it appears that
the plasmons are well defined excitations. even in graphene,
and can be involved in the relaxation of hot carriers.

The scattering potential for the plasmons V (g) remains
the Coulomb potential, and this is combined with the
momentum- and frequency-dependent dielectric function in
the dynamic screening approach [51,52]. In general, this
approach arises from the Lindhard RPA dielectric function,
and the dynamic screening expression can be written as

q. ) 1+ < @)
EWg.w) = & .
4 . Dg?/t — (w —i/1)?

where the square of the plasmon frequency in two dimensions
is given as

2
nge
Al S X29.- (3

s
y 2m*eg
In the dielectric response, one normally just keeps the
plasmon-pole approximation, which means keeping only the
frequency term in the denominator of (2). However, we
require the imaginary part of the inverse dielectric function,
which means keeping at least the leading term in the scatter-
ing time. Then, we may write the scattering term as

Vv we?
€ Es X24°T

with y» = nse2/2m*85 x nsezv,v/lﬁlq:aT (& is the permit-
tivity of the graphene), and 7 is the total scattering time in
the material. We will use these results in the next section for
the energy relaxation rate.

3 The energy relaxation rate

As we remarked above, the role of the electric field is to dis-
tort the distribution function to account for the hot carriers.
We illustrate this in Fig. 1, where we compare the equilibrium
distribution function (in two dimensions) and the streaming
distribution function that results in the hot carriers. The elec-
tric field causes a portion of the distribution to stream along
the field direction, and this accounts for the current that flows
through the sample. The electric field provides a forcing func-
tion which is balanced by the relaxation of energy back to
those states that have been emptied by the formation of the
streaming part of the distribution. We indicate this for plas-
mons by the arrow that flows from the streaming part to the
back of the distribution. Of course, the inverse process, the
absorption of the plasmons, is also possible, and the two
processes have to balance in equilibrium. The net energy
loss by the carriers depends upon the difference between the

(b)

Fig. 1 a A diagrammatic depiction of the equilibrium distribution
function in two dimensions. b A similar depiction of the formation
of the streaming portion of the distribution, and the role of plasmons in
the energy relaxation

emission rate and the absorption rate. The general approach
we use to describe this overall process is quite straight for-
ward. We begin with a standard equation for the energy loss
rate, which can be written as [1], (See e.g., [30]), [53]

dE
<?17> = D {FEI[1 = F(Ex — hwg | hw, Wi—k—q
k.q.w

=~ fEQ [V = fEr+ hog| hogWisisqg}. (5)

Here. W represents the scattering function. For the scattering
function we take the standard approach to the phase-breaking
time in mesoscopic materials at low temperature, in which
the scattering function arises from the imaginary part of the
screened Coulomb potential (See, e.g., [54]), [43]. There is
a difference, however. It may be noted in (5) that the energy
relaxation process depends upon the difference in the emis-
sion and absorption terms, as described above, whereas the
phase-breaking time depends upon the sum of these two
terms. Each of these two terms is expressed as

_ 2 V(q) _ Ex— Eryy
Wi = hNIm‘s(q.w)]s(w N ) (6)

where the plus (minus) sign refers to the plasmon emission
(absorption). The N here is either the Bose Einstein distri-
bution, in the absorption term, or 1 plus this distribution, in
the emission term. Note that we require the imaginary part of
the inverse dielectric function, which is given by (4) above.
In (5), there is a delta function which conserves the energy,
while the momentum is also assumed to be conserved in writ-
ing this expression. There is still the phase space argument
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of the delta functions to be considered, and this is discussed
in Appendix 1.

Using these preliminaries, and the results of (6), we can
now rewrite (5) as

wdw V(g)
= Z s Ti 7
Pi—=2n 4 / e Im[s(q.w) ]6,,,<l>(lw) (7)

where 4, represents the energy conserving delta function,
and the various distribution functions (both Fermi—Dirac and
Bose-Einstein) are pulled into the expression

O(x) =D {ING. T)+ 11 f(E)[1 = f(E - x)]
k
~N@. D fE)[1 = f(E +x)] )

and the distribution function is at the carrier temperature
T.. Price [55] has shown how the integral over the distri-
bution functions can be carried out, and how the electron
temperature in the emission term finally appears in the Bose—
Einstein distribution. Using the properties of the linear bands
in graphene, his results applied to the last integral can be
rewritten as

E
P(x) = —"—i—) [N, T2) =N D). 9)

7 (hv

In (7), the potential and inverse dielectric function are given
by (4).

We are now ready to evaluate the integrals in (7). Using
the delta functions and the other properties given above and
in Appendix 1. we can carry out these integrals in a straight-
forward manner. This leads to two terms. as in (9), each of
which can be written in terms of an arbitrary temperature as

(’2Efk‘;T|3 /"m w?du (10)
2resh*v xot et =\l
0

F(T) =

where u = hvrg/kpTy and uy.x = 2hvpkr/kpTy repre-
sents an approximate upper limit. In general, this upper limit
is density and temperature dependent but is large, and the
integral approaches a limiting value near 2.4 as is shown in
Appendix 2.

Using the above results, and those of Appendix 2 for the
integral, the final power loss is given as

<d_E>= 24k3 (T} - T}) i
dt 2nh*viT ’

An interesting point is that, with the unique band structure of
graphene, the explicit density dependence has dropped out
of this final power loss, but will return when we normalize
it to the power loss per electron. The second important point

@ Springer

to note is that the loss rate in this expression is characterized
by the exponent p = 3, consistent with the results of recent
experiments [16,21].

In (10) and (11), we see the scattering time 7 is the only
sample dependent parameter remaining in the energy loss
rate. In general, we can use the measured mobility to infer
a value only for the momentum relaxation time, which is
longer than t by a numerical factor that arises from the aver-
aging over the scattering angle. The momentum relaxation
time is weighted in favor of large angle scattering (subject to
chirality constraints), while there is considerably more small
angle scattering with the Coulomb interaction. Since there
are other scattering processes than just the Coulomb scatter-
ing from impurities, it is difficult to assign an exact value
thatarises from this weighted average. We have assumed the
dominance of impurity scattering for the mobility, and this
allows us to compute anestimate of the actual scattering time
from the momentum relaxation time. In Appendix 3, we plot
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Fig. 2 The energy loss rate per carrier for a Electrons and b holes. In
each case, the solid symbols are the theory (11) and the open symbols are
the data from Ref. [16]. The color corresponds to a particular density
and error bars are shown for the experimental data only. Dotted lines
through the theoretical data are guides to the eye that indicate a linear
variation of power input with 73 (Color figure online)
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Fig. 3 Variation of the energy
relaxation time with temperature
for several values of the electron
density

Energy Relaxation Time (ns)

the mobility that is measured in the samples as a function of
. temperature for various densities.

We are now ready to show an experimental test of the
theory developed here, and this is a direct comparison of
the main results of the present work with those of Ref. [16].
There, we showed an energy-loss rate described by an expo-
nent p close to 3, while the energy-relaxation time was found
to decrease significantly as the Dirac point was approached
from either the conduction or valence band. In Fig. 2, we
compare the computed energy-loss rate per carrier to the
experimental values determined for different electron and
hole densities in monolayer graphene. It may be observed
that there is some curvature in the experimental data (open
symbols) that is not matched by the theory. This could arise
from the variation of the Bose integral, or from a temper-
ature variation of the scattering time, which has not been
considered here. In general, though, the agreement is quanti-
tatively good, which is remarkable as there are essentially no
adjustable parameters other than the fit to the scattering rate.

4 The energy relaxation time

Another important parameter for hot carrier cooling is the
energy relaxation time. Normally, this is obtained from (11)
by factoring the cubic terms to give a definition of the energy
relaxation time from the theoretical parameters [53]
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where P, is the power loss per electron. It is 7. that actu-
ally describes the time over which the energy is taken out
of the streaming term (Fig. 1). In Fig. 3, we compare the
temperature-dependent variation of 7, found from the present
theory. To obtain the theoretical values, the electron temper-
ature that is found from the excitation current at a particular
density [16] is used to deterrnine the power lost, and this
is introduced into (12) to compute 7,. From this figure, we
see that the plasmon-based model reproduces not only the
low-temperature magnitude of 7, but that it also captures its
quantitative dependence on temperature.

The most striking observation of Ref. [16] was of a strong
variation of 7. as a function of carrier density. This behavior
is reproduced-in Fig. 4, along with the results of our calcu-
lations. The main panel compares the behavior observed at a
number of different electron temperatures, and again shows
close; if not perfect, agreement between experiment and the-
ory. One may note that there is an asymmetry between the
electron and hole sides of the plot, the origin of which is a sim-
ilar asymmetry in the gate-voltage dependent conductance
measured in experiment [16]. On the electron side, it appears
that there is a soft saturation setting in above ~ 10'? cm™2,
which is not apparent on the hole side. Whether his has sig-
nificance is not clear at this time. The electron temperature
is extracted from the experimental data, and we note that the
sample was chemically-doped such that a positive gate bias
was necessary to bring the Fermi energy to the Dirac point. It
is possible then that this negative charge could have induced
some asymmetry into the results. In the inset to Fig. 4, we
plot the variation of 7. as a function of electron density, for
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Fig. 4 Comparison of the calculated energy relaxation time with that
measured in Ref. [16] for several values of the electron temperature.
The open symbols are experimental data while the solid symbaols are the
theoretical values

three different measurement currents. As with the data in the
main panel, we see that the theory reproduces the experiment
well in this figure also.

The plasmon loss mechanism rearranges the energy dis-
tribution function, but this energy remains in the electron gas
as a whole. Under the excitation current (or electric field),
the distribution function is shifted in momentum space to
reflect the current, and it spreads as the electron temperature
rises. The shift can also distort the distribution to produce an
elongated extension in the direction of the field or current.
The ultimate limit of this elongation is a delta functionin the
field direction [4]. Between the shiftin momentum space, and
the elongation. the distribution function has more carriers in
the forward direction than the backward direction. The plas-
mon loss takes carriers from the streaming forward direction
and moves them to the backward direction, in the symmet-
ric terms of the distribution function, on the average. This
relaxes the streaming distribution, but the ultimate result still
remains that another process must pass the energy to the lat-
tice. This can be due to the acoustic phonon process [22-27]
or even the super-collision process [26]. However, it is the
plasmon interaction that dominates what is seen experimen-
tally as it is this process which moves the current carrying
particles out of the forward extension of the distribution func-
tion. The other processes which ultimately move the energy
to the lattice are thus masked, and this would be even more
true with the supercollision process as it has the same tem-
perature dependence (i.e.. p = 3) as that found here.

@ Springer

In conclusion, the good quantitative agreement between
the experimental data of Ref. [16] and the theoretical results
obtained here suggests that the plasmon interaction dom-
inates hot-carrier energy relaxation in graphene at low
temperatures. Since the role of this mechanism in govern-
ing energy loss does not appear to have been appreciated
thus far, it suggests that its relevance may be far wider than
simply the experimental study analyzed here.

Appendix 1

We note that the emission and absorption of plasmons by
hot carriers is not the normal Fermi liquid behavior. If the
Fermi sea is completely full at zero Kelvin, then there can be
no emission at the Fermi level since the lower energy states
are full. We need a spreading of the distribution function at
an elevated temperature arising from the hot electron effect,
induced by the electric field as shown in Fig. 1. The phase
space interaction, illustrating conservation of both energy
and momentum can be sketched as in Fig. 5, for both emis-
sion and absorption. Here, we show two circles which are
the constant energy rings for the states E (k) and E (k £ q).
These rings are separated by the plasmon energy, which is g
dependent. The red ring is the Fermi circle for the initial state,
and the blue ring is the Fermi circle for the final state. The
initial and final momenta are, of course, connected vectori-
ally by the momentum of the plasmon, so that momentum
conservation, as well as energy conservation, is assured in
the interaction. Panel (a) represents the situation for plas-
mon emission, while (b) represents the situation for plasmon
absorption.

We begin by writing the energy conservation for the emis-
sion process in terms of the magnitudes of the various vectors
as

nvp (k| — K —q|) = hwp, =N/x2q (13)

where the plasma frequency has been given in the main text
by (3). Here, we have introduced the proper dynamic mass
for graphene in the last term. We can now expand the terms
in the first equation to get

e .51 4 (14)

k—\/k2+q2+2chos19= :
F

Itis important to note here that the vector properties of Fig. 5a
mean that cos ¥ < 0, or that the angle is in the second or third
quadrants. We can now rearrange the terms and square the
result to get

2 1524 " - ,kvxzq
2 ————-—vF

= k* + ¢* + 2kq cos . (15)
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Fig. 5 Diagrams for the
conservation of momentum and
energy in the plasmon
interaction for a emission and b
absorption
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Fig. 6 The lines for which the delta function is satisfied for the emis-
sion of plasmons at two different values of energy of the carriers, as
given by (16)
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Thus, we require the term in square brackets to be positive.
The solutions are shown in Fig. 6.

Now, we turn to the absorption process and write the
energy conservation in terms of the magnitudes of the various
vectors as

fivp (k +4q| — [K]) = hop = 1/x2q. (17)
We can now expand the terms in the first equation to get

\/k2+q2+2chosz9—k=—v3;q. 18)
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Fig. 7 The lines for which the delta function is satisfied for the absorp-
tion of plasmons at two different values of energy of the carriers, as given
by (20)

Itis important to note here that the vector properties of Fig. 5b
mean that cos 2% > 0, or that the angle is in the first or fourth
quadrants. We can now rearrange the terms and square the
result to get

KR B2\ SN0 | 2 | okgcost, (19)
Vp VR
or
—g? + 2L 4 2 /X0
Cos? = £
2kq
q X2 1 [x2
s 1| s TS =2 fanl 3 20
|:2k+2kv}2r+v,r q] (20)
Thus, we require the term in square brackets to be positive
(Fig. 7).

It is clear that there are solutions to the above equations
which allow for both emission and absorption of plasmons.
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In the emission case, the scattering lies in a very small range
of angles whose “cone” is 6°~10° for the curves shown. This
is around the back-scattered direction and has a momen-
tum almost equal to that of the initial state. Hence, this is
almost back scattering. but not quite (we note that pure back-
scattering in graphene is forbidden in the equilibrium case
by chirality). For absorption, there is a very large range of
angles for the forward process. but again it occurs for rather
large values of the momentum. In both emission and absorp-
tion, the scattering involves rather large values of the plasmon
energy. There is almost no density dependence in the range
of 10" — 10'2 cm—2, but one would expect the interaction to
get stronger nearer to the Dirac point, although the plasmon
may be damped strongly in this case by the interband single
particle interactions discussed above.

Appendix 2

The integral in (10) may be written as

Umax
u-du
L s o
0
where
hl’pq 2’51)1:/\’]: 85
T kgT '’ e = kpT i

The first term arises from the energy conserving delta func-
tion that appears in the integration over the frequency. The
second term arises from the fact that the maximum value
of ¢ that can occur is approximately the span of the Fermi
circle in two dimensions, which translates into a maximum
value for u. Generally, this maximum is twice the ratio of the
Fermi energy to the thermal energy, and can be quite large.
In Fig. 8, we plot both the integrand and the value of the
integral as a function of u or um,x, as appropriate. It may
be seen that the peak of the argument occurs at a relatively
small value of «, due to the dominance of the exponential in
the denominator. The integral approaches its limiting value
fairly rapidly. The smallest value of the limit occurs for low
density and high temperature. In the experiments [16], the
lowest value of density is about 2 x 10'! cm=2 while the
highest carrier temperature is about 40 K. These numbers
lead to a minimum value of u,,,, of about 2.4 where the
integral has already reached more than half its final value.
So, except for low densities at the highest input power per
electron, the integral can reasonably be assumed to be the
limiting value of approximately 2.4.
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Appendix 3

The mobility that is measured in the samples as a function
of temperature for various densities is shown in Fig. 9. To
get to the needed scattering time. one must understand how
the various scattering rates are averaged over the scattering
angle (See, e.g., [56]). With several scattering mechanisms
active in graphene, this is actually rather difficult to unfold.
We have considered impurity scattering to be dominant. The
actual scattering rate differs from the momentum relaxation
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Fig. 9 The momentum relaxation time as a function of temperature for
several values of the carrier density
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Fig. 10 The ratio of the momentum relaxation time to the actual scat-
tering time for ionized impurity scattering in graphene

time determined from the measured mobility. The actual scat-
tering rate from ionized impurity scattering in graphene can
be written as [57]

Nimp (zé)l [ [14 cos(29) e~ sin®ds g5
B ; . s 12
3 [sin(®) + %]

(23)

where ezkp /2w e, is the screening wave veetor and 26 is the
angle between the incoming and scattered wave vectors—
the elastic scattering occurs with ¢ = 2kcos(6/2), and the
angle has been doubled in the equation. In the momentum
relaxation time, there is an additional factor of [ 1 —cos(26)]in
the numerator (See, e.g., [58]). So, the ratio of the momentum
relaxation time to the actual scattering time is the ratio of the
integrals with, and without, this additional term. This ratio
is shown in Fig. 10, with the scattering rates all evaluated
at the Fermi surface. appropriate for low temperatures. In
graphene, the mobility in suspended graphene is quite high,
and can be of the order of several times 10° cm?/s [59]. The
mobility in the experiments discussed in Ref. [16], and used
in the manuscript, are much lower and so are assumed to
dominated by impurity scattering. Hence, the ratio in Fig. 6
was used to convert the momentum relaxation time into the
actual scattering time used in the computation of the energy
loss rate per electron.
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ABSTRACT: We fabricate transistors from chemical vapor
deposition-grown monolayer MoS, crystals and demonstrate
excellent current saturation at large drain voltages (V). The low-
field characteristics of these devices indicate that the electron
mobility is likely limited by scattering from charged impurities.
The current—voltage characteristics exhibit variable range
hopping at low V; and evidence of velocity saturation at higher
V4 This work confirms the excellent potential of MoS, as a
possible channel-replacement material and highlights the role of
multiple transport phenomena in governing its transistor action.

0® V=16V
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KEYWORDS: Molybdenum disulfide, transition metal dichalcogenides, 2D transistors, high-field transport, velocity saturation

T ransition-metal dichalcogenides have recently emerged as
a new class of electronic materials, which, much like
graphene, may be isolated in a two-dimensional (2D) form to
implement a variety of novel electronic devices." Among the
materials that comprise this group, molybdenum disulfide
(MoS,) is one whose characteristics appear particularly
promising for such applications. In marked contrast to
graphene, MoS, exhibits a large energy gap (1.3—1.8 eV), the
direct nature of which in the monolayer form makes it attractive
for not only transistor implementations but also optoelec-
tronics. Efficient transistor action has been demonstrated for
devices based on multilayer and monolayer MoS,'™** and
these devices are characterized by large (>107) room-temper-
ature ON-OFF ratios. They are also predicted to exhibit
excellent subthreshold swing and benefit from immunity to
short-channel effects.”* Although the large effective mass (m* =
0.45m,) of the MoS, electrons means that they exhibit much
lower mobility than the massless Fermions of graphene, this is
not expected to be problematic for many applications involving
transistor switching. In one pioneering study, MoS, transistors
were used to implement small-scale integrated circuits,”
providing essential Boolean functionality. Other work has
demonstrated their application as sensitive photodetectors>*?’
capable of operating in the visible and UV ranges. Additionally,
and in common with graphene, the ability to exploit valley
polarization as a state variable in (monolayer) MoS, may open
up the development of new “valleytronic” devices.”®~

A4 ACS Publications  © 2015 American Chemical Society

5052

In the vast majority of studies reported in the literature to
date, MoS, transistors have been fabricated by mechanically
exfoliating 2D material onto an _insulating substrate from
crystalline molybdenite>~%'3~1%2022232526 Ajthough this has
the benefit of allowing rapid prototyping of individual devices,
chemical routes to synthesis'o"z’w’ L3733 offer the prospect
of both high material yield and uniformity. Chemical vapor
deposition (CVD), involving the sulfurization of molybdenum
films deposited on Si/SiO, substrates, is one such promising
approach.'"#!%2132 Depending on the initial film thickness a
variety of final structures can be realized, including monolayer
crystals with areas of many tens of square microns. These
structures may then easily be subjected to in situ device
fabrication or may be released into solution for transfer to other
substrates.'® Structural characterization (via Raman spectros-
copy and atomic-force microscopy) of the CVD-grown crystals
confirms their monolayer,""'* highly crystalline®® character,
making this approach particularly attractive for transistor
realization. Recently, there have been some reports'"'*'? of
the electrical characteristics of such devices, suggesting that
they are able to compete with or even exceed the performance
offered by their exfoliated counterparts. In ref 21, the authors
presented a detailed study of the influence of thermal annealing
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Figure 1. (a) Shown on the left are line scans recorded along the two white solid lines in the AFM image shown in the inset. The image is of MS2-
13, and the outline of the MoS, crystal is indicated by the white dotted line. The figure on the right is a Raman spectrum obtained using a (514.5 nm
wavelength, 1 um spot size) laser to illuminate the channel of MS2-13. (b) Transistor curves measured at room temperature for transistor MS2-13
(shown in the false-color optical micrograph in the inset). Filled symbols are experimental data points, and solid lines represent the results of
simulations (see main text for details). (c) Color contour plot showing the full evolution of Ij(Vy, V) for device MS2-13. (d) Expanded view of the
transistor curves around Vy = 0, showing the linearity of the current over the full range of V.

on the transistor characteristics and showed that this allowed
low-temperature (10 K) mobility values as large as 500 cm? V7!
s7!) to be obtained. Moreover, the authors were able to
demonstrate evidence of a metal—insulator transition as a
function of gate voltage, suggestive of the high electronic
quality of the CVD-grown crystals.

In this Letter, we present the results of studies of the
electrical properties of transistors implemented in CVD-grown,
monolayer MoS,. We demonstrate, for the first time, excellent
current saturation in such devices and explore the role of
different transport mechanisms in governing the dependence of
their drain current (I;) on the drain (V) and gate: (V,)
voltages. For drain voltages in the linear regime, we observe
clear signatures of variable-range hopping (VRH) in the
temperature (T)-dependent conduction, reminiscent of prior
studies of exfoliated MoS,.>'* The VRH weakens with an
increase in the gate voltage, presumably as electrons in the
channel are able to more effectively screen out the impurity-
related background potential. This behavior is accompanied at
higher fields by the emergence of velocity saturation. The need
to introduce the latter phenomenon arises from the strongly
gate-voltage dependent character of the channel mobility (u),
and the saturation velocity (v, = 3 X 10° cm s7!) used to fit the
experiment is found to closely match that reported in recent
studies of multilayer MoS,.** Simulations of the electrostatics
within the device confirm that the velocity saturation arises
from the presence of a strongly peaked electric field (E,, where
y is the direction along the channel length), which develops in
the channel near the drain contact under current saturation.

Monolayer MoS, transistors were fabricated using electron-
beam lithography and metal lift-off to form Cr/Au (S nm/S0
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nm) source-drain contacts to CVD-grown single MoS, crystals
synthesized on commercial Si/SiO, wafers. The heavily doped
Si served as the back-gate of the transistor, whereas the 280 nm
thick SiO, functioned as the gate dielectric and was also used to
provide optical contrast when observing the MoS, crystals
under an optical microscope. (In the ultimate applications, this
design could be replaced with one consisting of a top gate
formed on a thin layer of high-k dielectric, significantly lowering
the working gate-voltage range while also enhancing the
mobility through “engineering” of the dielectric environment.?)
The CVD growth was performed by first dispersing MoO,
nanoribbons onto the Si/SiO, substrate and then sulfurizing
them in a furnace.®” This process resulted in the formation of
triangular-shaped single crystals, 13 + 2.5 um on a side, whose
monolayer character was confirmed by both Raman studies and
atomic-force microscopy. This is indicated in Figure 1(a), in
which the measured thickness of the MoS, crystal and the
separation of the E;, () and A, (I") Raman peaks are both
consistent with earlier reports for CVD grown monolayer
Mo, 12!

The electrical characteristics of 13 different transistors were
investigated for this study and were all found to exhibit fairly
similar characteristics (see Table 1 of the Supporting
Information, where we also define the notation used to identify
the different transistors). For this reason, in our discussions
here we focus on providing the results of a comprehensive
study of a single device (MS2-13), which we have chosen due
to its representative character. This device is shown as an inset
in Figure 1(b), where the source (S) and drain (D) contacts are
indicated. After fabrication, transistors were wirebonded into
standard DIP packages and mounted in a cryostat, allowing
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Figure 2. (a) Transfer characteristics of device M$2-13 (V = 0.5 V), measured at various temperatures from 77 to 300 K. The inset plots the
variation of I4(V;) as a function of temperature from 77 to 300 K. The gate voltage (V, = 30 V) was held fixed for these measurements. (b) The left
panel shows the transfer curve of MS2-13 measured at 300 K in both sweep directions (red and blue data). In the right panel, we use a semilog plot
to reveal an on—off ratio at 300 K of ~6 orders of magnitude. The measurement was made with V= 1 V using a Keithley 4200 with a high
resolution preamplifier. (c) Variation of mobility as a function of V,, inferred (using eq 2) from the experimental data of (a) at different
temperatures. (d) Variation of mobility as a function of temperature, inferred from the results of (c) at various gate voltages. The solid lines are trend

lines that form a guide to the eye.

their electrical characteristics to be measured from 77 to 300 K
with a Keithley 2400 source meter. The measurements reported
here were obtained with the samples maintained under vacuum,
in the dark, and in the absence of any annealing.">*" We have
performed both in situ (under vacuum, 110 °C, 10~* mbar, 20
h) and ex situ (also under vacuum, 120 °C, 10~° mbar, 20 h)
annealing of our devices, but in contrast to earlier reports,'>*'
do not find such a significant improvement in performance.
The key features of transistor action (including the well-defined
current saturation that we show below) are preserved after
annealing, and current levels are increased by ~50%, but this
improvement is much less dramatic than that achieved in refs
15 and 21. The reasons for this are unclear at present and
require further investigation.

In Figure 1(b) and (c), we show measurements of the
transistor curves of device MS2-13 at room temperature. Figure
1(b) shows the characteristics measured at several discrete gate
voltages, along with corresponding theoretical fits (solid lines),
whose details are provided further below. Figure 1(c) is a color
contour that expresses the evolution of Iy as a continuous
function of V; and V. Both figures reveal classic transistor
action with excellent saturation at high drain voltages,
something that has not been demonstrated for CVD-grown
MoS, devices (for which previous works have focused primarily
on analyzing the transfer characteristics'%!%1921) | In Figure
1(d), we confirm the linear character of the current for small V
and for a wide range of V. Typically, such linearity in two-
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terminal measurements is taken to indicate that good ohmic
contact has been achieved to the MoS, channel.”!

In the main panel of Figure 2(a); we present measurements
of the transfer (Id—Vg) characteristic of transistor MS2-13 at a
series of temperatures from 77 to 300 K. As indicated in Figure
2(b), the transfer curve showed little hysteresis as a function of
sweep direction (left panel), and yielded a room-temperature
on—off ratio of ~6 orders of magnitude (right panel).
Regardless of the temperature in Figure 2(a), it is noted that
none of the curves show the linear variation I;(V;) expected
from a simple square-law model® :

2
Eoxo Va
=000 [ 7 TG 7 L
; [(g AN 2]

o

W
o

(1)
Here, V7 is the threshold voltage, L is the channel length, x, is
the oxide thickness, and &, is its dielectric constant. W is the
channel width, which in this work is taken as the average width
of the MoS, crystal at the source and drain ends. g is an
effective channel mobility and, when this parameter is
independent of gate voltage, its value can be determined
from the linear relation between the drain current and the gate
voltage [ie, p = (dld/st)(xo/(eux &,))(L/WV,)]. The
nonlinearity of the curves in Figure 2(a) indicates that the
mobility in these devices is gate-voltage dependent however,
requiring us to determine y by solving the following expression
(for details see the Supporting Information).
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In Figure 2(c), we plot the variation of 4(V,) determined from
the experimental transfer curves at various temperatures using
eq 2. The mobility clearly increases in an almost linear manner
with increasing V; and is also systematically larger at higher
temperatures. This latter point can be seen explicitly in Figure
2(d), where we plot the variation of u(T) at four different
values of V,. The behavior here is similar to that found
previously for exfoliated MoS,_ and is consistent with the role
of charged-impurity scattering."”* The temperature dependence
of the mobility is reflected as a strong variation of the transistor
curves, as we indicate in the inset to Figure 2(a). This color
contour plots the I;—V; characteristic of transistor MS2-13 at
fixed gate voltage and at a series of different temperatures. As
the mobility increases with temperature, the overall current
level exhibits significant growth. At every temperature, however,
we observe clear signatures of the linear- and saturated-current
regimes, indicating that the transistor action is robust.

Turning to the issue of the conduction mechanism in the
MoS, transistors, this is strongly dependent upon both the
drain and gate voltages. For small Vd, we observe clear
signatures of 2D VRH in the resistance”

[ T 1/3
R R () ]
T G)

where R, and T, are appropriate fit parameters. In Figure 3(a),
we show the variation of the resistance (R) as a function T ~'/?
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Figure 3. (a) Temperature-dependent variation in the resistance of
device MS2-13 plotted to reveal the connection to VRH. A source
voltage of V4 = 1 V was used for these measurements. (b) Gate-
voltage-dependent variation of the VRH parameter T, (see eq 3).
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(on a semilog plot) and obtain good agreement with the VRH
form for a wide range of gate voltages. The resistance values
plotted here were determined at V4 = 1 V, well within the linear
regime of transistor operation. In Figure 3(b), we plot the
variation of T,, inferred from the data of Figure 3(a), as a
function of the gate voltage. Clearly, there is a trend for T, to
decrease with an increase in Vy indicating that the role of the
VRH is correspondingly reduced. We have already noted that
the increase in mobility that we observe upon increasing
temperature is indicative of the role of strong charged-impurity
scattering. The related observation of VRH suggests that these
charged 1mpunt1es, which are presumably associated with the
substrate,’ also give rise to the disordered potential landscape
needed for hopping to dominate. As the carrier concentration is
increased by raising the gate voltage, screening of the impurity
potential should then suppress the role of the hopping. MoS,,
like graphene, is known to be characterized by inefficient
screening, particularly when prepared in few-layer form.**~°
Estimates for the screening length vary, dependent upon the
number of layers, but are typically in the range of several
nanometers.” Screening of the impurity potential will
therefore be incomplete in the devices, but we nonetheless
expect that it should improve as the carrier concentration
increases.* From our SILVACO simulations described in
further detail below, we find that an increase in the gate voltage
from 16 to 30 V should raise the carrier concentration in the
MoS, from 0.4X 10]2 to 2.2 X 10'* cm™. According to recent
theoretical work,* the increased density should lead to
improved screening, and it is this phenomenon that we suggest
is responsible for the modest improvements in mobility
achieved in Figure 2(c).

For a more quantitative understanding of transistor action,
we have simulated the performance of the devices using the
SILVACO Atlas package.!' Details of the calculations are
provided in the Supporting Information, along with a full list of
the material parameters used. The essential idea, however, is
that the monolayer MoS, crystal is treated as a 0.5 nm thick
film, and a classical drift-diffusion model is used to simulate the
drain current. The calculations explicitly consider the triangular
shape of the MoS,, and use micrographs of the actual device to
determine the orientation of the crystal relative to the contacts.
To account for the influence of velocity saturation, a field-
dependent mobility (4(E,)) is used, such that

/B
1

M) e )

)

where E, is the electric field along the direction of current flow.
Because the conduction in these devices is dominated by
electrons, we take the parameter /3 = 2. The low-field mobility
(4,) in eq 4 is then determined by fitting the drain current to
match that obtained in the linear region of the transistor curves.

Using the approach described above, we are able to
successfully reproduce the experimental transistor curves of
Figure 1(b). In doing so, we infer low-field mobility values in
good agreement with those determined from the experimental
data. This is illustrated in the inset to Figure 4(b), where we
plot as discrete points the mobility values used in our
simulations and compare them with those determined
experimentally at room temperature. The agreement between
the simulation and experiment is good, being within the error
bars associated with the former. (The error bars reflect
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Figure 4. (a) Simulated fits to the drain current (V, = 30 V), using
different values for v, (indicated). A saturated velocxty of 3 X 10° cm

s™! is found to best fit the experimental data (open symbols). The
inset plots the calculated electric field strength (E,) as a function of
position within the channel (for V, = 30 V, V; = 26 V). The field
strength is plotted on a log scale here (see color bar) and is strongly
peaked at the drain end. (b) Variation of E, as a function of position
along the center line of the channel, indicated by the white dotted line.
7 = 0 corresponds to the drain end of the device. V, =30 V; V=26 V.
(inset) Comparison of experimentally detrmined mobility at 300 K
with that used in the simulations to match the transistor curves. Device
MS2-13. Solid line: experimental data. Filled symbols: simulated
mobility values.

primarily the variation that arises when computing the mobility
using the width of the triangular channel at its source and drain
ends. The data points themselves were obtained by using an
averaged valued for this width.)

An important feature revealed by our simulations is that
current saturation at large V; results from an interplay between
channel pinch-off at the drain end and velocity saturation of
electrons in the channel. At low gate voltages, where the
mobility is small, the current saturation results primarily from
pinch-off, whereas the converse is true at higher gate voltages.
Referring to the transistor curves of Figure 1, for example, for
gate voltages lower than 25 V, our simulations show that the
drain current is generally consistent with a simple square-law
model without the need for any velocity saturation. For larger
gate voltages, however, agreement with the experiment is only
possible by properly accounting for velocity saturation. This can
be seen in Figure 4(a), where we show how the choice of
different values for v, influences the computed current. The
experimental data are plotted as open symbols in the figure, and
it is clear that, with no velocity saturation (green line) or with
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an assumed v, = 107 cm s™* (blue line), the simulated current
is significantly larger than the experimental current. With v, =

3 X 10° ecm s7', a value suggested in previous work on
multilayer MoS, transistors,>* however, the agreement is very
good. In the inset to Figure 4(a), we plot a 2D surface contour
of the channel field (E,) using a logarithmic scale. The figure
reveals that the velocity saturation is due to the strongly peaked
nature of this field near the drain, a feature that can also be seen
in Figure 4(b). Here, we plot the variation of E, as a function of
position (y) along the center line indicated by the white dotted
line in the color contour of Figure 4(a). The field at the drain
end approaches 2 X 10° V cm™, from which value and the
mobility of 1.9 cm®* V™! 57!, we obtain an estimate for the
saturated velocity of 3.8 X 10° cm s™". This is consistent with
our discussion above regarding the influence of the velocity
saturation on the drain current in Figure 4(a).

The mobility values determined here (~1—10 cm® V7! 57/,
see Table 1 in the Supporting Information) are, in many cases,
much lower than those reported elsewhere. Putting aside the
fact that the estimates provided in gany of these studies have
been called into question by others,*’ there are three primary
issues that are likely at play here. First, our measurements are
performed on unannealed devices, whereas thermal annealing
has been demonstrated to provide improvements in the
mobility.”**! Second, and perhaps more importantly, our
work here shows that the mobility is strongly gate-voltage
dependent, such that further increasing the gate voltage beyond
the threshold can be expected to result in larger mobility values.
In ref 21, for example, room-temperature mobility as large as
50—60 cm? V7' 57! was reported but was achieved by using
back-gate voltages approaching 100 V. Finally, our two-terminal
measurements may be influenced by contact resistance, which
would result in an underestimate of the mobility. Although
contact resistance was not included in the simulations shown in
Figure 4, we have performed calculations in which the source/
drain contact resistance was increased up to 1 kQ (inclusion of
larger values than this introduces problems with convergence)
and did not observe any significant change in drain current.
This can be attributed to the much lower conductance of the
FET channel itself.

It is informative to compare the results of our study with
those found in similar investigations of multilayer MoS,
transistors. We have seen here that the current saturation in
our devices arises from a combination of usual electrostatics
(ie., pinch-off at the drain) supplemented by velocity saturation
that becomes important as the channel mobility improves.
Current saturation has also been reported for multilayer
devices®”'®2%3* and has similarly been dlscussed in terms of
long-channel pinch-off® and velocity saturation.® However, the
much higher mobility exhibited by multilayer MoS,*” results in
saturated current values that may be >2 orders of magnitude
larger>**** than those reported here. In this sense, it is clear
that multilayer devices are more attractive than monolayer ones
for applications requiring larger drive currents. Nonetheless, in
spite of its lower mobility, monolayer MoS, benefits from a
larger gap (1.8 eV) than its multilayer counterpart (1.2 eV),
offering the potential of a lower off current. Additionally, and in
contrast to multilayer MoS,, its direct band structure makes
monolayer material attractive for various light-emitting devices.
In this sense, both monolayer and multilayer devices possess
their own advantageous characteristics, making them suitable
for very distinct applications.
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In conclusion, we have fabricated transistors from CVD-
grown monolayer MoS, crystals and have demonstrated well-
behaved operation in these devices. Excellent current saturation
is observed at large drain voltages, and an analysis of the low-
field transport indicates that the associated mobility is likely
limited by scattering from charged impurities. The dominant
conduction mechanisms are strongly dependent upon both the
drain and gate biases with clear evidence of VRH at small V.
With increases in both V; and V, however, a satisfactory
description of the characteristics can only be achieved by
invoking the role of high-field velocity saturation. The velocity
saturation was shown to arise from the presence of a strongly
peaked electric field near the drain end of the channel, and the
value of v, inferred from our studies was shown to be
consistent with reports for multilayer MoS, transistors. This
work therefore confirms the excellent potential of MoS, as a
.possible channel-replacement material and highlights the role of
multiple transport phenomena in governing its transistor
action.
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Reversing hot-carrier energy-relaxation in graphene with a magnetic field

H. Ramamoorthy,! R. Somphonsane,? G. He,' D. K. Ferry,®# Y. Ochiai (f# & &—),*

N. Aoki (B A{#2),% and J. P. Bird"*

lDeparr/m'm of Electrical Engineering. University at Buffalo. Buffalo, New York 14260-1900, USA
“Department of Physics, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520, Thailand
3School of Electrical. Computer, and Energy Engineering, and Center for Solid State Electronics Research.

Arizona State Universitv, Tempe, Arizona 85287-5706, USA

4Graduate School of Advanced Integration Science, Chiba Universitv, 1-33 Yayoi-cho, Inage-ku,

Chiba 263-8522, Japan

(Received 21 April 2014: accepted 6 May 2014: published online 15 May 2014)

We investigate the influence of a perpendicular magnetic field on hot-carrier energy relaxation in
bilayer graphene. Working in the regime of incipient Landau quantization, we find that the magnetic
field influences the relaxation in a very different manner, dependent upon the position of the Fermi
level relative to the Dirac point. While for carrier densities > 10'* cm™? relaxation is slowed by the
magnetic field, as the density of free carriers approaches zero it instead becomes quicker. We
discuss this behavior in terms of the emergence of the zero-energy Landau level. and the role of
charge puddling in graphene. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878535]

Over the past decade, graphene has emerged as the lead-
ing two-dimensional material, due to its broad potential for
application to a range of electronic technologies.! As our
understanding of its fundamental transport properties has
matured.? a problem that has attracted growing interest con-
cerns the mechanisms for hot-carrier energy loss in this ma-
terial. Driving ongoing theoretical®*! and experimental!**
interest in this problem are its implications for the develop-
ment of active devices. In graphene bolometers,”=** for
example, it is desirable to engineer the environment 10
strongly decouple nonequilibrium carriers from phonons.
Similarly, in photonic devices such as solar cells®® and
lasers™S energy transfer from excited carriers to phonons will
degrade the optical output. From such examples alone. the
need to quantitatively understand the various energy-loss
pathways in graphene becomes apparent.

When carriers in graphene are driven out of equilibrium,
their excess energy is redistributed by various mechanisms.
The fastest of these occurs on a few tens of femtoseconds, as
carrier-carrier scattering establishes an effective carrier tem-
perature (T.).¥" At the opposite end of the spectrum. energy
exchange between carriers and phonons occurs on the
energy-relaxation time (t,). which may be as long as nano-
seconds at 4.2K.***%3! The details of phonon-mediated
cooling are predicted to differ significantly for pristine3 “ and
disordered”” graphene, with the role of impurity-mediated
“supercollisions” being emphasized for the latter,”9-2829.32
Elsewhere, we have found surprising behavior in which
energy relaxation quickens significantly as the Fermi level is
swept towards the Dirac point (DP) from either band. This
behavior is inconsistent with. existing theories™*¥ for
phonon-cooling pathways, and suggests that the mechanisms
for energy relaxation may differ. near to6 and away from
the DP.

A useful means for probing energy relaxation involves the
application of a perpendicular magnetic field (8). which modi-
fies the phase space for phonon scattering by inducing Landau
quantization:® In recent work on graphene, Plochocka ef al.'®

0003-6951/2014/104(19)/193115/5/$30.00
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showed that the onset of this quantization is accompanied by a
slowing of carrier thermalization. Baker et al.*? in contrast,
used resistance thermometry to investigate electron-phonon
cooling, and found this, also, (o be slowed in the magnetic
ficld. In none of these studies, however, was the carrier density
varied continuously, so that the results obtained provided only
a “snapshot”’ of the cooling at a few fixed energies far from the
DP. In this Letter, however, we present a systematic study of
the energy and magnetic-field dependence of t, in graphene.
For Fermi energies away from the DP, our results reveal a
slowing of energy relaxation with increasing magnetic field.
reminiscent of the aforementioned studies.'®*'*” As the Fermi
level approaches the DP, however, a distinct reversal of this
behavior occurs, with the energy-relaxation rate increasing at
higher magnetic fields. This observation appears to support the
idea that a very different process dominates energy relaxation
near the DP. We discuss these results in terms of the influence
of the magnetic field on the graphene density of states. and on
the charge-puddling phenomenon® 840 that is known to lead to
strong incompressibility near the DP.

Our study was performed on two bilayer graphene devi-
ces, realized by exfoliating Kish graphite onto a doped Si
substrate with a 300-nm SiO, cap layer.*'*!** Layer identifi-
cation was performed through a combination of optical mi-
croscopy and Raman imaging, and the use of bilayer
graphene was primarily driven by the relative ease with
which manageable pieces of this material could be isolated.
Nonetheless. there is a natural benefit to using this system
for studies of this type, since the magpetic-field induced
changes in the density of states near the DP are more pro-
nounced than for monolayer graphene.” One of the devices
studied (referred to hereafter as BGIl) was device Bl of
Ref. 31. while in Fig. 1 we show a micrograph of the second
device (which we will refer to as BG2) and indicate its four-
terminal measurement geometry. Since consistent results
were obtained for both BG1 and BG2, below we focus on
our more comprehensive study of energy relaxation in BG2.
This flake was approximately 8-uym long and 2-3-ym wide,

© 2014 AIP Publishing LLC
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FIG. 1. (a) CF in device BG2. Measurements are at various 7, (indicated)
and for /= 100nA. Data at different fields are shifted vertically by the
amounts indicated. Triangles identify gate voltages corresponding to filling
of an integer number of Landau levels. The Landau index (N,) is also indi-
cated for each symbol. with negative values corresponding to filling by
holes. () P, vs. T.> — T, for device BG2 at different V, (indicated) and at
zero field. The dotted line has power-law slope of one and 7, = 4.2K. Inset:
optical micrograph of device BG2. The graphene flake is denoted by the
white dotted line and the four-terminal measuremeni geomeltry is indicated.

and the voltage probes indicated in Fig. 1 were 2-um apart.
Carrier density (n) was varied by means of the voltage (V)
applied to the conductive Si substrate and Hall measure-
ments could be used to reliably determine its value down to
a level of ~4 x 10 em™23! Electron (hole) mobility at
4.2K was determined t6 be 4340 (3620) cm*/Vs over a wide
range of density, with a diffusion constant that ranged from
80 to 210 cm? s™'. Conductance of the graphene devices was
measured by low-frequency (13 Hz) lock-in detection, using
an AC current (/, whose RMS value was varied from 0.1 to
20 tA) to vary the carrier temperature relative to that of the
lattice (T,).

The hot-carrier thermometry that we perform here has
been described previously in Ref. 31: it involves comparing
measurements of the conductance fluctuations (CF), gener-
ated by varying the Fermi energy (V,) in the material,*’*? at
a series of lattice temperatures (at fixed [} and measurement
currents (at fixed 7). The CF are demonstrated in Fig. 1(a).
where we plot the resistance (R) of device BG2 as a function
of V,, at various T; (4.2-50K) and three different magnetic
fields (4-, 6-. and 8-T). The DP is located at V, ~ 5V, indi-
cating the presence of a small amount of chemical doping.
Nonetheless. we observe reproducible CF that are suppressed
with increasing T;, due to increased decoherence.”’** For
each magnetic field, we have indicated with a set of markers

the gate voltages corresponding to complete filling of an in-
teger number (N, = nhf4eB. with the sheet density n pro-
vided by a paralle]-plate capacitor expression) of Landau
levels. While there is some correlation between these vol-
tages and the presence of significant structure in the resist-
ance, the correlation is not perfect. From this, we conclude
that wé are in the regime where the Landau quantization is
incipient.

A key parameter in discussions of hot-carrier relaxation
is the energy-loss rate (P,). the power dissipated per carrier
in the material (P, =I°R/nLW, with R, L, and W the resist-
ance, length, and width of the conductor, respectively).
Typically, this rate is exptessed in the form™*

Pe=A(T? = TD), (1)

where the constants A and p depend upon the specific scatter-
ing mechanisms responsible for energy relaxation. In
graphene it has been suggested that p should take values of 4
and 3, respectively, for electron-phonon scattering in pristine
material,” and for impurity-mediated supercollisions.® In pre-
vious work, performed at zero magnetic field, we found®! that
the loss rate in both bilayer and monolayer graphene is well
described by p =3, for wide variations of temperature and
density. This behavior is reproduced in Fig. 1(b), where we
plot P, vs. (T2 - T.>) for device BG2. While these data are
again consistent with p =3, as noted already in Ref. 31 it is
unlikely that such behavior is due to supercollisions. These
are only expected to dominate’ when the Bloch-Gruneisen
temperature (Tg) is smaller than Ty, while our experiments
are performed in the opposite regime where Tps>T;.
(Tag=2hskptky ~54n’? K, where s=2.1 x 10*ms™" is the
sound velocity in graphene, k¢ is the Fermi radius. and » is
the electron or hole density, in units of 10'*cm™. For the
lowest density of around 4 x 10" cm™ that we are able to
reliably infer from Hall measurements, Tpg ~ 34 K.) In this
sense, it appears that the behavior of P, in Fig. 1(b) represents
a more general signature of hot-carrier relaxation in
graphene, a conclusion that is consistent with the work of
Ref. 30 where an exponent of p = 3 was also found outside of
the supercollision limit.

In Fig. 2(a), we demonstrate how hot-carrier relaxation
is influenced by the magnetic field, plotting the energy-loss
rate for electrons and holes at B=8T (where the negative
values denote the hole density). For both types of carrier,
and at all gate voltages. the observed variations are consist-
ent with the form of Eq. (1), with an exponent p = 3. In'con-
trast to Fig. 1(b), however, the data for the different gate
voltages do not collapse onto a common curve but rather ex-
hibit 4 significant spread in values (implying significant dif-
ferences in the prefactor A). As we reveal in Fig. 2(b), this
much broader dispersion of loss rates arises from a signifi-
cant change in the nature of carrier heating when the
magnetic field is applied. In this figure. we plot the density-
dependent variation of T, at several different magnetic ficlds
(and for fixed total electrical power, I°R =20nW). At low
magnetic fields, in the range of 0-2T, the heating is most
effective near the. DP. where T, reaches a local maximum.
Higher magnetic fields induce a dramatic reversal of this
behavior, however, with T, now developing a minimum near

Appl-Phys-Lett 404193415 (201d)—— - — -
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the DP. At the same time, T, also exhibits a much stronger
variation with density at these magnetic fields, and it is this
characteristic that is responsible for the wide spread in
energy-loss rates apparent in Fig. 2(a).

By imposing the requirement of energy balance, knowl-
edge of the carrier temperature allows us to infer the energy-
relaxation time™**

k(T ~Tp)

te

P, @

In Fig. 3(a). we plot the density-dependent variation of 7, at
magnetic fields in the range of 0-6T. At each magnetic field.
1, decreases by at least an order of magnitude as the Fermi
level approaches the DP from either band, consistent with
our carlier work at zero field>' The important aspect
revealed here, however. is a strong influence of the magnetic
field on heating. dependent upon the position of the Fermi
level relative to the DP. For densities away from the DP
(jn] > ~10"7 cm™?), we find that 7, increases with magnetic
field, implying that relaxation is correspondingly slowed.
This behavior is reversed at lower densities, however, where
17, instead decreases with increasing field (data enclosed by
the dotted line in Fig. 3(a)). This crossover is further demon-
strated in Fig. 3(b). where we plot the variation of 7, as a
function of B for.several gate voltages. For the data obtained

-Appl-Phys.-Lett-104,-19314 5(2014) —

1
10 z, (ns) e

0T
17T
iT
47
67

(a)

=500 nA

-2x10% -x10* 0 1x10% 2107
. CARRIER DENSITY (cm?)

10°F HoLE SIDE

—
L I
v e
= —e
T

15V,-3.8V,-13.5V,-238V,-285V

s . .

Py

@
s" & ® e ——— .
10°f 2 - e N
e P o 15Y,65V,165V,265V,31.5V, 365V
\ ot e . . o
4 6 8

8(T)

FIG. 3. (a) Variation of 7, with density for device BG2 at ficlds in the range
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closest to the DP (gray symbols), t, decreases by a factor of
three when the magnetic field is increased from O- to 8-T. At
the highest densities, on the other hand, it increases by as
much as a factor of five for the same variation in field
strength.

Previously, there have been several reports on the infiu-
ence of a magnetic field on hot-carrier relaxation in gra-
phene.'®?!27 The common conclusion that followed from
these studies, which were performed at fixed Fermi energies
away from the DP, is that relaxation is suppressed at higher
magnetic fields, due to the emergence of the graphene
Landau-level structure. While we do not realize well-

. resolved Landau levels in our work. the emergence of struc-

ture in the CF of Fig. 1(a) nonetheless suggests the presence
of incipient Landau quantization. Consequently, the slowing
of cooling that we observe at densities away from the DP
appears to be consistent with the results of these earlier
studies.

By varying carrier density via the gate voltage, we have
found that energy relaxation undergoes a dramatic reversal
near the DP, where the application of a magnetic field now
leads to more-efficient cooling. This bebavior, also, may be
related to the emergence of the Landau spectrum, most nota-
bly to the development of the zero-energy level® that is
unique to monolayer and bilayer graphene. Magneto-
capacitance measurements provide a powerful tool to probe
the structure of this level,*™7 and reveal two competing
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effects as the magnetic field is increased. The first of these is
a growth in the density of states at the DP. while the second
is a simultaneous reduction of this density on the electron
and hole flanks.*> By providing an enhanced phase space
for electron-phonon coupling near the DP, it seems reasona-
ble that the magnetic field could therefore enhance the relax-
ation rate.

While these general arguments concerning Landau
guantization provide an attractive framework for the inter-
pretation of our experiment. it must be emphasized that the
quantization is only emergent in our experiments and that
other scenarios should also be considered. Most notably. in
our prior work at zero magnetic field,”’ we noted that the
short relaxation times inferred near the DP occur in a regime
where the effects of charge puddling®®—° are expected to be
important. The puddle state is characterized by strong ther-
modynamic incompressibility. implying that the carriers
become “frozen” into a microscopic configuration that is re-
sistant to excitation.’’ Recent experiments in which
scanning-probe techniques were used to investigate the mi-
croscopic structure of the puddling® have shown that the
localization associated with the puddles is significantly
enhanced by a magnetic field. It is therefore also possible
that the unusual heating behavior we observe near the DP is
related to the incompressible character of the puddling, and
to its enhancement in a magnetic field.

Finally, before concluding. we comment on the possible
role of screening of the carrier-phonon interaction, and the
dependence of this on magnetic field and density. Starting at
zero field, while screening should be effective at higher den-
sities it should weaken as the Fermi leve] is swept towards
the DP. This in turn should lead to stronger scattering. and so
faster relaxation, reminiscent of our experiment. A problem
with this picture emerges When a magnetic field is applied,
however, since screening at wavelengths longer than the
Landau-orbit size will be suppressed. In this case, the main
effect of increasing density should be to enhance scattering
via the unscreened interaction, due to the associated increase
of the electron or hole density of states. This would imply
faster energy relaxation at higher densities, behavior oppo-
site to that found here. While we cannot completely rule out
the role of screening in our observations, the experimental
behavior therefore seems to suggest a deeper rationale for
the nature of the cooling process.

In conclusion, we have investigated the influence of in-
cipient Landau quantization on hot-carrier relaxation in
bilayer graphene. The magnetic field influences the relaxa-
tion in a very different manner, dependent upon the position
of the Fermi level relative to the Dirac point. For electron or
hole densities greater than roughly 10’ cm™, relaxation is
slowed by the magnetic field. As the Fermi level approaches
the DP, however, a reversal in this behavior occurs, with the
relaxation quickening at higher fields. We have discussed
how this behavior may be related to the emergence of the
zero-energy Landau level, and to the peculiar nature of the
graphene puddle state in a magnetic field. While we have
focused on the influence of a magnetic field on relaxation in
bilayer graphene, in previous work at zero field®' we found
the details of the relaxation to be very similar for both mono-
layer- and bilayer-graphene.”! From this, we concluded that

- Appl. Phys.Lett. 104,193115(2014) — — —

the density-dependent variation of 1, should not be a conse-
quence of the linear bands. but rather more likely arises from
the vanishing of the density of states near the DP. From this
perspective, we expect the magnetic field to influence relaxa-
tion in monolayer graphene in a similar manner to that found
here, although this requires confirmation through proper
experiment. In spite of this, our observations nonetheless
provide an important perspective on our emerging under-
standing of hot-carrier relaxation mechanisms in graphene.
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