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Abstract of the Dissertation
Bolometric effect and phonon cooling in graphene-superconductor junctions
by
Heli Vora

Doctor of Philosophy

in
Physics
Stony Brook University

2014

Graphene, a two-dimensional allotrope of graphite, possesses remarkable
electronic properties which stem from the fact that the electrons in graphene
are described by the Dirac-Weyl Hamiltonian. As a result, graphene exhibits
a linear energy dispersion relation with zero effective mass. With its single-
atomic-layer thickness, not only electrons but also phonons are of a two
dimensional nature, differentiating graphene from the conventional semicon-
ductor based two-dimensional electron gas systems. The combination of two-
dimensional phonons, ultra small volume, low density of states and linear
energy spectrum allows graphene to have weak electron-phonon coupling and
extremely small electronic heat capacity. These properties make it a desirable
material for use in a bolometer device, which is a sensitive electromagnetic
radiation detector.

We present a novel device design, which combines graphene with super-
conducting contacts and investigate its bolometric response. Two configu-
rations of superconductor (S)- graphene(G)- superconductor(S) Josephson
junction (SGS) and superconductor(S)- insulator(I)- graphene(G) (SIGIS)
tunnel junction are studied. Devices with aluminum, niobium and niobium
nitride as superconducting contacts are studied. In SIGIS tunnel junctions, ti-
tanium oxide is used as the barrier oxide to achieve high efficiency impedance
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matched bolometers. In these devices, "hot electrons” are created via ap-
plication of microwave radiation and their relaxation to the bath tempera-
ture is studied. With the hot electrons effectively confined by the supercon-
ducting contacts, we demonstrate electron cooling via phonon interactions.
This device geometry allows us to study electron-phonon coupling in sin-
gle and bilayer graphene at low temperatures. In single layer graphene, a
disorder-modified temperature dependence of electron-phonon cooling power
is observed. And in bilayer graphene, it is shown that the electron-phonon
coupling parameter has an inverse dependence on the chemical potential,
opposite to that found in single layer graphene.
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1 Introduction to the Electronic Properties
of Graphene

In this chapter, a brief review of some of the relevant electronic prop-
erties of graphene is presented, including a short derivation of graphene’s
tight binding band structure and the theory of hot electron cooling through
electron-phonon interactions, which will be useful for later discussion of the
results.

1.1 Single layer graphene

Graphene is a single atomic layer thick sheet of graphite with carbon
atoms arranged in a honeycomb crystal lattice. The unique electronic prop-
erties of graphene originate from its lattice symmetry and the atomic struc-
ture of carbon [I]. Carbon is a group IV element consisting of four outer-
shell electrons. In graphene, one electron in the s-orbital combines with two
of the p, and p, orbital electrons to form hybridized sp? orbitals. These
form in-plane carbon-carbon o-bonds which give rise to the high mechanical
strength of graphene. 4™ valence electron half-occupies the p, orbital which
extends perpendicular to the graphene plane. The side-ways overlap of these
orbitals forms the weak m-bonds, which determine the electrical conductivity
of graphene.

1.1.1 Band structure

To calculate tight binding band structure, consider a two carbon atom
unit cell in single layer graphene. These two atoms, at atomic sites, labeled A
and B in Fig[l] form the basis of a triangular lattice. Even though they are
chemically equivalent, physically these two carbon atoms are inequivalent
due to the different neighboring environment they sense. The two lattice
vectors(a’s) and their reciprocal lattice vectors(b’s) are given by,

a1 =2(V3,1), ax=%(v3,-1)

bl - 2%(%7 ]-)7 b2 - %(%7 _]-)

where a = /3d._. = 2.46 A. d,_. is the distance between two carbon
atoms. Consider the carbon atom shown in red in Fig [} Its three nearest
neighbors are at coordinates given by,

(1)



Figure 1: (left) Atomic structure of graphene. Each unit cell of the honeycomb
lattice has two atomic sites (A and B). (right) First Brillouin zone of graphene
with high symmetry points labeled I', M, K and K’.

First Brillouin zone of graphene, shown in Fig [l| (right), has high sym-
metry points labeled I'; M, K and K’. Out of six corners of the hexagonal
Brillouin zone, only two are inequivalent and others are related by a recip-
rocal lattice vector. Solving for the tight binding hamiltonian Eigenvalues
would yield the energy spectrum.

H-ES=0
Haa Hap
H 3
(HBA HBB) ()



Here, S is the orbital overlap matrix and can be shown to be the unity
matrix in graphene’s case. The nearest-neighbor 2 x 2 hamiltonian is written
as follows:

Hpn = Hpp = FEyp,
Hyp = HEA
HAB — t(efik-él + efz‘k-62 + efik-ég) (4)

E,,. is the energy of 2p, orbitals at A and B atoms and ¢ is the nearest-
neighbor hopping parameter, extracted as a fitting parameter from ab-inito
simulations. In single layer graphene, ¢t ~ 3 eV is found [I]. By inserting
equations [f] and [2] into equation [3] the tight-binding energy spectrum of a
single layer graphene is derived. Valence and conduction band energies are
given as,

3
Ei(k) = :I:t\/l + 4 cos %kx cos %ky + 4 cos? gk:y (5)

Two energy bands meet at K and K’ points at zero energy. In undoped,
intrinsic graphene the Fermi level aligns with the K and K’ points where
conductance and valence bands meet, also referred to as the charge neutral-
ity points (CNP). A low energy band structure, important in experimental
situations, can be arrived at by expanding Eq[flat k = K +¢, with |¢| << |K].

E.(q) = £hvr|q| (6)

Thus, the symmetry of the honeycomb lattice gives rise to the energy
dispersion shown in Figure |2, The K and K’ points are the so-called Dirac
points, near which the energy dispersion is linearly conical corresponding to
a Hamiltonian,

H=4vps- P (7)
where vp = 3ta/2h ~ 10° m/s is the Fermi velocity, & are the Pauli matrices,

and P is the momentum relative to the Dirac point. Since there are two
non-identical carbon atoms per unit cell, the wave functions have the form

Va
(G

rise to an additional degree of freedom, the pseudospin, which describes the

of a spinor , where A and B denote the two atomic sites. This gives



distribution of the wavefunction on the two atomic sites. The pseudospin
vector & is either parallel or anti-parallel to the momentum vector, and & P =
+1 (]5 being the unit vector of momentum) gives the chirality of the electronic
excitations, the quasiparticles.

Energy

CNP

Figure 2: (left) Tight binding band structure of graphene, adapted from [2].
Valence band and conduction band meet at the corners of Brillouin zone.
(right) Low energy linear dispersion relation of graphene showing the Dirac
energy spectrum with charge neutrality point (CNP) as the point where
valence band and conduction band meet.

1.1.2 Electronic specific heat

As a result of graphene’s linear energy dispersion, the 2D electron density
of states (DOS) has a linear energy dependence in graphene:
2F

N(E) = ~lhor? (8)
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where h is the reduced Planck constant. The DOS approaches zero at the
charge-neutral Dirac point. Due to its small volume and low DOS, graphene
has very small electron heat capacity (C.).
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Figure 3: Calculated gate voltage (top) and temperature (bottom) depen-
dence of the electron heat capacity for a 1 pum? graphene [3]. Here it is
assumed that graphene sits on top of a Si02(300 nm)/Si substrate.

Considering the simple case of an electron gas, electronic heat capacity is
given as follows:

Ce = A/SN(a) ag;f)dE 9)

Here, A is the area of graphene, N(F) is the DOS in graphene, and f(F) is



the Fermi distribution function given as,

1
JE) = (1 + e(E-m/(kpT))

(10)

Value of C, in graphene, and its dependence on gate voltage and temper-
ature can be calculated by numerically solving the integral in Eq[9] using the
definitions of Eq [§ and [I0] Results of this calculation are shown in Figure
Bl The heat capacity depends linearly on temperature except at the Dirac
point, where a T? dependence is expected [4]. At low temperatures and at
Fermi energy the heat capacity of single layer graphene can be estimated as,

7.(.2

C.(Er) = gN(EF)k?BT (11)

At experimentally relevant conditions, heat capacity in graphene can eas-

ily reach extremely small values (e.g., C, ~ 1072 J/K for T < 5 K at

Vg~ 10 Vand n ~ 7 x 10" em™2, for a 1 pum? sample). These values cannot
be achieved in conventional metal structures.

1.1.3 Electrical conductivity

The conductivity of graphene can be described by the Boltzmann trans-

port equation:

o= €2U%N(§F)T(1€F) (12)

Here N(EF) is the DOS at the Fermi level, and 7(kp) is the scattering
time. Different types of charge carrier scattering mechanisms give rise to the
scattering rates that depend on the Fermi wave vector/energy [5]:

h n@catt
= ———N(F dO|Veq 2(1 — cos*(# 13
i = N () [ A0V )1 cos(0) (13)
where n{“ is the impurity density, Viea:(q) is the Fourier transform of the
scattering potential, and ¢ = 2kpsin(6/2). It is believed that the dominant
scattering in graphene is from charged impurities which induce Coulomb
scattering, [0 [7] with scattering time and correspondingly a conductivity




given as:

Tkp X —&
(2
Ki o
o — o< By (14)
n;

Here n¢ is the density of the charged impurity scattering centers. Short
range scattering from point defects and phonons [0, 8] also plays an important
role in limiting the conductivity of graphene. In contrast to the long range
Coulomb scatterers, the short range scatterers give an energy independent
conductivity and corresponding scattering time as follows:

1

X
F S

Tk
o X — (15)

where n; is the density of the short range scatterers. The charge carriers in
graphene can also be scattered by vacancies and corrugations [B, 8], which
form bound states called the mid-gap states.

In a graphene field effect device (Fig [4| (top)), the carrier density in
graphene can be tuned by capacitively inducing charge carriers using a gate
voltage. Consequently the Fermi energy and Fermi wave vector can be tuned:

_eggVy
 ed
Er = hvpy/nr
kp = +/nm (16)

where Vj is the gate voltage, and € and d are the dielectric constant and the
thickness of the gate insulator, respectively. The experimentally observed
gate voltage dependence of the resistivity (Fig 4] (bottom)) is a direct result
of tuning the Fermi energy and scattering time. For example, the Coulomb
scattering contributes resistivity which has a 1/V, dependence, while the
short range scatterers contribute to a gate-voltage-independent resistivity.
The combined effect, summed up using Matthiessen’s rule, gives the com-
monly observed R — V;, dependence [9).

7
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Figure 4: (top) Typical graphene Field Effect (FET) device geometry. (bot-
tom) Gate tuning of graphene resistance by shifting the Dirac cone with
respect to Fermi energy, from [10].

1.1.4 Electron-phonon interactions

Phonon emission due to electron-phonon scattering ultimately governs
the intrinsic thermal conductivity of the hot electrons in graphene and thus
determines the sensitivity of graphene-based bolometers. Graphene’s linear
electronic dispersion and 2D nature of electrons as well as phonons lead to
a unique electron-phonon interaction compared to what has been found in
conventional metals, semiconductors and 2DEG systems.

Phonon dispersion relation for a free-standing graphene is shown in Fig
Pl In a free-standing graphene, due to three degrees of freedom there are in
total, six phonon modes. Three higher energy modes correspond to optical
phonons and three lower energy modes correspond to acoustic phonons. At
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Figure 5: Phonon dispersion relation in graphene showing three acoustic
phonon modes and three optical phonos mode, adapted from ref [11]. Prefix
1 denotes in-plane and o denotes out-of plane modes.

low temperatures, only acoustic modes, having a linear dispersion relation
w = sq participate. Here, s is the sound velocity. The out-of plane degree of
freedom is suppressed when graphene sits on a substrate and hence this acous-
tic phonon branch, labeled oTA in Fig |5 and usually referred to as flexural
phonons, does not participate. The flexural phonons have a quadratic dis-
persion relation which differentiates them from the in-plane acoustic phonon
modes. For the purpose of devices described here, focus is limited to the
longitudinal acoustic phonon (iLA) and transverse acoustic phonon (iTA)
branches.

Under different experimental conditions, different phonon modes may
contribute to electron-phonon scattering. The optical phonon energy (wp)
in graphene is about 200 meV [12] T3] which is well above the operating
temperature range of graphene-superconductor devices. Bolometric detec-
tion devices that are discussed here have graphene sitting on a substrate.
Therefore, the out-of plane flexural phonons are not considered, which might
play a role in heat conduction in the case of suspended graphene [I4HI6]. For
graphene on a dielectric substrate, coupling to the substrate phonons must
be considered as substrate optical phonons might be excited if the device op-



eration temperature is high, and therefore these excitations would contribute
to cooling. Depending on the choice of substrate, this might vary. For devices
fabricated on SiO, substrates, it has been demonstrated that the substrate
remote phonon contribution to electron-phonon scattering is only evident for
T > 200 K [I7]. However, a study of suspended graphene or graphene-hBN
bolometric devices should be carried out to further determine the role of
substrate and electronic mobility on hot electron cooling in graphene.

At low temperatures, the most important contribution to electron-phonon
scattering is from acoustic phonons in graphene. Coupling constants for trans-
verse acoustic phonons (TA) are about an order of magnitude smaller than
those for longitudinal acoustic (LA) phonons, and the TA phonons do not
contribute significantly to heat conduction [I§]. Discussion here is therefore
limited to electron-LLA phonon coupling.

Most theoretical studies of the graphene electron-phonon interaction as-
sume that an average electronic temperature can be defined. That is, heat
is distributed in the electron system via electron-electron interactions much
faster than it is given off to lattice, and the occupation of energy levels is
given by the Fermi function at an effective electron temperature. This as-
sumption is justified since electron-electron interactions have a much shorter
time scale than electron-phonon interactions in graphene (e.g., femto-second
vs. pico-second, at room temperature [19, 20]). An average phonon tem-
perature definition is also assumed, since phonon relaxation through energy
transfer to substrate is strong enough [21I]. In this case, if the average elec-
tronic temperature is different from the average phonon temperature, due to
weak electron-phonon interaction, a ”hot-electron” situation is created [22].

For graphene, two temperature ranges are important in studying the
electron-phonon interaction: a high temperature range with T >> Tpg(, also
termed the equipartition (EP) regime; and a low temperature range with
T << Tgg called Bloch-Gruneisen (BG) regime. Here, Tgg is the Bloch-
Gruneisen temperature given by,

kBTBG = (ZS/UF)EF ~ 004EF (17)

where s is the acoustic phonon sound velocity of 2 x 10* m/s in graphene. A
carrier density of n ~ 102 cm™2 and Ep = hvpy/nm ~ 1.8 x 1072 J, corre-
sponds to Tgg ~ 50 K. In the EP regime all phonon modes are nondegenerate
and in the BG regime, a bosonic distribution of the phonons applies.
Electron-phonon interactions determine the limit on intrinsic carrier mo-
bility in graphene when no impurity scattering is present. This has been

10



studied with measurements of the resistivity vs. temperature to determine
the transport scattering time Tyqns [12) 13, 21]. For a clean graphene flake,
its temperature dependence is calculated to be 7;,.. =~ T* in the low temper-
ature (BG) regime and 7;,,,; ~ T in the high temperature (EP) regime [13].
The T* temperature dependence of the resistivity in the Bloch-Gruneisen
regime has been demonstrated at extremely high carrier densities using an
electrolytic gate [23]. In the low and moderate density regime relevant to the
SiOs-supported graphene devices, electron-phonon scattering gives a negligi-
bly small contribution to the resistivity compared to other scattering mecha-
nisms [13], 23]. Tt is therefore necessary to study the nature of electron-phonon
scattering through the phonon thermal conductivity for graphene systems of
low and moderate density.

Clean Limit

In this section, the temperature dependence of the phonon cooling power
(related to the thermal conductance by G = Z—?), without taking disorder into
account, is discussed. Generally this can be calculated from the Boltzmann
equation in which the occupation probability of an electron excitation with
momentum Ak in band « is given by [12] 13 211 24],

O fii = Se—pn(fi) (18)

where S is the collision integral given by,

Se—ph(fl?) == Z[fl?(]' - ff)Wka%pB - fpﬁ(l - fl?)Wp,B%ka] (19>
pB

Using Fermi’s golden rule one can calculate scattering rates

Wha—ps = 27 Z wgﬁ[(Nq + 1)5k7p+q5(625 —wg) + Nqék,p—q(S(EZf +w,)] (20)

q

where Ny is the Bose distribution function of a phonon with wave vec-
tor . The energy exchanged with the phonon heat bath is e(,jf = €ka — €pB-
Here, wgﬁ is the squared transition matrix element that depends on the
coupling mechanism between electron-phonon. In case of acoustic phonons
with linear phonon dispersion w, = sq and deformation potential coupling
we® = D?¢*(1 + sapcosl)/4pmwy, where sq5 = £1 for interband (-) and in-
traband (+) scattering. § = 6, — 0 is the relative angle between incoming

11



and outgoing electron momenta and p,, is graphene’s mass density. Corre-
spondingly, the phonon cooling power is given by:

P =-0 Zekaf;? = — ekaSph(fl?) <21)

ka ka

Based on the Boltzmann equation approach, detailed calculations can be
carried out and analytical solutions can be obtained at several limits through
expansion of P up to leading order in s/vp, taking advantage of the large
difference between the two velocities [12), 21, 24]. It is instructive to note
that interband transitions between valence and conduction bands do not
contribute significantly to cooling power since they require phonon energy
greater than hvgpg, which cannot be provided by acoustic phonons having
energy hw, = hsq. Thus, only intraband scattering contributes significantly
to phonon cooling power [25].

To obtain an analytical expression, it is necessary to evaluate the cooling
power in the limit of highly doped (© >> kgT,) or neutral graphene (u <<
kgT.), p being the chemical potential. In these limits, the cooling power in
graphene follows the familiar power-law temperature dependence as in higher
dimensional materials [21]:

P =AS(T? - T3,) (22)

Here, A is the area of the graphene, ¥ is the electron-phonon coupling
constant and T, is the electronic temperature. A finite lattice temperature
Tpn is assumed. The expression for the cooling power for a highly doped
and clean graphene in the low temperature regime T << Tpq is given by
12, 13, 211, 24],

P = AX(T, —T,;,)
w2 D?| |k

= 23
15pmhov.s3 (23)

Here D is the deformation potential. This T4 power law has been observed
experimentally, although values found for ¥ differed by ~ 10% in these ex-
periments [26] 27]. Behavior of the thermal conductance in the intermediate
temperature regime, T ~ Tpg, is numerically calculated in reference [21].

In the highly doped, low temperature regime, the energy relaxation time
temperature dependence is given as T, ~ T2, different from 7y.qns ~ T4
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dependence of the transport relaxation time [2I]. In the case of the neutral
high temperature regime where u << kgT., the temperature dependence
becomes much more complicated than the low temperature limit [12, 21]. To
include effects of screening, the transition matrix elements wg‘ﬁ , which depend
on the coupling mechanism between electrons and phonons, should be divided
by graphene’s dielectric function and the cooling power scales as P ~ T° [18§]
(0 ~ T7% [28]). These effects are usually neglected, as matrix elements in
graphene are believed not to arise due to the Coulomb potential [13] [24].
The experimental results show the cooling power temperature dependence
calculated in the absence of screening [23] 26, 27].

Effects of disorder

In the above discussion, disorder and other scattering sources were not
taken into account. In graphene devices where disorder is strong, it has been
shown [I8, 29] that the effects of disorder become important above and below
Tga due to different mechanisms. Due to graphene’s small Fermi surface
compared to usual metals, the Bloch Gruneisen temperature dictates when
quantum effects become important instead of the Debye temperature. Ty is
defined by the maximum phonon momentum that can cause a transition for
an electron: ¢,nq: = 2kr. Therefore, above T only a fraction of the available
phonons, those with ¢.. < 2kp, can participate in cooling (see Fig @; the
energy transferred per scattering event is less than kgTgg. Therefore, many
scattering events are required to equilibrate hot electrons with larger energy
to the (cold) lattice. In this case, if disorder is taken into account, phonons
with momenta larger than 2k can scatter in a three-body collision termed as
supercollision [29]. This mechanism is shown to increase the phonon-cooling
rate at T, > Tgg and dominates over conventional acoustic phonon cooling
for temperatures Ty, > T*, where Ty, is the phonon temperature and 7™ =
(#(3)]{3}7‘[)1/ >Tpe [29]. Tt was shown by Song et al. that supercollision cooling

power per area is given by [29],

P=a(T?—T3)
9°N*(Er)kj
hkpl

Here, N(EF) is the density of states per spin and per valley degeneracy, [ is
the mean free path and g = D/+/(2ps?) is the deformation potential coupling

a =962 (24)
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factor. The calculation is carried out using Fermi’s golden rule listed above
by considering impurity scattering before and/or after phonon scattering.
This mechanism was experimentally verified using Johnson noise technique
to measure the electron temperature [30]. In this experiment by Betz et al.,
Tge can be tuned above and below Ty, by tuning the Fermi energy and clean
limit, low-temperature behavior of the power emitted into phonons P oc T
and supercollision P oc T can be observed in the same device. Supercollisions
are most clearly observed near the charge neutrality point which tunes T
to a small value of a few Kelvin. Experiments investigating cooling rates with
photocurrent generation have also confirmed the supercollision regime [31].

Ton<Tae Ton=Tse Ton>Tee

Super-collision

Phonon
space

Fermi
space

Sle S

2k|: > Amax

2kF = qmax 2kF < qmax

Figure 6: Supercollison mechanism. Available allowed phonon momentum
space for electron scattering expands due to the presence of disorder at
T > Tge.

In the case of strong disorder (short mean free path), it is possible that
the phonon wavelength becomes longer than electronic mean free path. A
new temperature scale then comes into picture below which disorder effects
become important [I§]

kT = hs/l (25)

If the condition kgl >> 1 is satisfied, Tg;s is necessarily well below Tgg [1§].
In this case of high impurity level, scattering calculations based on the golden
rule are not useful and the Keldysh formalism is employed to obtain cooling
power per area for deformation coupling given as,

2(3) p Fr

P =
72 ht pmuds?l

(ksT)? (26)
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In a comprehensive study by Chen et al. [I§], cooling power due to electron-
phonon scattering due to different coupling mechanisms in the presence of
disorder is calculated. Effects of disorder were included to show that when
screening is considered, the deformation coupling-induced scattering rate is
reduced. It is noted that the couplings for the unscreened deformation po-
tential are largest and other effects remain less important. Below some of the
main results for the phonon cooling power temperature dependence discussed
so far in different regimes are summarized.

Clean limit Disordered limit Disordered limit
T < TBG T > TBG T < Ty < TBG
Z(Tf - T;h) a<Te3 - Tpgh) B(Teg - T;Eh)
7T2D2 k4 2N2 E k‘3 “
%= 15pmﬁ|;2|13;§3 a =9.62° hgc;) 8 p= 25523) D h4pf5§s2lk33

Table 1: Summary of phonon cooling power in different temperature and
disorder regimes

1.2 Bilayer graphene

Bilayer graphene is a two atomic layer thick sheet of graphite. Thus,
it is two dimensional in nature, much like a single layer graphene sheet,
although it has a significantly different band structure. Here, the electronic
band structure of bilayer graphene is presented along with a brief description
of electron-phonon interactions in this system.

1.2.1 Electronic properties

Unlike single layer, a derivation of the bilayer tight binding band struc-
ture is not presented here since it becomes lengthy when more layers are
involved, increasing the hamiltonian matrix dimensions. However, there are
comprehensive reviews available which present this derivation in detail [32].
In this section, only the final result of this derivation is presented.

Bilayer graphene has a four atom unit cell, with two atoms in bottom
and two in top layer. In a Bernal stacked (AB) bilayer graphene, B atom
sits directly above an A atom in the bottom layer. For future discussion of
results, only the case of Bernal stacked bilayer graphene is considered, most
commonly found in exfoliated flakes.
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Figure 7: (left) Bilayer lattice structure, from McCann et al. [32] (right) Low
energy dispersion relation of bilayer graphene [33].

Due to a four atom unit cell, bilayer graphene tight binding hamiltonian
is a 4 x 4 matrix. In Slonczewski-Weiss-McClure (SWM) notation v, (see Fig
denotes the vertical interlayer hopping energy between A and B atoms
and 7 denotes in-plane nearest-neighbor hopping energy and is analogous
to the nearest neighbor coupling ¢ in a single layer graphene. v3 and 4
represent the interlayer skewed coupling energies. 7., appearing in the SWM
calculations of bulk graphite, is absent in bilayer graphene. The full-tight
binding band structure calculations reveal four bands in bilayer graphene.
Two low-energy bands touch at the K and K’ points of Brillouin zone and
the other pair of conduction and valence band is separated by an energy
gap of the order of interlayer coupling v;. Although a low energy two-band
structure is most commonly used for experimentally relevant situations. In
pristine bilayer graphene, as in the case of single layer, Fermi energy lies at
the point where valence and conduction band meet. In the vicinity of K and
K’ points, small momentum dispersion relation of bilayer graphene is given
as,

e~ p?/2m (27)
where m = 7, /2vp? and vp = v/3ay,/2h is defined analogous to single layer
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graphene. At large momenta the bands become linear € &~ vp. It is also pos-
sible to introduce a band gap in bilayer graphene by breaking the interlayer
symmetry through applying external gate voltages. However, discussion of a
gapped bilayer graphene system is not relevant in the electron-phonon cou-
pling studied here pertaining to intrinsic bilayer graphene.

Based on this quadratic dispersion relation in a bilayer graphene, the
density of states is given as,

gi!
N F)=——— 28
Brc(E) ] (28)
It can be seen that the DOS in bilayer graphene is independent of the
energy, contrary to that in single layer graphene which has a linear energy
dependent DOS. At low temperatures, electronic heat capacity can be calcu-

lated from Eq[J] and the bilayer DOS. It is given as,

7T2

Co-pr(E) = - Norg (BT (29)

The heat capacity in bilayer graphene is energy independent as well. It

can be noted that at a given temperature for a given chemical potential and

flake area, bilayer graphene’s electronic heat capacity is higher than that of
its single layer counterpart.

1.2.2 Electron-phonon interactions

The use of bilayer graphene may be advantageous for bolometric detection
and to determine its feasibility, it is necessary to understand the electron-
phonon interactions in this system. As explained above, bilayer graphene
differs from monolayer graphene by having an approximately parabolic band
structure at low energies. The cooling power in this case, below the Bloch
Gruneisen temperature of bilayer graphene kgTr¢ pre = 2(s/vr)v 71 lpl (1
is the SWM band parameter), also scales as T* [21]. The coupling parameter
¥ in this case is given as [21]:

P=Ypa(T! - T;h)

2D2 k,4
o nts L (30)

Spre = — 22
PEE T 60phovs® \ ]
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Eq[30]is derived without taking disorder and reduced electronic mean free
path into account. It further ignores screening effects as well. Thus, it would
be instructive to compare the observed temperature dependence of cooling
power in bilayer graphene with the predicted form in Eq [30]
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2 Introduction to Bolometers

Bolometer is a thermal detector which detects electromagnetic radiation
through a radiation absorber with a temperature dependent electrical quan-
tity. In this thesis, two different subject matters of graphene and supercon-
ducting bolometers are combined with a goal to advance the knowledge in
each field. In this combination, the field of superconducting bolometers has a
long and rich history [34] while graphene is a more recently isolated two di-
mensional sheet of graphite [35]. Implementation of graphene in a bolometer
device provides an ideal platform to study its fundamental physical properties
such as electron-phonon interactions. In this chapter, basics of a bolometer
device principle are outlined.

2.1 Operating principle of a bolometer

Bolometer devices are a subject of active research since more than a
decade now, with design focus continuously shifting with technological ad-
vances. First demonstration of a bolometer operation was by an american
astronomer Samuel Langley [36] in 1878, used for solar irradiance observa-
tion. The simple design of Langley’s bolometer has evolved with the advances
in technology. However, the basic principle of bolometer operation is still very
much like the very first prototype, outlined below.

A most basic bolometer device schematic is shown in Fig[8] When radia-
tion is applied, the absorber converts the applied radiation and goes through
a change in temperature, which can be detected by the thermometer. The
heated absorber then cools down via heat transfer through a heat-sink. The
thermal link between the absorber and the heat-sink determines the ultimate
bottleneck in cooling and in turn, the sensitivity of the device operation. The
term bolometer which is a radiation power detector is often used interchange-
ably with a calorimeter, which is a photon detector and counts the number of
photons in incoming radiation. In the photon detection regime, when a pho-
ton pulse of energy F is absorbed, the temperature increase in the absorber
is given by,

E

AT = (31)

where C' is the heat capacity of the absorber-thermometer assembly.

19



Thermometer

Thermal link, G

Figure 8: Schematic diagram of a bolometer device operations, outlining basic
elements.

For a device operating at a bath temperature Ty, if

AT << Ty (32)

then the device is said to be operating in the linear regime. For operation as
a power detector, when a power of amount P is absorbed in the device, the
steady-state temperature increase is calculated by,

AP
AT = =—
= (33)

where, GG is the thermal conductance of the thermal link between the ab-
sorber and the heat sink. And a similar constraint for the linear operation,
as described in Eq [32] applies.

2.2 Bolometer device performance parameters

Depending on the targeted application, optimization of a particular bolome-
ter parameter may be required. Since there is an inherent trade-off between
some of the parameters, a general optimization scheme for bolometer as a
power-detector is discussed in this thesis. Two most important parameters
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of a bolometer device are the thermal conductance (G) of the thermal link
between the absorber and the heat sink and the heat capacity (C) of the
absorber. Sensitivity of these devices is measured as the Noise Equivalent
Power (NEP) in units of W/Hz/2. This is defined as the noise measured to
achieve a unity signal to noise ratio with a 1 Hz measurement bandwidth.
The intrinsic sensitivity of a bolometer is characterized by the thermal noise
equivalent power (NEPy,), which is the noise due to thermal fluctuations in
the device. This is related to the thermal conductance (G) of the device by,

NEPy, = \/4kpT?G (34)

Typically, the intrinsic thermal noise equivalent power is not the only
contributor limiting the sensitivity of a bolometer and depending on the tem-
perature readout method. The actual noise equivalent power can be higher.
A list of some of the other limiting noise sources is given in ref [37]. The total
NEP is then given by [38],

)/ (35)

However, since the ultimate sensitivity is limited by thermal fluctuations
of the device, this is the primary figure of merit used for characterization
purposes in this thesis.

For an energy detector, the energy resolving power (R) is another figure
of merit and it is given by,

NEPyyu = (NEP2 + NEP?

readout

E
R = SE (36)
where 0 F is the full-width-half-max (FWHM) energy width which is limited
by the intrinsic energy resolution and the resolution of the readout mech-
anism. This is related to the rms value as 0F = 2.350F,,,,. The intrinsic

energy resolution and the total energy width are given as follows,

2
5Etotal = (5E12nt + 5E1?eadout)l/

§Eimy(FWHM) = 2.35/kpT?C (37)

The time constant of the device operation is given as,



It can be seen from Eq and 38| that achieving a high sensitivity (low NEP)
in a bolometer requires a device design with low G, which would invariably
make it slow. In order to achieve speed and sensitivity simultaneously, it
would be necessary to choose an absorber with a small heat capacity. Typi-
cally, this is achieved by making the absorber volume as small as possible.

2.3 Bolometer Applications

Bolometers are mainly employed to detect thermal radiation in the THz/sub

- mm range of the electromagnetic spectrum. A bolometer can either be used
for a cooled or uncooled operation depending on the specific requirements. It
can also be used in a coherent or non-coherent detection scheme. Coherent
detection mode preserves the information about radiation energy as well as
the spectral information. Non-coherent detection only allows for power de-
tection. However, since amplitude and phase are non-commuting variables,
coherent detectors have lower efficiency than their power detector counter-
parts, limited by the quantum efficiency of a detector.

2.3.1 Room temperature bolometers

Room temperature devices have mainly been developed for thermal imag-
ing in industrial and security applications, such as military operations, night
vision, airport security, equipment fault-tolerance etc. Microbolometers, as
they are called, are now largely commercialized and use an oxide with a
high temperature coefficient of resistance (e.g. vanadium oxide) as a sensing
element [39]. These commercial microbolometers operate at room tempera-
ture and suffer from low sensitivities. Their spectral response is also limited
to 8 — 14 pum wavelength range. Besides this, there are many other designs
developed which use different principles to detect temperature of a body.
These include, Golay cells, pyroelectric devices, cantilever based devices etc.
[40]. Golay cells use the Golay principle [41] of thermal expansion of a gas
when it is heated up. They exhibit higher sensitivities than the commercial
microbolometers.

2.3.2 Cryogenic bolometers

Sensitivities needed for astronomical applications require cryogenic op-
eration of a bolometer device. Half of the total luminosity of the cosmic
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microwave background and 98% of the photons emitted since big bang fall
into the sub-mm range of the electromagnetic spectrum [42]. Spectral infor-
mation in the sub-mm wavelength can give information about the molecular
species present in a celestial body. Along with the doppler shift, it can also
point to what kind of object is located in which region of the space. Gas
composition and temperature of gas clouds and debris disks could yield in-
formation about the formation and evolution of galaxies and the universe
itself.

Depending on the far infrared absorption of the atmosphere in the fre-
quency region of interest, these cooled bolometer devices are employed in
either ground-based or space-based telescopes. It is a considerable challenge
to develop cryogenic bolometers for such experiments which have background
limited sensitivities. Which means that the measurements are only limited
by the statistical noise in arrival of photons. And this can be very low, for ex-
ample in the case of cosmic microwave background radiation for v > 1 THz,
it can be as low as NEP,, = hv\/2N,, ~ 107 W/Hz!/? [43]. One such
current state of the art detector which approaches this limit includes a tran-
sition edge nano-bolometer described in ref [43]. A transition edge sensor
(TES) employs a superconducting sensing element and can detect very small
temperature changes when it is carefully biased in the superconducting tran-
sition region. In this experiment employing superconducting Ti nano-bridge,
a sensitivity of NEPy, < 10720 V\//Hzl/2 at T = 65 mK for v < 600 GHz is
achieved by biasing the Ti nano bridge near its superconducting transition.
To achieve this low value, thermal isolation by using higher gapped (than Ti)
superconducting contacts is achieved. This is done without sacrificing detec-
tor speed by reducing the dimensions of the nano-bridge to 5 x 1073 pm?.

In physical chemistry, fast bolometers are employed to study time domain
spectroscopy of molecular dynamics of ns scale. THz imaging can also be used
to biological systems as well as to study electrical characteristics of a solid-
state system [44]. Other examples of THz detectors include kinetic inductance
detectors [45], superconducting nano-wire single photon detectors [46], SIS
mixers [34] etc.
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3 Graphene-based Bolometers

3.1 Advantages of a graphene absorber

In the standard bolometer design given in chapter 2] graphene fits in
the role of an absorber. There are several advantages in utilizing graphene
absorber for bolometer applications. They are listed below.

3.1.1 Electronic heat capacity

Graphene, as a single atomic layer of carbon, has ultra-small volume.
At the same time, electrons in graphene are described by the Dirac-Weyl
Hamiltonian and hence follow a linear energy dispersion. This leads to a low
electron density of states which depends linearly on energy in graphene. As a
result of this small volume and low density of states, a very small electronic
heat capacity can be achieved in graphene. This allows a large intrinsic energy
resolving power (R), defined in Eq for single photon detection and a
fast device response (small 7). Calculations show that almost two orders of
magnitude lower heat capacity (C. ~ 1072! J/K at T = 1 K [3]) can be
achieved in graphene than the Ti nano-bridge bolometer described in [43].

3.1.2 Weak electron-phonon coupling

Another advantage is the weak electron-phonon interaction in graphene
at low temperatures, as a result of the small Fermi surface. This is seen in
the transport measurements where graphene’s resistance depends extremely
weakly on temperature and a high mobility can be achieved at low tem-
peratures [I7, [47]. This means that at low temperatures, a small radiation
power can heat up the electrons in graphene above the lattice temperature.
And the electron and phonon subsystems exist at different effective temper-
atures. This is called the "hot-electron” effect and bolometer devices which
utilize this effect to detect electromagnetic radiation are called hot electron
bolometers (HEB). Weak electron-phonon coupling in graphene also allows
a very small thermal conductance which is the ultimate hot electron cool-
ing bottleneck when contribution from all other thermal channels has been
suppressed. Therefore a high intrinsic sensitivity (NEPy,) can be achieved in
graphene-based bolometers.
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3.1.3 Impedance matching

As a 2D material, due to a large contact area-graphene allows relatively
low device resistance compared to one-dimensional nanomaterials (e.g., car-
bon nanotubes [48]). Since a graphene bolometer device structure is a few
micrometers in size, an antenna is needed to couple the electromagnetic ra-
diation with the graphene absorber. For a high coupling efficiency, it is nec-
essary to have a close impedance match between the device and the antenna
network. This impedance is either 50 €2 in case of an amplifier or 100 €2 for
a planar antenna. The low and gate-tunable resistance in graphene makes it
possible to integrate the devices with a planar antenna with high coupling
efficiency.

3.2 Challenges of employing a graphene absorber

Graphene is indeed a very attractive material for detector applications for
the reasons listed above. However, there are technical challenges in designing
a bolometer that can take a full advantage of these properties.

3.2.1 Weak temperature dependence of resistance

In graphene, the electron-phonon coupling is predicted to be extremely
weak at low temperatures. As mentioned above, this reduces the thermal
conductance of the device and helps achieve higher sensitivities. But due to
this weak-electron phonon scattering, resistance of a graphene flake does not
show significant temperature dependence [I7, 47]. This makes it challenging
to measure the electron temperature change due to incoming radiation power.
An alternate electrical quantity needs to be identified which has a sizable re-
sponse to the temperature change. A scheme of graphene-superconductor
junctions is described in chapter [4] which can provide a measurable temper-
ature dependent quantity.

3.2.2 [Efficiency vs. sensitivity

The next challenge is to confine the hot electrons within the graphene
channel and minimize the thermal conductance to that due to electron-
phonon coupling to achieve a high sensitivity bolometer. Doing so would
allow the study of electron-phonon interactions in graphene, which is oth-
erwise difficult due to a weakly temperature dependent resistance. As ex-
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plained below, having a large contact resistance blocks the hot electrons
from diffusing out of the electrical contacts. However, for high efficiencies,
one must also design the devices to have low microwave impedance, in order
to match with the antenna and external microwave readout circuit. Hav-
ing a high contact resistance in order to minimize the thermal conductance
would not therefore, allow impedance matching with the antenna. A trade-
off exists between achieving a high sensitivity and a high efficiency device,
which should be addressed in a graphene bolometer design. The design of
graphene-superconductor junctions is demonstrated to include a solution to
this problem, described in chapter [4]

3.3 Thermal conductance in a graphene device

For a substrate-supported graphene device, the graphene lattice, the sub-
strate, electrical contacts and the environment can be identified as major
heat sinks. Thus, four thermal channels shown in Fig[0] exist for hot electron
cooling. The total thermal conductance (G) is the sum of all these contribu-
tions.

G = Ge—ph + GWF + Gphoton + Gsubstrate (39)

Figure 9: Four main hot electron cooling pathways are identified in a substrate
supported graphene device. Orange dot represents a hot electron and the blue
dot represents a phonon.

1. Diffusion cooling: In a cold graphene device when radiation is ap-
plied, electrons within the graphene channel heat up. However, elec-
trical contacts remain cold and act as heat reservoirs. Hot electrons
in graphene can thus diffuse through the electrical contacts and cool

26



down. Thermal conductance of this channel is given by the Widemann-
Franz law and is related to the electrical resistance in the following

way:
alT

Here, o is a geometrical factor based on the heating profile in the chan-
nel. For example, in one-dimensional Joule heating of a conductor with
two electrical terminals, o = 12 [49]. And in case of an oxide tunnel
barrier at the two contacts, where heat flows out of the two contact
resistors (with a contact resistance of R/2 each) in parallel, a = 4 [50].
L =244 x 1078 WQK~? is the Lorentz number. From the above equa-
tion, it is seen that Gy o< 1/R. Thus, having a large contact resistance
would reduce the out-diffusion contribution to the total thermal con-
ductance. However, in doing so, the advantage of impedance matching
ability in graphene would be lost. It then seems that a sensitive device
would become inefficient, as mentioned above.

. Black-body radiation: Hot electrons can emit a photon and couple
to the environment to cool down [51]. Thermal conductance due to this
channel is proportional to the measurement bandwidth and in the case
when noise measurements are used to read out electronic temperature,
it is the bandwidth of an amplifier.

Gphoton = kBB (41>

. Substrate cooling: In case of substrate-supported graphene bolome-
ters, remote phonons in the substrate can activate and provide a domi-
nant cooling mechanism. In case of a SiO, substrate, transport evidence
shows that the remote optical phonons are suppressed below T = 200 K
[17].

. Electron-phonon interactions: If an absorber is completely ther-
mally isolated, so that above mentioned cooling channels have sup-
pressed contributions, then the hot electrons cool down via interactions
with the lattice. These electron-phonon interactions provide a cooling
power which has a polynomial dependence on the temperature.

P = AX(T? — Tjh) (42)
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Here 3 is called the electron-phonon coupling constant and A is the
device area. The value of ¢ is determined by the dimensions of the
device, range of the device operation temperature, disorder induced
electron scattering, electronic screening and phonon coupling mecha-
nism. For example, in a metallic thin film 6 = 5 is observed below the
Debye temperature [22]. Thermal conductance due to electron-phonon
interactions is given as:

dpP
“=ur
— Go_pp = AOXT! (43)

Thus, to design a graphene-based bolometer which provides optimum
sensitivity, a fast response and high efficiency, it is necessary to determine
the various parameters described above and their contribution. In subse-
quent chapters the concept of graphene-superconductor-based bolometers is
described along with its implementation. It is demonstrated that this design
can be successfully used to study the electron-phonon coupling in graphene
and it is argued that it is capable of achieving a sensitive and fast bolometer
device.
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4 Graphene-Superconductor Junctions

Graphene-superconductor junctions have been fabricated and measured
using a variety of superconducting materials with transparent contacts [52-
57 and with a tunnel barrier [58, 59], to study different junction dynam-
ics. Here, the aim is to use this design to build a bolometric device and
to study electron-phonon cooling in graphene through its implementation.
As mentioned in chapter [3, due to an extremely weak temperature depen-
dence of graphene’s resistance, it is necessary to design a graphene bolome-
ter device which has an electrical quantity with a sizable temperature de-
pendence. The approach described here towards the solution of this prob-
lem is through using graphene-superconductor junctions design. This is not
the only approach to achieve a temperature dependence however, and there
are other proposed schemes of implementing a graphene-based bolometer.
These include a gate-tunable gapped bilayer graphene [60], Johnson noise
measurement of graphene’s electronic temperature [27, [61] and temperature-
dependent supercurrent in a graphene based Josephson junction [54]. Details
of the graphene-superconductor junction design and its advantages are ex-
plained below in more detail.

4.1 Graphene-superconductor junctions design scheme

In this thesis, two types of device geometries are explored (See Fig .
Both include employing superconducting contacts on graphene, to create a
planar graphene-superconductor junction. Here, in a two-terminal geometry
the superconducting contacts act as source and drain terminals. However,
the type of interface between graphene and the superconductor is different in
both. One approach is to fabricate highly transparent contacts on graphene
to implement a Superconductor(S) - Normal metal(N) - Superconductor(S)
Josephson junction, with graphene as the normal metal. The other involves
creating a tunnel barrier between graphene and the superconductor using a
sandwiched oxide layer, to implement a Superconductor(S) - Insulator(I) -
Normal metal(N) - Insulator(I) - Superconductor(S) structure, referred to as
SIGIS structure with graphene as a normal metal. Both of these designs are
explored to achieve three goals:

1. To provide a sizable temperature dependent electrical quantity.
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2. To block hot electrons from cooling through the contacts so as to allow
observation of cooling via electron-phonon interactions.

3. To achieve a device with an impedance that matches with the antenna
circuitry.

Below it is outlined how both the design can achieve this.

- - Transparent interface/

«——— sticking layer
I
superconductor

G
/ oxide barrier
- - / graphene
« Si0,
 —

Figure 10: Top panel shows graphene-superconductor junction with transpar-
ent contacts geometry. Bottom panel shows graphene-superconductor tunnel
junction geometry. The difference in the contact fabrication is the sandwiched

tunnel oxide in the bottom panel instead of the transparent sticking layer in
the top panel.

4.1.1 Graphene-superconductor tunnel junction (STJ)

Schematics of a graphene-superconductor junction with a sandwiched in-
sulating oxide barrier is shown in Fig [I0] bottom panel. A cartoon energy
diagram of this geometry is shown in Fig The resistance measured across
this junction depends on the tunneling probability of the thermally excited
charge carriers in graphene. At low temperatures and low bias, charge carriers
in graphene do not have sufficient energy to tunnel through the oxide barrier
into a superconductor. Thus, for a current-biased junction, resistance mea-
sured for junction voltage V;, < 2A is temperature-dependent. Here A is the
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BCS superconducting energy gap [62]. The peak zero junction-bias-voltage
resistance can thus be used as a thermometer. If this zero-bias resistance
responds in the same way to applied radiation, as it does to the temperature
increase then the device response is said to be bolometric.

Figure 11: Cartoon energy diagram of a Superconductor(S) - Insulator(I) -
Graphene(G) - Insulator(I) -Superconductor(S) device structure. The junc-
tion has a temperature dependent resistance and it also prevents hot electrons
in graphene from leaking out of the superconducting contacts.

In this device scheme, due to the inability of charge carriers in graphene
to tunnel across an insulating barrier into the superconducting gap, hot-
electrons created by applying radiation are confined into the graphene ab-
sorber. Thus, the out-diffusion of hot electrons through contacts is reduced
significantly and their cooling via phonon interactions can be studied. The
diffusion thermal conductance given by the Wiedemann-Franz law, is in-
versely proportional to the device resistance:

Gwr(T) x % (44)

The tunnel resistance of this device structure is quite high, usually de-
signed to be within a range of few k() to few M(). In an ideal SIGIS device
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structure, this resistance is expected to increase exponentially as tempera-
tures decrease. Thus, at low temperatures, below T < 1 K, where the phonon
thermal conductance decreases, so does the out-diffusion thermal conduc-
tance due an increased contact resistance, still maintaining electron-phonon
interactions as the dominant cooling mechanism. However, creating a high
resistance device in order to keep Gwr contribution low, results in a loss of
impedance match with the antenna network which requires the device resis-
tance to be ~ 50 . It seems that achieving one would sacrifice the other.
However, a solution exists, as described below.

If an oxide with a high dielectric constant is used as the tunnel barrier then
a large oxide capacitance exists between graphene and the superconducting
contacts. This capacitive channel is in parallel with the high tunnel junction
resistance. The graphene resistance is related to the sheet resistivity (ps) by,

Ps
R = WL (45)

If the graphene channel aspect ratio (W/L) is so designed that it gives a very
small resistive contribution to the total device impedance then at DC exci-
tation, the tunnel resistance dominates the device impedance. However, at
high frequencies the large oxide capacitance enters the picture and provides
a short to the large tunnel resistance and only the small graphene channel
resistance dominates the total device impedance. This way, even though the
DC SIGIS junction resistance is of the order of few kilo-ohms its high fre-
quency impedance can be tuned to a value of few tens of ohms. Details of
this model describing contacts are given in chapter [5

In summary, the SIGIS device structure can be designed to fulfill all
the requirements listed above to build an efficient and sensitive graphene
bolometer.

4.1.2 Graphene-superconductor junctions with transparent con-
tacts

In this device geometry the tunnel oxide sandwiched between graphene
and the superconductor is replaced by an adhesion layer, such as Ti or Pd,
to form transparent contacts. Below the superconducting transition temper-
ature, graphene becomes proximitized and if the graphene channel length is
short compared to the superconducting coherence length &, a supercurrent
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flows through the junction. A sustained supercurrent in these junctions indi-
cates high transparency of the contacts. In this case, when the junction bias is
less than the superconducting gap, V), < 2A, if an electron tries to enter the
superconductor from graphene it is reflected back as a hole at the boundary
[63]. The missing charge of 2e enters the superconductor as a cooper pair.
This process, known as the Andreev reflection, conserves energy but gener-
ally does not conserve momentum and the hole reflected back is through a
retro-reflection. However, in graphene, the Fermi energy is gate-tunable and
if it is tuned near zero then the incident electron and the reflected hole come
from conduction band and valence band respectively. This is unlike the An-
dreev process in metals where incident electron and reflected hole, both come
from the conduction band. Due to this reason, specular Andreev reflection
can take place [64] in graphene. However, this prediction is only true when
the incident electron excitation energy () is within the superconducting gap,
e < A. In case of substrate supported graphene, it is not possible to tune
the Fermi energy close enough to CNP so that this condition of specular An-
dreev reflection may be satisfied. To allow observation of specular Andreev
reflection and the predicted diffusive dynamics of a graphene SNS junction
at the CNP [64], it is necessary to approach the ballistic limit in suspended
graphene Josephson junctions [65]. In substrate-supported graphene, as is
the case here, retro-Andreev reflections still take place, converting an inci-
dent electron isothermally into a reflected hole. Thus, it prevents the heat
energy from escaping out of the graphene channel, lowering out-diffusion
contribution to the thermal conductance Gwg.

@92
S

Figure 12: Difference between normal reflection of an electron at an insulator
boundary and Andreev reflection at a superconductor boundary.
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Figure 13: Andreev reflections at a normal-metal (N)/superconductor (S)
boundary. In case of graphene as a normal metal, retro-Andreev reflections
are predicted to become specular.

In this design, due to the supercurrent flowing across the proximitized
graphene channel, there is no voltage drop and hence, the junction resistance
cannot be calibrated as a thermometer. To then measure a temperature-
dependent resistance in such a junction, supercurrent needs to be suppressed
while preserving the advantage of suppressed hot electron out-diffusion due to
Andreev reflections. A design of long junction in which the graphene chan-
nel is kept longer than the superconducting coherence length (L >> &) is
proposed here to achieve this. The supercurrent formation can be eliminated
for this design [62]. When radiation is applied, part of this long graphene
channel heats up and becomes 'normal’ (Fig . This 'normal’ region re-
sistance depends on the temperature increase induced through the applied
radiation. Thus, in this design of a long SGS junction, temperature change
can be detected through the temperature dependent junction resistance and
diffusion of hot electrons through contacts is blocked through Andreev reflec-
tions at the SN boundary. To fabricate SGS junctions, a very high contact
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Figure 14: Cartoon diagram of a long graphene STJ geometry. Due to the
long length of the channel, the entire graphene doesn’t proximitize and a
hot-spot is created. This is in order to avoid calibration complications from
supercurrent formation.

transparency is needed which gives an extremely low contact resistance (few
tens of ohms). Thus, here too, like the SIGIS case, impedance matching with
the antenna network can be achieved by adjusting the aspect ratio of the
graphene channel.

From the above discussion, it is seen that by using two different config-
urations of graphene-superconductor junctions, a highly sensitive bolometer
device can be realized in each case. The difference in these two geometries lies
in the contact fabrication. These are realized by carefully controlling several
experimental parameters. To characterize in which regime (SGS or SIGIS) a
given device lies, it is compared with theoretical simulations. A theory known
as the BTK theory differentiates two regimes and its predictions are briefly
mentioned below.

4.2 The Blonder-Tinkham-Klapwijk theory of SN junc-
tions

The characteristics of graphene-superconductor junctions can vary sig-
nificantly depending on the contacts fabrication procedures used. Some of
the factors affecting the nature of these junctions are the level of vacuum
in the metal deposition chamber, method of titanium oxidation, thickness
of titanium oxide, thickness of palladium buffer layer etc. Since both trans-
parent and tunnel superconductor (S) contacts to graphene (N) are studied
here, it is useful to describe the contact transparency using a theory of S-N
interface developed by Blonder, Tinkham and Klapwijk, known as the BTK
theory [66]. The theory calculates current flowing through a normal metal-
superconductor (NS) junction. Since in the bolometric devices studied here,
there are two such junctions in series (SNS) (with graphene as a normal
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metal) the current would be twice as that calculated in ref [66]. This current
is given as:

Tons = 2ys = AN(0)evp A / T U(E = V) — fo(B)L + A(E) — B(E)|dE

(46)

Here, N(0) is the density of states per spin at the Fermi energy and in
graphene’s case, it is derived based on Eq[§l A is the cross-sectional area of
the weak-link. fo(£) is the Fermi distribution function.

A and B are reflection coefficients for Andreev and ordinary reflections
respectively. In a ballistic graphene-superconductor junction, Andreev re-
flections are predicted to be specular rather than the usual case of retro-
reflections [2]. However, since the devices described here are fabricated using
graphene on a substrate, they are diffusive and would not show specular An-
dreev reflections. For £ < A (A is the superconducting energy gap) reflection
coefficients A and B are given as,

— A2
B2 4 (A2 — E2)(1 +222)°
B(E) =1— A(E) (47)

A(E)

Here, 27 Er /kp is the barrier strength of a d-function potential barrier. Z is
called the dimension-less barrier strength. For E > A

2.9
UV

(up —v3)°2*(1 + 2°)
72

The BCS coherence factors are given as,

=10 = {1+ (B~ A)/EY)
7 = [y + 2% (g — )] (49)

For a voltage-biased junction, for a given applied voltage V, current in the
junction can be numerically calculated using Eq. 46 In Fig[15] a comparison
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of differential resistance vs. junction voltage plots calculated through the
BTK theory and those obtained experimentally is shown. Plots at different
temperatures are compared as well.

For a graphene-titanium oxide-aluminum (SIGIS) tunnel junction it is
found that a barrier strength of Z = 3 best describes the contact trans-
parency. Higher temperature experimental data (just below T.) are matched
with the BTK prediction to obtain the value of Z. However, the entire range
of plots at different temperatures do not match the BTK calculations. This
is most likely due to hopping conduction through states in an imperfect
titanium oxide barrier which causes suppression of tunneling. At lower tem-
peratures an exponential increase in the resistance predicted by the BTK
calculations is not observed. In Fig [I5 a normalized differential resistance
variation with junction voltage is plotted. Ry is calculated as the resistance
just below T, where the lead resistance has disappeared.

== Simulation
Measurement
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1.0 -0.5 0.0 0.5 1.0

Figure 15: Comparison between the experimental data and BTK calculations
for a SIGIS device using titanium oxide - aluminum contacts with a T, ~
0.9 K. For the device plotted here, Ry ~ 1.5 k2. Calculations indicate Z = 3
for this particular device.
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For a graphene-titanium oxide - niobium nitride (SIGIS) device, measured
at higher temperatures, the BTK calculations do not predict the experimen-
tally observed behavior. This is due to the fact that at higher temperatures,
hopping conduction is less suppressed and dominates over the superconduct-
ing tunneling process.

Even though a perfect tunnel barrier is not achieved using titanium oxide
at this point, to observe the electron-phonon coupling only having a large
resistance suffices. This is due to the fact that large contact resistance is able
to minimize the Wiedemann-Franz contribution of the out-diffusion thermal
conductance allowing the observation of inherent electron-phonon coupling
dominated cooling. However, development of a close to ideal tunnel barrier
which gives exponential increase of resistance at low temperatures may be
necessary in order to achieve the ultimate sensitivity that these graphene-
superconductor bolometer devices have to offer.

For a graphene-Josephson junction, observation of a fully developed su-
percurrent along with Andreev reflections is taken as the evidence for highly
transparent contacts with Z close to zero and these plots are not compared
with the BTK simulations.
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5 Fabrication and Measurement Setup

In this chapter, the fabrication process adapted and refined to realize
graphene-superconductor junctions is described. Until the metal contacts def-
inition step, fabrication method is similar for both types of junctions, tunnel
and transparent. However, for clarity the process specific to transparent su-
perconducting contacts fabrication is described in chapter [7] For the study of
electron-phonon coupling in bilayer graphene, an additional step of Raman
spectroscopy is required for identification.

5.1 Nanofabrication
5.1.1 Mechanical exfoliation of graphene

Graphene flakes are mechanically exfoliated either from a highly oriented
pyrolytic (HOPG) graphite using the ”blow-press method” or from natural
graphite flakes using the ”tape-method”. ” The Blow-press method” consists
of exfoliating a thin foil of graphite by gently peeling the HOPG graphite
with a scotch tape, and transferring it to a substrate with the use of a sharp
and clean tweezer [67]. The foil is pressed down on the substrate by applying
pressure using compressed high purity nitrogen gas through a stainless steel
needle, for ~ 5 s. Pressure of the Ny gas is maintained between 20 — 30 psi.
This foil is then removed from the substrate, also by the use of pressurized
nitrogen gas, and the substrate is carefully checked under an optical micro-
scope for candidates of single layer graphene. This process is repeated until
a few graphene flakes are identified as single atomic layer thick. This process
has the advantage of having almost no tape residue on the substrate. It is
found that for the optimum exfoliation conditions, humidity levels in the sur-
roundings should not exceed 30%, which is ensured using a dehumidifier. All
the results included in this thesis pertaining to single layer graphene, were
obtained by using the ”blow-press” exfoliation method. However, with this
method it is difficult to find large and isolated graphene pieces, which are
helpful in studying electron-phonon interactions in graphene. For this pur-
poses, we use natural graphite flakes and the standard scotch-tape peeling
method to exfoliate graphene [35]. This process is useful to exfoliate large-
area isolated single and bilayer graphene flakes.

A standard substrate consisting of SiOy deposited on Si is used. In this
thesis, devices described are made from either a 300 nm SiOs on a highly
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doped Si substrate or a 500 nm SiO, on a lightly doped high resistivity Si
bottom layer (15 — 20 2 —cm at 300 K) substrate. Latter is preferred in
order to avoid radiation losses in the substrate for high frequency measure-
ments. However, as described later, this choice of substrate makes gate tuning
of graphene resistance very difficult since the substrate becomes insulating
below T" ~ 150 K.

5.1.2 Raman Spectroscopy

Single layer graphene devices rely on identification through optical mi-
croscope contrast. However, to definitely differentiate bilayer from single and
trilayer graphene, it is necessary to perform Raman Spectroscopy. These mea-
surements are performed with a WiTec Alpha combination microscope using
a 532 nm wavelength laser, situated at the Center for Functional Nanomate-
rials, Brookhaven National Laboratory.
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Figure 16: Measured Raman spectra of a single (top) and a bilayer (bottom)
graphene flake. Difference in 2D peak at ~ 2700 cm™! clearly identifies a
bilayer graphene.
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Raman spectrum of a bilayer graphene differs from that of single layer
graphene as described by Ferrari et al. [68]. Spectra for single layer and
bilayer graphene are shown in Fig [16] identifying characteristic being the
2D peak at ~ 2700 cm~! wavelength. 2D peak in a single layer graphene is
sharper and of higher intensity than the G peak at ~ 1580 cm™!. The G peak
corresponds to a first order Raman scattering process involving the doubly
degenerate in-plane longitudinal and transverse optical phonon modes at the
I" point shown in Fig [ in chapter [I} The 2D peak is a result of a second-
order process involving two transverse optical phonons at the K point of first
Brillouin zone. In bilayer graphene the 2D peak is less intense and broader
than in the single layer counterpart. Since bilayer graphene consists of two
stacked graphene layers with two conduction and two valence bands, phonon
selection rules are more complex [11] and the 2D peak is a composite of four
smaller peaks, which makes it appear broader.

5.1.3 Nanolithography

Spin-coating

After a suitable graphene flake is found, it is spin coated with a ~ 190 nm
thick film of Microchem™ polymer (950 A4 PMMA) resist by spinning at
3000 RPM for 60 s. PMMA is then pre-baked at 180°C for 90 s. There is no
post-baking involved.

Electron-beam lithography

Electron beam lithography is used to pattern the devices. In this process,
the PMMA is exposed with an electron-beam at a dose of ~ 400 uC/cm?.
Since there is no lithographically defined antenna, metal leads are designed
to be as short and wide as possible in order to reduce lead capacitance. All
the devices are in a two terminal geometry. They are also designed to be as
close as possible to the edge of the substrate in order to reduce the length
of wire-bonds and in turn wire inductance. For large flakes of graphene,
obtained using natural graphite, additional metal-clamps are designed to pin
the graphene flake at corners so that it does not roll-up during the lift-off
process. A recipe of developing the patterned device with de-ionized (DI)
water is used which has demonstrated lower resist residue [69]. Patterned
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devices are developed in 1:3 water: isopropyl alcohol (IPA) at 5°C for 2 min
and then rinsed in IPA for 30 s before blow-drying with clean nitrogen gas.

Plasma etch

For the bilayer graphene devices, additional steps of electron-beam lithog-
raphy and reactive oxygen plasma etching are performed before defining elec-
trical contacts using e-beam lithography. This is done in order to obtain reg-
ular shaped smaller area flakes from the large irregular shaped flakes found
from natural graphite (~ 100 — 200 pm?). Typical plasma etching is done at
~ 20 W power with an Oy flow rate of 5 ccm at 50 mtorr pressure for 35 s.
This is found to etch upto 2 — 3 layers of graphite.

EHT = 2.00 kv Signal A = InLens Date :12 Jul 2011
WD = 9.9 mm Photo No. = 278 Time :18:17:18

Figure 17: Scanning Electron Microscope (SEM) image of a typical graphene-
superconductor junction device. Light gray region is the graphene flake and
two dark gray bars on top are the metal contacts.

5.1.4 Thin film deposition

Electron-beam evaporation process is used to fabricate devices with Al su-
perconductor contacts. However, to fabricate graphene-superconductor junc-
tions using either Nb or NbN as a superconductor, it is essential to use a
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combination of electron beam evaporation and sputtering process. The rea-
son for this is a high intrinsic stress in the electron-beam evaporated Nb, as
explained later.

Electron-beam evaporation

Devices are loaded into the metallization chamber after pattering con-
tacts following brief cleaning using UV-ozone for ~ 1.5 min. Physical vapor
deposition technique of electron-beam evaporation is used to coat the first
layer of metal on graphene. In electron beam evaporation a crucible con-
taining metal is heated using an electron-beam through a tungsten filament
to eject metal in gaseous form. This assembly sits in a high vacuum cham-
ber and the substrate located directly in-sight of the crucible gets coated
by the precipitated solid metal film. For graphene-superconductor junctions,
the first step is to evaporate a thin layer of Ti, with a typical growth rate
of ~ 1.5 —2 A/s. It is found that a growth rate slower than this introduces
contaminants in the evaporated film, which can be detrimental to the tunnel
barrier formed or the transparency of Josephson junction contacts. This is
the first step in creating either a transparent Josephson junction or tunnel
junction. From here on, method of fabricating a tunnel junction differs from
that for transparent contacts. Latter is described in chapter [7]

Creating a tunnel barrier

To create a tunnel junction, evaporated Ti is then oxidized. Titanium ox-
ide is chosen as the tunnel oxide for its high dielectric constant, as explained
later in this chapter. Several methods of oxidation were tried: exposure to
pure oxygen for several hours at different partial pressures, oxidation via
plasma or UV generated ozone and oxidation in air at an elevated tempera-
ture. Eventually, the method which was found most reliable used oxidation
under ambient conditions on a hot-plate at 80°C for ~ 90 min. Oxidation on
a hot plate is most likely aided by the presence of moisture in the air [70],
especially for devices fabricated during the summer. The reason for choos-
ing a particular oxidization temperature is so that it shouldn’t reach above
110°C and melt the resist during the entire oxidation process. After the ox-
idation, devices are cleaned for 1 min using UV-ozone and loaded back into
the metallization chamber for sputtering.
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Figure 18: (left) Optical image of a graphite flake with and without Ti cov-
erage. Lighter shade area is without Ti coverage due to a wire mask placed
during metal deposition. (right) AFM scan of graphite flake regions with and
without Ti coverage. Height scan on the flake area with Ti does not show dips
comparable to the height scan of the area without Ti coverage. This indicates
a complete coverage of graphene by Ti without pinholes. Height difference of
the area with and without Ti coverage demonstrates that the deposited Ti
thickness is different from the readings on the thickness monitor.

Thickness of the oxidized titanium determines the tunneling resistance of
the device. A ~ 0.9 — Inm thick Ti film is used to create a tunnel barrier
with a resistance range of a few tens to few hundreds of kQ - um?. It can be
difficult to precisely determine the thickness of Ti deposited at this range by
the thickness monitor crystal and a reading of ~ 1 nm, could have an error
as large as +0.5 nm. The important thing to insure is that Ti fully covers
graphene without having pinholes, so as to prevent leakage into the tunnel
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barrier. Although it has been demonstrated that as little as ~ 0.5 nm thick
Ti provides full coverage on graphene [71], this is verified through a simple
test using an atomic force microscope (AFM).

A relatively thick and big piece of graphite is chosen and then a part
of it is covered by a bonding wire. ~ 1 nm thick Ti film (according to the
thickness monitor) is deposited on top of it. The wire is then removed and
the graphite surface beneath it remains without any Ti coverage. Parts of
flake with and without Ti are scanned using AFM to reveal that indeed there
are no pinholes present and that the deposited thickness of Ti is ~ 1.5 nm
instead of 1 nm measured by the thickness monitor. The optical image of the
graphite flake with and without Ti and the AFM profile is shown in Fig[18|

Sputtering

Niobium nitride is chosen as the superconducting material for its high su-
perconducting gap value. As mentioned before, growing Nb or NbN contacts
via electron-beam evaporation introduces significant stress in the graphene
sheet. For a contact separation of up to ~ 0.5 um, all of the devices made by
using evaporated Nb show open circuit. This is confirmed by the scanning
electron microscope image of the torn graphene device below in Fig Here,
the graphene sheet is torn due to a high tensile stress induced by contacts.

To create stress-free niobium nitride contacts, sputtering technique is
used. Sputtering is a form of physical vapor deposition technique of thin-
film deposition where by atoms are removed from a solid target by bom-
bardment of energetic ions. The target sits at the end of a sputter gun in a
vacuum chamber. Argon ions created by applying a high DC power (470 W)
bombard the target, removing material from it and depositing it on the sub-
strate. In case of reactive sputtering, a reaction of the target metal with a
gas takes place during the sputtering process. This is the technique used to
deposit NbN contacts which includes Nb target reaction with a Ny gas to
form NbN film on the substrate. Directly sputtering on graphene, however,
may result in a damaged graphene sheet due to bombardment of high-energy
ions during the sputtering process. The Ti layer evaporated to form a tunnel
oxide (in case of transparent contacts fabrication, Ti is used as an adhesion
layer as described in chapter [7)) protects graphene from this damage due to
sputtering.

45



Torn graphene

1 pm EHT = 2.00kV Signal A = InLens Date :20 Feb 2014
WD = 6.9mm Photo No. =173 Time :19:54:43

Figure 19: Scanning electron microscope image of a torn graphene (white)
channel by highly stressed Nb contacts (gray) deposited through electron-
beam evaporation.

NbN is sputtered from a ~ 3”7 Nb target using a Ar/N, mixture. The
partial pressure of the mixture is adjusted depending on the target conditions,
which changes over time, to produce lowest stress films. A typical film, such
as the one used for the bilayer graphene devices is sputtered with a partial
pressure of Ar/Ny mixture at ~ 6.4 mTorr and an Ar pressure of ~ 1.1 mTorr.
Sputtering is done at a fixed power of 470 W. The target is first pre-sputtered
for 80 s and then the device is exposed to the plasma for NbN coating without
turning off the sputter gun in between. ~ 30 nm of NbN is coated onto the
device. During sputtering, the total pressure drops by ~ 0.15 mTorr as a
result of Nb — N, reaction. The voltage and current values of the sputter
gun are in the ranges of 314 — 319 V and 1.48 — 1.51 A, respectively. These
numbers, however, depend on the condition and usage of the target.

The lowest stress point of the film, which changes with the eroding target,
is determined periodically using a series of tests [65]. The sign of the NbN
film stress is determined by sputtering the films on top of stress-free Al films
pre-evaporated onto PMMA. In acetone, the lifted-off NbN /Al bi-metal films
roll either upward or downward depending on the sign of the stress in NbN.
Consistent with literature [72], it has been found that a low Ar pressure
results in a compressive stress, while a high Ar pressure causes a tensile
stress. Ny proportions affect the T, of the film. It is also seen that the NbN
film can have the internal stress gradient, possibly caused by the change of
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local sputtering pressure/stoichiometry of the Ar/Ny mixture. This effect is
reduced by allowing a large flow of the gas mixture. The reaction of Ny with
Nb causes the pressure to decrease during the sputtering. The pressure drop
is used as a key parameter to determine if the flow is sufficient to produce
uniformly stressed films. To achieve a preferred uniform stress, the pressure
decrease is found to be less than 0.2 mTorr. A typical value of ~ 0.15 mTorr
drop is used in the sputtering process.

5.2 Measurement setup

There are several temperature scales at which devices described in this
thesis are measured, depending on the superconducting transition tempera-
ture (T.) of the contacts. For superconductors with T, > 4 K, using liquid
He dewar suffices. For devices with T, < 1.5 K, a dilution fridge is required.

5.2.1 Dilution refrigerator setup

The devices using Al as a superconductor are measured in an Oxford™ di-
lution refrigerator. A dilution refrigerator uses the spontaneous phase sep-
aration between liquid *He and *He below 800 mK to achieve a dilute 3He
phase. This allows the device to cool to temperatures as low as few tens of
mK . Since Al superconducts below 1 K, it is necessary to use the dilution
fridge to perform measurements. Transport measurements are performed by
supplying the devices with a sweeping DC offset current and a small AC
modulation current, both using a Keithley 6221 current source. The junc-
tion voltage response under the AC modulation current is measured using
a SR830 lock-in amplifier, from which the dynamic resistance dV/dI was
calculated. The DC junction voltage bias, Vy,, is measured using a Keith-
ley 2182A nanovoltmeter. A variable gain voltage amplifier (SIM 900 scaling
amplifier) isolates the input current from output voltage. The measurement
circuit diagram is shown in Fig
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Figure 20: Circuit diagram for differential resistance measurements in a
graphene-superconductor junction device with a gate terminal.

Both the current source and the lock-in amplifier are connected to the
device through twisted-pair cables which are filtered with EMI =-filters at
room temperature and RC filters (with ~ 1 kHz cut-off frequency) at ~ 1.5 K.
In the dilution fridge, RF power is applied through a coaxial cable with an
open end located about 10 cm away from the devices. To decide on the
frequency of the applied radiation, the frequency response of the device at
fixed applied RF power is measured. The RF frequency at which a minimum
RF power is required to generate a large bolometer response is chosen. In this
way, the RF heating to the fridge/bath is minimized. No antenna is used, so
only a small fraction of the applied power radiates out and is picked up by
the device [3].
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Figure 21: Devices with Al as a superconductor are measured using a cryo-
genic dilution refrigerator at ~ 160 mK. Three stage filters that work in
different frequency spectrum are labeled in the picture, a 7 filter-bank at the
top is not visible in this picture.

Absorbed power calibration

Graphene superconductor tunnel junctions are chiefly used for bolometric
characterization. Hence, it is essential to have a close estimate of the amount
of power absorbed for these devices. Since most of the applied power radiates
out due to lack of an antenna, only a small fraction gets picked up by the
devices. To calibrate the power received by a device, a 50 € resistor (on
a PCB) is placed in series in the close vicinity of the device. Radiation is
applied the same way as it is during a real experimental situation, via an
open-ended co-ax cable. An RF oscilloscope with a 50 2 input impedance is
used to measure voltage across the resistor, from which the current through
the device can be estimated. The device tunnel contacts are modeled as a
resistor in parallel with a capacitor with source-drain capacitance. And the
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heating of the sample was calculated using the current through the resistive
channel as P = I*R [3]. For tunnel devices with Al as a superconductor, a
doped Si substrate was used, which has a capacitive coupling to graphene
labeled as Cepan in Fig 22| High frequency losses through this conductive
substrate are not taken into account in the calculation of absorbed power.
Hence, the estimate of thermal conductance for graphene - titanium oxide -
aluminum devices is only an upper bound.

Zcontact |

Rchan

Zcon!ad
7 Reh _I_E !— Al 50Q input
T chan =
contact | W so02 _l 0osC
| |
11
C e e e e e e - - !

Figure 22: (left) Lumped parameter model of a graphene-superconductor
tunnel junction. Graphene channel is modeled as a resistor and the super-
conducting tunnel contacts are modeled as a tunnel resistance in parallel
with an oxide capacitance. (right) A 50 € resistor placed in series with the
device is used to estimate power absorbed in the device.
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5.2.2 High frequency insert
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Figure 23: (top) Schematics of the setup used to measure NbN devices at
liquid helium temperature ~ 4.2 K. (bottom left) Sample holder used to
measure the DC response of the device and simultaneously apply RF heating
signal. Connection of wire bonds to the co-ax cable is through a 50 2 waveg-
to apply radiation

uide launcher. (bottom right) High frequency components
power and measure the reflected power.

For NbN devices, superconducting transition occurs at
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T, ~ 11 K. Hence,
these devices are measured at liquid helium temperature and do not require



the use of dilution refrigerator. The measurement setup schematic used for
this temperature range is shown in Fig 23] The RF signal which heats the
absorber is provided by an Agilent E4422 RF signal generator. A directional
coupler couples the input RF signal through the RF/capacitive port of a
bias tee into the device under test(DUT). The reflected RF signal from the
device, appearing at the capacitive port of the bias tee is amplified by an
RF amplifier before being measured by an Agilent E4416 power meter. The
DC characteristics of the devices are measured by passing a low frequency
current using a Keithley 6221 current source through the DC/inductive port
of the bias tee. At the same time, the voltage drop is measured using a
SR830 lock-in amplifier. At room temperature, a bank of two-stage RC low
pass filters is used to heavily filter out the high frequency noise in the DC
branch. All of the RF components have their responses limited to frequencies
between 2 — 8 GHz, and the measurements are done at 4 GHz where the
amplifier has a maximum gain (~ 26 dB) for the reflected power. All RF
components are kept at room temperature in this setup and the connection to
the device in the cryostat is through a semi-rigid coaxial cable. A calibrated
Lakeshore™ Ruthenium oxide thermometer is used to measure the bath
temperature [50].

The device holder shown in Fig [23| (bottom) consists of a 50 2 waveguide
launcher designed using a Au-coated PCB microstrip waveguide design. The
coaxial cable used to carry source/drain signal is soldered to this waveguide
which is then wire bonded to the device. Multiple short wire-bonds (3 to 4)
on each pad are used to reduce the wire inductance added into the device
impedance. It is ensured that the devices are close to the substrate edge to
shorten the wire lengths. Kepton tape is inserted between the device chip
and sample holder in order to prevent any accidental short to the ground.
A DC wire soldered to the opposite end of the sample holder carries a gate
signal to the device.

Absorbed power calibration
To accurately obtain the RF power absorbed by the device, measurement
setup is calibrated by measuring the gain/loss of each section and by cali-

brating using a 50 €2, short and open loads, from which the gain/loss of each
branch of the circuit is obtained. The voltage reflection coefficient I'g for the

52



device is given by,

Ip* == (50)

where, P, and P; represent reflected (output) power and applied (input)
power in watts respectively at the device under test (DUT). From equation
and the relation, Py, = (1-T RQ)PZ- we can calculate the power absorbed in
the device. The voltage reflection coefficient in turn can be used to determine
the device impedance as seen by the RF signal:

Zdevice - Zsource
I'r = 51
f Zdevice + Zsource ( )

where Zgouwee = 50 2. The measurement of the absorbed power in the
device is reasonably accurate when the device impedance is comparable to
50 €.

Measurement setup shown in Fig allows measurement of power re-
flected from the device. In a graphene-TiOx-NbN device, for an applied power
of —61 dBm at the DUT, the measured temperature dependence of the re-
flected power is shown in Fig [24] (top) [50]. For T > T, when the leads are
resistive, applied power is mostly reflected back, implying I'r ~ 1. As the
leads become superconducting at T ~ T, the reflected power sharply drops,
and after a small dip it settles to a constant value for T < T.. This is mirrored
in the reflection coefficient magnitude as a sharp drop to a minimum value
before slightly turning up and roughly flattening out when T < T,. This is
in contrast with the DC resistance measurement in which the device resis-
tance increases continuously with decreasing temperature for T < T, (Fig
(bottom)), signaling that the device impedance at high frequencies is very
different from the DC resistance.

The lumped parameter model of the device, shown in Fig. (left) can
explain this difference. With C' being the contact capacitance of each metal-
graphene junction, the device impedance can be written as

2R.Z.

_— 2
oy TRty (52)

Zdevice =
where R, is the resistance of the graphene channel, Ry, is the lead resistance,
R. is the DC contact resistance for each contact and Z. = j/27 fC. Since
titanium oxide has a large dielectric constant (e ~ 100), a large capacitance
between graphene and the superconducting contacts is present.
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Figure 24: Difference in reflected power vs. DC resistance temperature trends.
(top) Variation of power reflected by the device with temperature. (bottom)
Variation of DC resistance of the device with temperature. Difference in the
top and bottom curves suggests that the RF device resistance is different
from the DC resistance.
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For example, for one of the devices with 14 pm*® contacts, this capaci-
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tance is estimated to be ~ 12 pF for each contact, which leads to a capaci-
tive impedance of 3 ) at the frequency of 4 GHz used in the measurements.
This capacitive impedance, which is in parallel with the tunneling/contact
resistance of a few k{2, provides a short circuit path for the RF signal. Conse-
quently, the resistance of the graphene channel, which is roughly temperature
independent, is the main contribution to RF impedance. For the RF signal,
neglecting the DC contact resistance, Re,

Zgevice 22+ R+ Ry =2Z.+ R (53)

where R = R + R, is the real component of the impedance.

Thus, for T < T,, the device impedance at high frequencies can be es-
timated from the design geometry by using the estimated capacitance and
graphene resistance based on the gate voltage applied and the device aspect
ratio. It is however, difficult to determine this high frequency impedance
accurately due to the presence of reflective components along the channel
used to apply/measure power. Although these reflections are difficult to es-
timate and give a large error margin on the calculated reflection coefficient
and the high frequency device impedance, the absorbed power calculation
is not affected by the presence of these reflections, which is the quantity
subsequently used to calculate thermal conductance and the sensitivity of a
bolometric device.

In case of the presence of reflective components along the way, the in-
put/output channel can be divided into sections of known loss and unknown
reflections. Detailed calculations of how applied and reflected power propa-
gate through the insert give the relation between absorbed power and ap-
plied/measured power which does not require the knowledge of reflections
along the channels. The final expression then becomes,

Papplied Pmeasured

3 + . (54)
Here, Pyppiica and Preqsured are power applied at the directional coupler end
and power measured at the amplifier end, respectively. Both P, .4 and
Pcasurea in Eq [p4] are in Watts. « is the loss of input line and [ is total loss
in the input and output channels combined, in Watts. a can be calculated
as the difference in the applied power at the RF port of directional coupler
and the measured power at the device end. [ is calculated as the difference
in measured and applied power when all of the applied power is reflected.

Pab5:
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This is given as the power reflected by the device when T > T\, since a high
two-terminal resistance including the lead resistance acts as an open load.
This way, wire binding losses/reflections are also taken into account.

Amplifier noise subtraction

The RF amplifier which is kept at room temperature has a finite noise
power, which is the minimum reflected power that can be measured. Mea-
sured reflected power does not change beyond the amplifier noise threshold
until the applied power reaches a certain value. In the amplifier used for mea-
surements described here, the amplifier output noise power is ~ —47 dBm.
This noise power is subtracted from the measured reflected power. The exact
noise power is determined by linearizing noise subtracted reflected power vs.
applied power curve as shown is Fig [25] (bottom).
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Figure 25: (top) Amplified reflected power vs. applied power without the
amplifier noise subtracted. (bottom) Amplified reflected power vs. applied
power with the amplifier noise subtracted.

It is also noteworthy that the room temperature RF miteq™ amplifier
used here, requires a heat sink. For optimum operation it should be allowed
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to stabilize for ¢ > 15 min as shown in Fig [26]
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Figure 26: Amplifier gain vs Time. For the particular amplifier used, it takes
~ 16 min to stabilize.
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6 Graphene Superconductor Tunnel Junctions
(STJ)

Graphene-superconductor tunnel junction (STJ) devices are implemented
with an oxide barrier sandwiched between graphene and superconducting
contacts. Due to its large dielectric constant, useful for achieving an antenna
impedance matched device, titanium oxide (TiOx) is used as the tunnel ox-
ide. Devices with two different superconductors as contacts are demonstrated,
aluminum (Al) and niobium nitride (NbN). The STJ device structure dis-
cussed here serves two purposes:

1. To provide a sizable temperature response of the junction resistance.
In a typical graphene device with normal contacts, due to the weak
contribution of resistance from electron-phonon scattering, resistance
away from Dirac point is rather insensitive to temperature [17, 47],
making it difficult to achieve sufficient responsivity. In a graphene STJ,
the junction resistance at bias Vi, < 2A is dominated by the tunneling
of the thermally excited quasiparticles, which shows strong temperature

dependence (Fig [27] (top)).

2. To provide thermal isolation to the electrons within the graphene chan-
nel. This is achieved by significantly cutting down the quasiparticle
tunneling from graphene into the superconductor when the Fermi level
is within the superconducting gap of the leads.

By applying radio frequency (RF) radiation to the devices, the graphene ab-
sorber is heated up, its electronic temperature-induced decrease in the tun-
neling resistance (voltage) can be measured using a DC setup. By comparing
the device characteristics under radiation with that in absence of radiation
at various bath temperatures, the temperature increase at corresponding RF
power is obtained. This relation is then used to calculate the noise equivalent
power and responsivity of the graphene STJ bolometers. Apart from the char-
acterization as a bolometer, graphene STJ geometry can also be employed to
study hot-electron cooling mechanism in graphene. By blocking cooling from
various mechanisms, this device geometry allows hot electrons in graphene
to cool chiefly via electron-phonon interactions. Thus, allowing observation
of the phonon cooling power temperature dependence and its variation due
to disorder, doping etc.
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Figure 27: (top) Temperature dependence of zero-bias resistance in a

graphene STJ junction with NbN superconducting contacts. (bottom) Radi-

ation response of a graphene STJ junction, measured at T ~ 4.5 K. Both
plots are measured with 20 nA excitation.
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6.1 Single layer graphene

Single layer graphene STJ devices with Al and NbN as superconductors
are used to characterize bolometric parameters of thermal conductance (G)
and noise equivalent power (NEP).

6.1.1 Graphene STJ junctions with Al

These devices are measured in the dilution refrigerator setup, since Al
superconducts at T ~ 1 K. Details of the setup along with absorbed power
calibration is described in chapter [3], section [5.2.1]

In this particular experiment, a ~ 1 nm thick titanium film is oxidized
by brief exposure to pure oxygen at a low partial pressure. Upon cooling
down a graphene/TiOx/Al device below 1 K, characteristics of a S-I-N tunnel
junction with non-ideal semitransparent barrier are observed in the dynamic
resistance (dV/dI) vs. bias voltage dependence, as shown in Fig 28 This
dynamic conductance vs. bias voltage dependence is fitted with the BTK
model as described in chapter 4] and a barrier strength of Z ~ 3 is esti-
mated. The dynamic resistance is measured by supplying the devices with a
combination of a small AC current (/,,,¢ = 10 nA) and sweeping offset cur-
rent, both provided by a Keithley 6221 current source. The AC component
of the voltage response V,,,q is measured using an SR 830 Lock-In amplifier,
from which the dynamic resistance dV/dI = Vi0a/ Iinoa is calculated. The DC
bias is amplified (with a gain of ~ 1000) and measured by a DC voltmeter.
When the junctions are biased outside the superconducting gap Vi, > 2A, the
dynamic resistance is roughly bias-voltage independent. For V,, < 2A, the
quasiparticle tunneling is suppressed by the superconducting gap, resulting
in increasing of dynamic resistance. The observed critical bias voltage below
which the dynamic resistance increases gives 2A ~ 0.25 mV, consistent with
the reported superconducting gap of aluminum. Reducing the temperature
induces significant increase of the dynamic resistance within the supercon-
ducting gap, as a result of reduced thermal excitation and hence quasiparticle
tunneling.
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Figure 28: Differential resistance vs. junction voltage. Comparison for dif-
ferential voltage vs. voltage bias curves at different bath temperatures (top)
and different applied radiation levels (bottom) for a graphene-TiOx-Al STJ
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By measuring the bias voltage dependence of the dynamic resistance at var-
ious temperatures in absence of the RF radiation, a temperature calibration
is obtained. In this measurement scheme, heating of electrons is achieved
through RF power. At the base temperature of 160 mK, RF power is applied
at a fix frequency of 600 MHz. In the dilution fridge, due to the radiation
shield and the open-ended co-axial cable used for power delivery, resonances
are created in the device (Fig . The frequency of RF power delivery is
chosen so that maximum power is absorbed in the device.
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Figure 29: Response to radiation power vs. frequency of the applied power.
Frequency chosen for subsequent measurements is based on the maximum
recorded response at ~ 600 MHz.

Amplitude of the RF power is limited so that the bath temperature mea-
sured by a calibrated Lakeshore cernox™ thermometer shows no observable
increase. For P < —90 dBm on the devices, no significant change in the
differential resistance is observed. Between P = —90 and — 50 dBm, de-
crease of tunneling resistance within Vy, < 2A is observed with increasing
applied RF power (Fig[28| (bottom)), similar to that observed with increasing
bath temperature. Above P = —50 dBm on the device, an increase in the

bath temperature is observed. Thus, calibration is limited to the range of
P = -90 to — 50 dBm.
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To understand the nature of the RF radiation-induced dynamic resis-
tance change, dV/dI vs V, plots measured under RF radiation and those
measured in absence of RF radiation but at higher bath temperatures are
compared. Figure (top) shows such comparison between two measure-
ments: T = 160 mK/ — 75 dBm vs. T = 400 mK/no RF. The near-perfect
overlap of the two curves strongly indicates that the effect of RF radiation
on the devices is predominantly of electronic heating. Thus, the response of
the device is said to be bolometric. The slight difference may be attributed
to the small difference in superconducting gap for these two situations, re-
sulting from the different bath temperatures and hence temperature of the
superconducting leads. This hypothesis is supported by the comparison of
plots at stronger radiation power /higher temperature, such as shown in Fig-
ure 30| (bottom) (T = 160 mK/ — 60 dBm vs. T = 925 mK/no RF). Here
a clear difference is seen. The 950 mK/no RF curve is narrower compared
to the 160 mK/ — 60 dBm curve, as a result of significantly reduced su-
perconducting gap close to T.. The comparisons here suggest that the RF
radiation drives the electrons in graphene out of thermal equilibrium, as the
superconducting leads stay at the bath temperature.

Characterization of the graphene STJ device as a bolometer is done in the
following way. Consider graphene as a radiation absorber which sits inside a
bath of temperature 7T}, and is heated up by two different power sources: ap-
plied radiation P,, and background radiation P,. The electronic temperature
of graphene is therefore given as:

T. =T, + f(P.) + f(B) (55)

where f(P) describes the heating of electrons under radiation power P.
The junction resistance is a monotonic function of electronic temperature
R(T,). In absence of applied radiation (P, = 0), the measure junction resis-
tance is,

Ry = R(T; + f(0) + f(B)) = R(T: + f(B)) (56)

On the other hand, at the base temperature, T, = T}, the measured
junction resistance is,

Ry = R(Ty + f(Fa) + f(F)) (57)
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Figure 30: Overlap of the differential resistance vs. junction voltage plots
at an elevated bath temperature, with and without any radiation applied.
(top) A very good match between the plots at 400 mK and with —75 dBm
radiation. (bottom) Plots at higher radiation power and temperatures do not
overlap due to the change in superconducting gap at elevated bath temper-

ature close to T,.
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Correlating Eq [56 and Eq [57],

Rl :RQ
— T, + f(P) = Tho + f(Pa) + f(P)
= f(Pu) =T — Tho (58)

By matching the dynamic resistance equivalent of two cases: a) at base
temperature and under RF radiation; b) higher temperatures without radi-
ation, radiation-induced electronic heating can be deduced. Following this
model, the two sets of measurements shown in Fig are compared. This
comparison is limited for applied power between —90 and — 70 dBm, where
the radiation-induced changes in dV/dI vs. V,, curves match well with those
at higher temperatures in the absence of radiation.
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Figure 31: Calibrated relation between temperature raised by the applied
radiation power in a a graphene/TiOx/Al device.

With this range, for each applied radiation power at base temperature Ty,
a corresponding bath temperature T is found, for which the device shows the
same dV/dI vs. V, dependence. Figure [31| plots the relation between applied
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RF power and the corresponding electronic heating AT = T, — T}y, for one
such graphene/TiOx/Al tunnel junction [3].
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Figure 32: Calculation of bolometric parameters, thermal conductance (G)
and the thermal noise equivalent power (NEP) of a graphene STJ device with
Al as a superconductor.
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From this relation, the heat conductance of the graphene channel (G =
dP/dT), and the thermal-noise-limited noise equivalent power (NEP =
VAkpT?G) of this graphene STJ device can be calculated. This is shown
in Figure [32]

Next, an order-of-magnitude estimation of the device responsivity (dV/dP)
can be obtained by noticing that ~ —60 dBm radiation is required to smear
out the superconducting tunnel junction features. This gives,

Ale
—60 dBm

The applied current is limited so that V' = IR << 2A/e. For the particu-
lar device described above with R ~ 5 k() at zero-bias, an excitation current
of I = 10 nA is used. This yields V' ~ 50 pV, which is significantly small
compared to 2A /e ~ 200 uV. Based on this, calculated responsivity dV/dP
is shown in Fig 33} At low radiation power P < —70 dBm (1071 W), the
responsivity is 10> V/W. At higher radiation powers, the electron temper-
ature in graphene rises close to the T. of aluminum, and the responsivity
decreases sharply.

dV/dP ~ ~10° V/W (59)
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Figure 33: Responsivity of a graphene/TiOx/Al STJ bolometer.

The observed value of thermal conductance at 7' = 160 mK (G ~ 2 x
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10719 W/K) can give insight into the dominant cooling mechanism of hot
electrons in graphene. For this particular device, no back-gate voltage is ap-
plied. However, graphene is assumed to be doped sufficiently far away from
the CNP due to substrate-induced electron-hole puddles, doping due to con-
tacts, moisture etc. This would entail Ty, < Trg. In this regime, the theo-
retical value of electron-phonon interaction-dominated thermal conductance
(Ge—pn) in disordered graphene is given as [18],

Ge_pn = 3LAT,? (60)

Here, ¥ is the electron-phonon coupling constant. For Fr ~ 100 eV, the
deformation potential coupling D ~ 20 eV and an estimated flake area of
A ~ 10 pm?, this contribution is calculated according to ref [18] as, Go_,n ~
8 x 107 W/K. This is orders of magnitude lower than the observed G.
Moreover, observed cooling power temperature dependence does not match
with that predicted in [I8].

Thermal conductance due to out-diffusion of hot electrons from the con-
tacts is given by the Wiedemann-Franz law,

ALT,
R

Where £ ~ 2.44 x 1078 WQK~2 is the Lorentz number. The geometrical
factor of & = 4 comes from the two tunnel resistances of R/2 in parallel
as the heat flow channel. For the base temperature (7" = 160 mK) zero-
bias device resistance of ~ 5 k{2, diffusion thermal conductance is estimated
as Gyr ~ 3 x 107 W/K. This contribution also fails to account for the
observed large thermal conductance in these devices. However, it is believed
that the dominant error comes from the estimation of absorbed power into the
device, which is not measured here accurately. High frequency radiation losses
from the conducting substrate have not been taken into account and could be
a potential factor contributing to the error in absorbed power calculations.

It can be observed that a contact resistance of 5 k(2 is not sufficient and
at mK range of temperatures, the diffusion thermal conductance is higher
than that from the electron-phonon coupling.

GWF = (61)

6.1.2 Graphene STJ junctions with NbIN

The devices discussed in the previous section, did not demonstrate phonon
cooling due to a number of reasons such as, low contact resistance, the errors

69



in absorbed power calculations caused due to the particular measurement
setup and conducting substrate losses. Thus, to create a phonon bottleneck
for electron cooling, a larger resistance titanium oxide barrier and metal con-
tacts with a higher superconducting gap than aluminum need to be imple-
mented. With the use of a higher gapped superconductor, an insert capable
of calibrating absorbed power can also be used due to the ease of implemen-
tation at higher temperatures. This is achieved with niobium nitride (NbN)
as the superconductor. The conducting substrate losses are reduced by using
an insulating one.

In the NbN devices described here, titanium is oxidized in the load-lock
of metallization chamber using exposure to pure oxygen at ~ 1 atm pressure,
for five-six hours. NbN leads show a superconducting transition at T, ~ 11 K.
Hence, these devices are measured at liquid helium temperatures using the
high frequency cryostat. As discussed in chapter[d] these devices do not fit the
BTK description due to the dominance of hopping conduction through a non-
ideal titanium oxide barrier. A similar set of differential resistance (dV/dI)
vs. voltage bias plots, as those measured for aluminum devices, are obtained
here (Fig . Albeit, these plots are measured at higher temperatures.

Calibration of the power absorbed in these devices, as well as an estimate
of the high frequency device impedance is made using techniques described in
chapter b The relation between the power absorbed and the electron temper-
ature rise in the TiOx/NbN device is obtained by comparing the dependences
of the zero-bias resistance on temperature and on radiation power, similar to
the process described in previous section for Al devices. The resulting cooling
power vs. temperature curve is shown in Fig. Temperature dependence of
the cooling power can be used to determine the dominant hot carrier energy
relaxation process, for these higher gapped superconductor devices.
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Figure 34: Differential resistance vs. junction voltage. Comparison for dif-
ferential voltage vs. voltage bias curves at different bath temperatures (top)
and different applied radiation levels (bottom) for a graphene-TiOx-NbN STJ
device.
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Hot electrons can diffuse through metallic leads, given by Wiedemann-
Franz law, Gy r. The large tunneling resistance, as a result of suppression of
quasiparticle tunneling, allows a small diffusion thermal conductance. At T' =
45K, R =51k gives Gy ~ 8.6x10712 W/K, which is orders of magnitude
lower than the measured thermal conductance in this particular device, G ~
6.7 x 10719 W/K. Hot electrons might then cool down via scattering with
graphene phonons, specifically through acoustic phonons in the temperature
range of NbN device measurements [13, 24]. Heat transfer between electron
and acoustic phonons at low temperatures follows a power law given by [21],

P = AX(T? - T}, (62)

where A is the area of the graphene flake, ¥ is the electron-phonon coupling
parameter and Te(Tpy) is the electron(phonon) temperature. The magnitude
of the coupling constant 3 and the exponent & have been calculated in ref
[21], 24] for a disorder-free graphene flake. In this case the temperature depen-
dence has been calculated and observed to give § = 4 [26], 27]. This power-law
has been shown to be modified to 6 = 3 in the presence of disorder in the
graphene flake, although under different mechanisms in different temperature
regimes as explained in (Il When T}, >> Tgq, (T is the Bloch-Gruneisen
temperature of graphene) the presence of disorder affects electron-phonon
scattering via the supercollision mechanism [29]. However, when T, < Tgg,
as is the case in this experiment, a new temperature regime, based on the
disorder level present needs to be taken into account. At these low temper-
atures, the phonon wavelength becomes comparable to electronic mean free
path. This temperature is given by Chen et al. as Ty;s = hs/kpl, with [ being
the electron mean free path and s = 2 x 10* m/s being the sound velocity in
graphene. Below this temperature due to diffusive transport, an electron has
longer time to interact with phonons in the graphene channel and according
to ref [I8], in the case of deformation potential coupling and in the absence
of screening, electron-phonon scattering is enhanced and 6 = 3 in equation

62
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Figure 35: Calibrated relation between temperature raised by the applied
radiation power for a graphene/TiOx/NbN device. Cooling power follows a
polynomial temperature dependence fitted to a relation P = 0.132A(Te3 —
Ton?).

As shown in Fig[35] experimentally observed temperature dependence of
power can be fitted to the relation:

P = 0.132A(T7 — T,),) (63)

with an estimated graphene area of A ~ 100 um?. Comparing this to equation
62 an electron-phonon coupling of ¥ = 132 mW/K*m? can be extracted.
Using a typical mean free path value of [ ~ 20 nm [52] for graphene on a
Si04 substrate, Ty is close to 50 K. To avoid high frequency losses, a high
resistivity Si substrate is used. This prevents the application of back gate
voltage at low temperatures. Due to this, the Fermi energy is not accurately
determined. Although, as discussed in case of aluminum devices, it can be
safely assumed that the graphene channel is sufficiently doped away from
the CNP to satisfy the relation kpl << 1, required for the disorder assisted
electron-phonon scattering derived in [I§]. Based on the calculations by Chen
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et al. in [I8)], the observed temperature dependence of P ~ T? occurs only
for the case of electron-phonon coupling through deformation potential in
the weak screening limit. For this case, X is given by,

20(3)kp” ., Ep

¥
72 ht pm v s?l

(64)

where D is the deformation potential, p,; is the mass density of graphene
and ¢ denotes the Riemann-zeta function. For a highly doped graphene flake
on SiO, substrate, Fermi energy is assumed to be > 100 meV. From the
experimentally fitted value of 3, a lower bound of Er and assuming a typical
mean free path of 20 nm, deformation potential can be estimated to be
D ~ 20 eV. This matches with the theoretical predictions of the deformation
potential in graphene to lie between 10 — 30 eV [13]. However, the estimated
flake area of A ~ 100 um? is not exact since there are other flakes connected to
the one which is measured and whether these are near-enough to be accounted
for in these electron-phonon interaction calculations is not clear.

A lower temperature bound for this disordered regime prediction is given
by (s/vp)Tus ~ 1 K, when mean free path [ ~ 20 nm. It would be useful
for potential applications, including bolometry, to study the electron-phonon
interactions below this temperature. Although in graphene devices with non-
superconducting contacts, diffusion typically dominates over electron-phonon
conduction pathway at lower temperatures; the graphene-STJ scheme would
be particularly useful here, allowing observation of low-temperature cooling
power in graphene due to phonons. From the relation NE Py, = /4kgT?G,
the intrinsic thermal noise equivalent power is calculated to be 0.8 fW/ Hz!/?
at 4.6 K.

In graphene/TiOx/NbN scheme it can be concluded that,

1. These devices clearly show bolometric response under RF radiation,
with higher sensitivity and phonon dominated cooling power compared
to the devices with aluminum as a superconductor.

2. Their high frequency impedance matches well with the standard RF
devices/antenna, which allows high coupling efficiency.

3. Disorder in graphene plays an important role in determining the per-
formance of these devices.
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6.2 Bilayer graphene

The motivation for a graphene STJ device structure stems from the ul-
timate goal of these devices to be implemented for detection at THz fre-
quencies. In a typical operating environment of such detectors [73] bath tem-
perature is kept at Tyy = 0.1 K. Upon arrival of a THz photon pulse with
energy,

Ephoton = hf ~6.63 x 1072 ] (65)

the temperature increase in a graphene device due to this THz photon energy
pulse is given as,

Ephot
AT = 2220 66
L (69
For a graphene device with a carrier density of n ~ 10'2 cm?, electronic
heat capacity can be calculated as C. = A x 7 x 1071 x T [38]. For a device
with a graphene flake area of A < 100 pm? and a bath temperature of

Ty = 0.1 K, this increase is,

AT >T (67)

This prevents a linear device operation which is essential for a bolometer
as a power detector in the THz regime. However, a material with a heat
capacity slightly higher than graphene but still with a small area (for small
phonon thermal conductance) would be able to provide a linear device oper-
ation. It can be argued though, that the electronic heat capacity in graphene
can be tuned to a higher value by tuning the Fermi energy through gate volt-
age, it should be kept in mind that the electron phonon coupling constant X2,
also tunes linearly with Fermi energy. Hence, in order to tune the single layer
heat capacity for linear device operation, sensitivity would be compromised.
Another solution, can be implemented by using bilayer graphene instead. As
noted in chapter [I} at a given temperature for a given chemical potential
and flake area, bilayer graphene has a higher electronic heat capacity than
a single layer one. Also, the electron-phonon coupling constant in bilayer
graphene has an inverse square-root dependence on the chemical potential.
This means that by tuning the Fermi energy to a higher value by applying a
large gate voltage, low NEP can be achieved.
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Single layer graphene Bilayer graphene

Ce_src X | 1] C._pra o< const
Ysra o |pl YBLa X ﬁ

Table 2: Comparison of heat capacity and electron-phonon coupling constant
in single and bilayer graphene.

This theoretically calculated inverse dependence on chemical potential of
the electron-phonon coupling constant is yet to be observed experimentally,
due to a weakly temperature dependent resistance of bilayer graphene. A
bilayer graphene STJ device geometry is ideal to study this prediction.

Figure 36: Magnified optical images show two bilayer graphene STJ devices
with their sides clamps to prevent the flakes from rolling up. Smaller flake
has an area of ~ 45 um? and the larger flake area is ~ 65 ym?. Contacts do
not occupy more than 20% of the total flake area so that Fermi energy of the
flake dominates.

As described in chapter[1], these devices are made with large bilayer flakes
exfoliated using natural graphite. This is done so that the phonon thermal
conductance, directly proportional to the flake area, dominates all other cool-
ing contributions. These are then plasma etched into isolated, regular shaped
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flakes to determine the flake area accurately, in order to minimize the error
in calculation of X. Care is also taken to define contacts to this flake so that
the metal pads do not cover more than 20% of the total flake area. This is
done so that the Fermi energy in the flake is defined with not more than 20%
error due to contact doping. For bilayer devices, titanium is oxidized on a
hot-plate at 80°C for ~ 90 min. For the particular device discussed here, the
large graphene flake was broken into a smaller piece during the fabrication
process and the area is reduced to A ~ 7 um?. Despite this, contact resistance
achieved is large enough to keep hot-electron out-diffusion small in order to
allow the observation of phonon cooling contribution.
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Figure 37: Gate dependent resistance of the bilayer graphene. Due to an
insulating substrate, gate voltage can only be tuned above 150 K. This plot
is measured at T ~ 180 K, with the CNP at V, ~ 25 V.
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Figure 38: Differential resistance vs. junction voltage in bilayer graphene STJ
devices. Comparison for differential voltage vs. voltage bias curves at different
bath temperatures (top) and different applied radiation levels (bottom) for
a bilayer graphene-TiOx-NbN STJ device.
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Substrate used here has a lightly doped, high resistivity Si as the back
layer. This prevents gating at low temperatures and makes it difficult to
observe the chemical potential dependence of the electron-phonon coupling
constant. This is circumvented by changing gate voltage at higher tempera-
ture where there is still finite conduction in the lightly doped Si. It is found
that the gate becomes insulating below ~ T < 150 K. Hence, each time a
power vs. temperature calibration is completed for a particular gate voltage,
the device is warmed up above 150 K so that a different gate voltage can
be applied. This way for the particular device described here, three different
gate voltages are measured. Gating curve for this particular device is shown
in Fig , with the charge neutrality point at V, ~ 25 V.

As shown in Fig [38] for a bilayer graphene-TiOx-NbN junction similar
radiation and temperature dependence of the differential resistance vs. junc-
tion voltage bias curves is observed, as that described in the previous sections
for single layer graphene.
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Figure 39: Piece-wise overlap scheme to maintain linear operation of the
device. Base temperature is varied to measure radiation power dependence
of the resistance (right) for a specific range of temperatures.

However, because of the large cooling power in a big flake, heating due
to a given applied radiation power is small. To achieve a sizable hot elec-
tron temperature, a large radiation power needs to be applied. This would
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increase the contribution due to the device non-linear characteristics over the
bolometric effect. Also, for a correct estimation of thermal conductance from
the cooling power (P) using equation:

_dP

G = —
dT | g,

(68)

it is necessary that AT, << T};. To ensure that this condition is satisfied,
a scheme of piece-wise overlapping of differential resistance is implemented.
This is different from that described in section |6.1.1, where all the radiation
power is applied while keeping the bath temperature constant. In this scheme
of piece-wise overlap, base temperature is varied and the radiation-induced
change in the differential resistance is compared at each base temperature
range. This process is outlined in Fig (39|

2.5x10” R _
_ VoV, =105V
® V,,V =50V 4

2.0x10° "V, V=25V f

1.5x10° /
3 /
% 1.0x10° ‘;,t‘

|
@
5.0x10° -""""::s’
-
e
0'0 1 T T T T T T T T 1

— . .
40 45 50 55 60 65 70 75 80
T (K)

Figure 40: Gate voltage dependence of the phonon cooling power. Tempera-
ture dependence of the bilayer graphene measured cooling power is plotted
at three different gate voltages, with decreasing cooling power at increasing
gate voltage.
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Following this procedure, a calibration of cooling power vs. temperature
is obtained as shown in Fig [40] Piece-wise overlap scheme is manifested in
different colored sections for Fig [40]
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Figure 41: Measured cooling power is fitted to a T® temperature dependence
for a plot measured at |V, — Vonp| =50 V

In Fig [41] the temperature dependence is fitted to a power law of the
form,

P = AX(T? — Tgh) (69)

which gives § ~ 5. For each gate voltage, this value of ¢ is observed to be
different, closer to § ~ 4 for V, away from CNP and § ~ 5 for V, closer to
CNP. This is different from the theoretically predicted behavior of § = 4 [21].
Albeit, the calculations for a bilayer graphene in ref [21] is only for a clean
graphene channel at high carrier density without considering the effects of
screening. Similar to the discussion above for single layer graphene, due to the
presence of electron-hole puddles in a substrate-supported bilayer graphene
on SiO,, the working temperature range is maintained at T < Tgg_ppq for all
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gate voltages. Thus, it remains to be determined which mechanism is causing
the modification of the temperature dependence of the phonon cooling power.

If all the plots in Fig are fitted to 0 = 5, to extract a gate voltage
dependence of ¥, it is seen that the electron-phonon coupling parameter
does indeed depend on the inverse square root of gate voltage, as predicted
in ref [21]. This is shown below in Fig[42]

120 -
] JAN

100 | .

(2] (-]
o o
1 1

AN
N
>

3 (mW/m2Kd)
8
1 1

20 P

1V enpVg™S (VO

Figure 42: Gate voltage dependence of the electron-phonon coupling param-
eter for 0 = 5. It follows X oc 1/,/t dependence as calculated by the theory.

Two other devices with A = 45 ym? and A = 25 um?, show similar
temperature dependence of power.
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7 Graphene-Superconductor Junctions with
Transparent Contacts

Graphene-superconductor junctions with highly transparent interfaces of-
fer unique advantages as radiation detectors [50]. At the superconductor-
graphene interface, hot electrons diffusing from graphene into the super-
conductor are converted isothermally into holes by the Andreev reflection
process, as long as their energy is within the superconducting gap [63]. This
provides thermal isolation of the hot electrons, reducing the diffusion contri-
bution to the thermal conductance allowing a high sensitivity. The Andreev
reflection process, which is retro-reflective under normal circumstance, is pre-
dicted to become specular for the massless Dirac fermions in graphene. [2]
These junctions have an extremely low contact resistance (of the order of few
tens of Ohms), allowing the device resistance to be tuned around 50 € for
impedance matching.

7.1 Transparent contacts fabrication

Fabrication steps for a graphene superconductor with transparent con-
tacts, until the metal contact deposition are similar to that listed for a
graphene STJ in chapter [l First, a ~ 2 nm thick Ti film is e-beam evapo-
rated as an adhesion layer on graphene. For transparent contacts, instead of
exposing the devices to air in order to oxidize Ti, as is done in case of tunnel
junctions, a 1.5 nm thick Pd is deposited using electron-beam evaporation
on top of the Ti film. The relatively chemically inert Pd layer is sandwiched
to prevent the Ti layer from reacting with the nitrogen gas introduced dur-
ing the sputtering process, as explained below. The next step is to sputter a
superconductor (Nb/NbN) on top in situ. Ensuring a very good vacuum pres-
sure in the metallization chamber (close to 2 x 1078 torr) is essential for the
fabrication of transparent contacts. Graphene -superconductor transparent
contacts junctions using Pd-Al contacts are also measured. These are made
using exclusively electron beam evaporation process for contact definition.

A series of tests are performed in order to understand the reaction of Ti
adhesion layer with the Ny plasma used in sputtering [65]. At a base pressure
of 2x 1078 torr, Ti is evaporated onto graphene to form a 2 nm adhesion layer.
Ar/N, gases are then let in for 3 min, after which the gas mixture is pumped
out. Finally, a Au layer of 30 nm thickness is evaporated onto the device to

83



form Au/Ti contacts. Following such metallization and lift-off procedure, the
contact resistance of the device is measured to be < 300 €2 - ym, similar to
that of a typical Au/Ti contacts [74] without exposure to the Ar/N, gases
after Ti evaporation. This suggests that Ar/Ny itself does not affect the Ti
adhesion layer. By contrast, when NbN is directly sputtered on the device
after the 2 nm Ti coating in Ar/Ny plasma, the device shows much higher
contact resistance of ~ 5 k(- ym, suggesting the immediate reaction of Ti
in the Ar/Ny plasma upon starting of the sputter gun. This result is further
proved by the fact that the contact resistance is lowered by reducing the
Ny partial pressure during the reactive sputtering. To solve the problem of
Ti — N, plasma reaction, the Ti adhesion layer is coated with a 1.5 nm thick
layer of Pd which is non-reactive to the Ny plasma. Here Pd is chosen for
its formation of good contact with graphene by itself [74]. As a result, a low
contact resistance of ~ 300 €2 - um is recovered.

7.2 Measurements

Transparent graphene-superconductor weak links are used for bolometric
detection of small microwave signals by directly using the DC resistance as
the readout. In this device scheme, complications in calibration arising from
the lack of voltage drop due to supercurrent need to be avoided. Thus, su-
percurrent is suppressed by making the graphene channel relatively long so
that the entire graphene channel doesn’t become superconducting by prox-
imitizing. Another way to suppress supercurrent is by tuning the chemical
potential close to the charge neutrality point (CNP) which increases chan-
nel resistance. Even in the absence of supercurrent, the advantages of low
contact resistance, for impedance matching and high coupling efficiency and
thermal confinement from the superconducting contacts are still present.

Results discussed here are from junctions made with 2 nm Pd and 30 nm
Al contacts. Similar results are obtained with Ti/Pd/NbN junctions mea-
sured at higher temperatures are shown in Fig [46] The results shown below
are for a device with approximately 6 pm wide Pd/Al contacts separated
by ~ 0.7 yum long graphene channel. Measurements are carried out by sup-
plying a sweeping DC bias along with a small AC modulation of 50 nA at
13 Hz, both applied with a Keithley 6221 current source. The differential
resistance (dV/dI) is measured using a lock-in amplifier, while the dc voltage
is measured using Keithley 2182 nanovoltmeter. Measurements are done in
a dilution refrigerator setup described in chapter 5| The RF power is de-
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livered to the device through a co-axial cable at approximately 1.29 GHz,
where maximum device response is recorded. The co-axial cable is located
about 10 cm away from the device and no antenna is used. This allows a very
small fraction of the applied power to be coupled to the devices. The high
quality of the graphene-Al interface is confirmed by fabrication and charac-
terization of a junction with leads separated by ~ 0.3 pm. At temperatures
T < T. (T. ~ 1 K being the superconducting transition temperature of Al), a
well-defined supercurrent is observed in this shorter junction. Together with
the pronounced features of multiple Andreev reflections, these indicate high
transparency of the graphene-Al interfaces. (See Fig )
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Figure 43: Developed supercurrent along with Andreev reflections in a shorter
(~ 0.3 um long) channel graphene/Pd/Al Josephson junction indicates high
contact transparency.
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Figure 44: (top) Temperature dependence of a long channel graphene-Al
Josephson junction differential resistance. (bottom) To avoid supercurrent
formation, the long graphene-Al Josephson junction is gated near the CNP
to increase graphene channel resistance
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With exactly the same procedure, a device with slightly larger lead sep-
aration (~ 0.7 pm) is fabricated and measured, where within a wide range
of temperatures and gate voltages in the vicinity of the CNP, the supercur-
rent is absent. Fig 44 (top) shows dV/dI vs. bias voltage curves at different
bath temperatures, for the longer channel device away from the CNP. Even
with no evident supercurrent a significant reduction in zero-bias resistance
along with multiple Andreev reflections is still observed, again indicating high
transparency of the contacts. From Fig (top), it is seen that the differential
conductance changes with the temperature in the range |V4| < 2A and is inde-
pendent of the temperature outside the superconducting gap (A). As shown
in Fig[44] (bottom), by applying V, = Venp = —15 V and by raising the bath
temperature to 320 mK the supercurrent is effectively suppressed. Here, a
contact resistance of only few tens of Ohms allows the device resistance to
be tuned around 50 2 by changing channel doping or temperature. A similar
scheme of characterization of the RF response in these devices is adapted as
that described for a graphene STJ device, in chapter [6f by correlating the
dV/dI vs. bias voltage curves in the presence of RF radiation vs. those mea-
sured at elevated bath temperatures. The response to applied radiation in
dV/dI vs. bias curves is shown in Fig. 45| bottom panel. At higher applied ra-
diation power, it is observed that the dV/dI vs. bias voltage curve develops
a rather complicated behavior with oscillation-like features near zero-bias.
Such features are not observed by heating the device through bath, where a
temperature increase simply causes the curve to be more smeared.

7.3 Non-linear response

The origin of these features can be explained by the strong non-linearity
in device response. The applied RF signal averages over a portion of the non-
linear I-V curve to generate a voltage. Due to the nature of low-frequency
lock-in amplifier measurements, this voltage mixes with the lock-in amplifier
reference frequency. This kind of mixing produces low-frequency harmonics
of the device response, which appear in the 13 Hz lock-in measurement. If this
effect is greater or comparable to the device bolometric response, the outlined
detection scheme of overlapping curves at different bath temperatures with
curves at different radiation fails. To test this hypothesis, the lock-in amplifier
response to the device I-V curve taken at 320 mK, at V, = —15V, with no
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radiation is simulated. The Lock-in amplifier response is given by,

2 (7 .
VLIA - ;/ ‘/;levice(]applied) Sln(wlf)dt (7())
0

where, w;y = 27 x 13 s7! is the frequency of lock-in amplifier operation,

7 is the lock-in integration time constant and Ipica = Losin(wif) + Ipias
in absence of a RF signal. (Here, I, = 50 nA). The voltage developed in
the device is calculated based on the input I-V curve information through
interpolation at a range of applied currents I,ppiieq, Which is a superposition
of a small low-frequency ac current Iy on a DC bias current Ip;,,. Applied
radiation is mimicked by adding a high frequency current, Igg, as an external
input. Then, the device response is calculated for I,,piica = Lo Sin(wiy) +Ipias+
Ipsin(wi). Observed non-linear features can be reproduced this way and
it is seen that the simulated curves overlap with the ones measured to a
high degree inside the superconducting gap (Fig . The slight mismatch
at higher biases and higher radiation power could be thought of due to the
small bolometric device response that is not included in the simulation.

Even though the onset of non-linearity-induced features is at a high ap-
plied RF signal, if it is taken into account that only a fraction of this signal
reaches the device due to the lack of antenna and conducting substrate losses,
it can be said that non-linear detection dominates the device radiation re-
sponse when the device voltage is used as readout. Further exploration of
graphene-superconductor junctions with highly transparent interfaces may
instead focus on excitation-free readout techniques such as Johnson noise
thermometry.
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Figure 45: Device non-linearity-dominated radiation response in graphene-
Pd/Al Josephson junctions. (top panel) Simulation of the lock-in amplifier
response to the non-linear device I-V curve with radiation current as an
external input. (bottom panel) Measured radiation device response, which
does not match the temperature response of the device.

In Fig similar non-linearity-induced radiation response is seen for a
graphene/Ti/NbN device. Although, since these junctions are measured at
higher temperatures (T ~ 4.2 K), due to a higher T, of NbN, supercurrent
is not developed even far away from CNP and these non-linear features are
observed.
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Figure 46: Device non-linearity-dominated response in graphene-
superconductor Josephson junctions with NbN as a superconductor.
Similar non-linearity-dominated response to radiation is found as that

observed for graphene Josephson junction using Al.
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8 Future of Graphene-based Bolometers

To achieve a high sensitivity bolometer device, extensive research has been
carried out on graphene-based bolometers which exploit graphene’s promising
properties including small heat capacity, weak electron-phonon coupling, and
small resistance. Focus of the theoretical efforts has been on understanding
the phonon cooling mechanism from acoustic and optical phonon modes, as
well as the impact of temperature, doping, and disorder on electron-phonon
scattering. Experimental work is mainly channeled towards finding various
approaches for measuring the electron temperature and for achieving the
phonon-cooling bottleneck. At the current stage, there are still gaps in the
understanding of graphene’s properties such as electron-phonon coupling,
important in designing a sensitive bolometer.

In this thesis, the design of graphene-superconductor junctions is pre-
sented. With the graphene-superconductor tunnel junction design, hot elec-
trons cooling through electron-phonon interactions is demonstrated. Thus,
it provides a tool to study electron-phonon interactions-dominated cooling
in graphene and its dependence on disorder, chemical potential, screening
etc., which is beneficial in designing a high-sensitivity bolometer as well as
to design high mobility graphene devices which are ultimately limited due to
phonon scattering.

The resistive readout of a graphene-based SGS Josephson junction is
shown to be dominated by the highly non-linear characteristics of the device.
However, advantages of this structure can be availed by using other readout
methods, such as the Johnson noise measurement technique to measure elec-
tronic temperature. This work is being carried out in collaboration with the
Prober Lab at Yale University by performing Johnson noise measurements
at dilution temperatures on the graphene/Ti/Pd/NbN devices fabricated at
Stony Brook [75]. Phonon cooling power measured in the tunnel junction de-
vices via resistive readout at Stony Brook and via noise readout in the devices
with transparent contacts at Yale has shown similar disorder-enhanced be-
havior [50, [75]. Further characterization of the SGS devices at temperatures
< 1 K would provide an estimate on the required contact transparency to
block electrons from diffusing out of the contacts in these devices. The design
considerations to employ graphene-superconductor junctions with Johnson
noise readout in the photon counting regime have been outlined in ref [61].
For the photon counting mode of operation, non-linear device operation may
be required [38].
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The observed temperature dependence of phonon cooling power in bi-
layer graphene needs further theoretical explanation. So far, the theory of
electron-phonon interactions in bilayer graphene is developed only for the
case of a clean graphene without screening effects taken into account [21].
The temperature at which effects of screening and disorder become important
is yet to be established. Difference in the cooling power behavior observed in
a gapped bilayer graphene bolometer [60] with an ungapped one also should
be explored further. Experiments using bilayer-graphene bolometer device
spanning over a much larger temperature range might be used to determine
if a crossover temperature exists below which the effects of screening and/or
disorder start playing an important role in electron-phonon interactions.

Even though graphene-based bolometer devices have been employed to
demonstrate disorder-induced enhancement of phonon cooling power at low
temperatures [50, 54} [76], it would be instructive to build a high mobility
graphene-based bolometer device and observe the low temperature cooling
power to follow a T* dependence, as predicted by the theory. Currently, this
can be achieved in either of the two ways:

e Graphene-hBN devices: Using an atomically flat hexagonal boron
nitride substrate can give higher electronic mobilities in graphene than
those found in devices with SiO, substrate [77]. However, depending on
the temperature range of the device operation, remote optical phonon
energies of hBN might provide a cooling pathway [77] and care should
be taken to avoid this. Experiments using graphene on hBN substrates
have reported an order of magnitude lower electron-phonon coupling
constant than that predicted by the theory [21], 26].

e Suspended graphene devices: Suspended graphene devices have
been known to demonstrate some of the highest mobilities [67] and it
avoids the substrate cooling channel altogether. So if in this case, hot
electron diffusion through contacts has also been eliminated then the
only dominant cooling will be through phonons in an extremely high
mobility graphene. However, in a suspended graphene, flexural phonons
are also present as an additional out-of plane mode of vibration [16].
Flexural phonons might be detrimental to the bolometer sensitivity but
the study of their contribution to hot electron cooling using this device
structure would provide insight into a dominant source believed to limit
mobilities in suspended graphene devices.
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To design a bolometric detector that meets the requirements for a par-
ticular application, calculations can be made for a range of graphene flake
area that would give linear operation. For example, a SIGIS device can be
considered for an application requiring a background limited sensitivity of
NEPpackground < 2% 1071 W /v/Hz at 300 GHz with an incoming photon flux
of Ny, = 10° photons/s [78]. For particular detector requirements, a solution
is found by scanning the parameter phase space including graphene flake
area, device operating temperature, superconducting transition temperature
of the contacts, normal state device resistance, carrier density etc. which
satisfy following conditions.

1. Linearity requirements:

e AT < 0.17; for linear operating regime. Here, AT = FE/C and a
typical carrier density of n ~ 102 cm™? is assumed for the calcu-
lation of specific heat. Ty is the device operation temperature.

e The resistance change from R(7y)/R(Ty + AT) is not too high
so as to allow for linear device operation range. Here, the con-
straint chosen confines R(7p)/R(To + AT) < 1/2. A normal state
resistance, Ry = 1500 (2 is assumed which increases exponentially

below T..

2. Resolution requirements: Operation is fast enough to keep up with
the photon arrival rate.

C
= =)< — 71
=@ <N, (71)

with Ny, = 10 photons/s.

3. Readout requirements:

e Assuming the worst case scenario where the heat generated by the
measurement signal is the same amount as that generated by the
photon signal,

Npth = [DCVDC (72)

For a current biased device the voltage measured should be above
the amplifier noise. N is the available amplifier noise, typically
found to be ~ 1 nV/v/Hz.
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L NEPreadout < NEPth (T) < NEPbackground- NEPbaCkground is Calcu—
lated for operation at 300 GHz radiation frequency with a photon
arrival rate of Ny, = 10° photons/s. T is the actual device op-
erating temperature, which includes heating due to absorption of
photon power.

NEPbackground =V 2Npth
N

NEPreadout = Pphoton v
dc

(73)

A SIGIS device (with an ideal tunnel barrier assumed) with a graphene
flake of area ~ 300 pum?, operating at ~ 0.1 K temperature is found as a
solution which fulfills the conditions listed above. The time constant of this
device is 7 ~ 0.6 ps and the thermal noise equivalent power is NEPy, ~
1.5x 1071 W/ Hz!/2. These device parameters would ensure linear operation
with a background-limited sensitivity. The calculations are made by assuming
a clean limit phonon cooling power temperature dependence P oc T% and
¥ ~ 25 mW/K*m? at a typical carrier density of n ~ 10'? cm=2.

Even though the calculations show an achievable device, however there
are still discrepancies between experimentally reported values of the electron-
phonon coupling constant 3 and significant technological advances are re-
quired to produce such a large area disorder-free flake of graphene.

To summarize the main achievement, the design of graphene-superconductor
tunnel junctions presented here allows to study the electron-phonon interac-
tion dominated cooling in graphene. It can also be implemented to achieve a
sensitive, fast and efficient bolometer device.
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