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Göteborg, Sweden 2017

Abstract

A technology of encapsulation of graphene in Parylene was introduced
as an alternative to encapsulating graphene in hBN. Edge contacts to the
encapsulated graphene in this case showed resistivity down to 14 Ω · µm,
which is the lowest reported value so far. The resulting graphene devices
showed a high carrier mobility (up to 30000 cm2/(V s) at 300K), low doping
(down to 1011 cm−2) and were stable in time. Possibility of encapsulating
also CVD graphene for large-scale device fabrication was shown.

This Parylene encapsulation technology was used for fabrication of ther-
moelectric graphene devices and radiation detectors. Since the Seebeck coef-
ficient in graphene is high, the thermoelectric effects are strong. A dual-gated
design was used to create an intrinsic graphene thermocouple. Due to a weak
coupling between phonons and electrons in graphene, the electrons can have
significantly higher temperature than the phonons. These devices allowed
for simple measurement of electron temperature in graphene. When coupled
to an antenna, such a device served as a radiation detector. Even under
unoptimized conditions the detectors showed responsivity up to 700 V/W
and noise level down to 18 pW/Hz0.5. The response time was estimated to
be less than 1.2 ps.

Keywords: graphene, CVD, encapsulation, Parylene, thermoelectric ef-
fects, bolometer.
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Introduction 1

1 Introduction

Carbon atoms are building units of nature. They can establish strong
bonds between each other and a wide variety of possible combinations with
other elements give us the whole science of organic chemistry. Even carbon
itself can exist in several different allotropic forms. The two most known ones
are graphite and diamond. Graphite is a layered material consisting of atom-
ically thin sheets. If one such a sheet is isolated, it appears to be another
allotrope due to substantially different properties compared to graphite. This
allotrope is called graphene. Graphene drew attention after 2004 and 2005,
when the first papers on experimental observation of its electronic properties
were published and became known even outside the academic society after
2010 Nobel Prize had been given to A. Geim and K. Novoselov [1, 2, 3]. How-
ever, the first theoretical predictions on unique properties of atomically thin
graphite came much earlier: in 1947 it was theoretically shown for the first
time that one atomic sheet of graphite should have unusual semi-metallic be-
haviour and that the charge carriers should be as massless Dirac fermions [4].
It took more than half a century to prove these predictions experimentally.
The main problems have been the lack of a reliable method of obtaining
atomically thin graphite and a useful way to detect individual atomic lay-
ers. Few- and possibly monolayer graphite films were observed in soot after
exploding carbon-containing materials [5, 6] by using scanning electron mi-
croscope (SEM).

Only in the beginning of XXI century these two problems were solved.
A. Geim and K. Novoselov suggested a very simple technique of graphene
exfoliation that allows to isolate monolayer flakes. They started from bulk
graphite and used a sticky tape to separate its layers. Another bright idea
was implemented to make graphene visible: oxidized silicon enhances the
visibility of graphene deposited on it due to the interference effect [7]. De-
spite the small size of the exfoliated graphene flakes, many of their properties
were measured [8, 9, 10]. Graphene’s great potential for future applications
was enhanced by discovery of the chemical vapor deposition (CVD) method
to obtain large-scale monolayer graphene films on copper [11]. This method
opened the road to mass production of graphene and stimulated its applica-
tions [12].

Graphene appears to have a wide variety of outstanding properties. It
is a two-dimentional (2D) material with the thickness of 0.34a nm and area

aIt is difficult to define the thickness of an atomically thin material. This value rep-
resents the vertical spacing between the layers in graphite and is usually taken in the
calculations of the physical properties of graphene.
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density of 0.38 mg/m2. Its mechanical properties are impressive: it is stretch-
able to 25% and has one of the highest measured tensile strength - 130 GPa
[9]. These mechanical properties can be used to create strong composites
[13] and paper [14]. Graphene has thermal conductivity higher than 5000
W/(K m) [15]. This can be used in cooling systems for microcircuits [16].
Graphene is simultaneously a conductive and transparent material (absorbs
∼ 2.3% light [17]), which is an exceptional combination. This combination
allows to use graphene as the transparent electrone for touch screens, which
can potentially become flexible [18]. Graphene shows long spin coherence
length (up to 12 µm [19]), which is very promising for spintronic applica-
tions. The highest measured charge-carrier mobility in graphene exceeds 106

cm2/(V s) with mean free path of electrons up to 28 µm [20, 21]. This is
used for demonstration of electron ballistic effects [22] and can be applied for
ultra-sensitive Hall sensors [23].

Despite many possible applications, graphene has some serious draw-
backs. Initially, there were hopes for graphene to completely replace silicon
in microcircuits, making them even smaller and, possibly, flexible. However,
monolayer graphene does not have a gap in the charge-carrier energy spec-
trum, which makes it impossible to fabricate efficient field-effect transistors;
without a gap it is impossible to switch a transistor off. The performance of
the existing graphene transistors is still lower than that of the silicon-based
ones [24]. Bilayer graphene can have a gap in the spectrum if a vertical
electric field is applied [25], but this gap is small compared to the gaps of
the known semiconductors. It is also more difficult to produce high quality
bilayer graphene than the monolayer [26, 27].

Graphene is not the only 2D material in the world. Hexagonal boron
nitride (hBN), a 2D insulator, is widely used as a substrate and coverage for
graphene [28]. Single layers of black phosphorus show many interesting and
useful properties [29, 30]. There is a wide family of transition metal dichalco-
genides, which are 2D semiconductors. They have been widely studied and
also show high potential for future applications [31, 32, 33].

1.1 Aim and Outline

This thesis focuses on fabrication of graphene devices and investigation of
thermoelectric- and hot-electron effects in them. The aim of this thesis is to
demonstrate a scalable graphene encapsulation technology and its application
for radiation detector fabrication. The results obtained in this work can be
used for better understanding of the thermoelectric effects in graphene and
can also be useful for industry in future.
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Chapter 2 provides a brief description of the relevant fundamental prop-
erties of graphene.

Chapter 3 concerns the methods of graphene synthesis, discussion of the
graphene CVD process and the systems used for it (Paper I).

Chapter 4 presents the technologies of graphene encapsulation: the well-
known hBN-technology and developed in this work encapsulation in Pary-
lene. The results from device fabrication and characterization are discussed
(Paper II).

In Chapter 5 thermoelectric- and hot-electron effects in graphene are
discussed. The performance of hot-electron graphene bolometers based on
these effects is demonstrated (Paper III and Paper IV).

In Chapter 6 the results of computer modelling of a heater in a CVD
system and a thermoelectric device are presented in addition to Chapters 3
and 5.
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2 Theoretical background

2.1 Basic electronic properties of graphene

Graphene has remarkable electronic properties [34]. The low-energy charge-
carriers are massless and have linear energy dispersion. The Brillouin zone
has six-fold symmetry and has six points where the conduction- and valence
bands meet, Dirac points (see Fig. 1). In close vicinity of these points the
energy dispersion is the following:

E± = ±~vF |k|, (1)

where vF is the Fermi velocity and k is the wave vector.

Figure 1: Carrier energy dispersion in graphene.

This spectrum defines the semimetallic behaviour of graphene: the con-
ductivity in Dirac point is zero for the ideal case. However, any infinitely
small deviation of Fermi level leads to a nonzero conductivity. In other
words, due to the lack of gap in the spectrum, it is possible to ”switch off”
the conductivity in graphene only in the Dirac point. For nonideal samples,
the Fermi level in graphene can be easily shifted by impurities on its sur-
face [35, 36]. Since the impurities are distributed nonuniformly, they cause
different local Fermi level shifts. Thus, for a real graphene sample it is im-
possible to have the zero conductivity. The dependence of conductivity on
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charge-carrier concentration can be approximated by [37]:

σ(n) = eµntot = eµ
√
n2
0 + n2, (2)

where e is the elementary charge, µ is the charge-carrier mobility, ntot is the
total carrier concentration, n0 is the carrier density at the minimum con-
ductivity, n is the externally induced carrier concentration. Here we use the
Drude model of conductivity, which is usually sufficient to describe the ex-
periments. Experimentally, the carrier concentration in graphene is tuned by
a gate electrode, separated from the graphene by a dielectric. In this case,
n is expressed as n = (Vg − VD)Cg/e, where Cg is the specific capacitance
between graphene and the gate electrode, Vg is the voltage applied to the
gate and VD is the shift of the Dirac point due to parasitic doping. The
measurement of the so-called transfer characteristic curve - the dependence
of graphene resistance on the back-gate voltage - is a common way to char-
acterize a graphene device. This curve is usually fit by Eq. 2 in resistivity
form:

R(Vg) = Rc +
N�

µ
√

(en0)2 + C2
g (Vg − VD)2

, (3)

where Rc is the contact resistance and N� = l/w is the number of squares
along the device (the length divided by the width). After fitting, this single
curve gives the information about doping (VD), carrier density at the mini-
mum conductivity (n0), contact resistance, and gives an estimation of carrier
mobility.

2.2 Basic thermal properties of graphene

The heat capacity C at high temperature in graphene comes, to the first
approximation, from the Dulong - Petit law: C = 3R, where R is the univer-
sal gas constant. This agrees with numerical calculations [38]. However, at
room temperature the heat capacitance of graphite is only 1.03R. This can
be explained by some of the vibrational modes having high energy and being
not activated at room temperature. Thermal conductivity of graphene was
measured for both suspended (κ = 4800−5300 W/(K m) [15]) and supported
(κ ∼ 600 W/(K m) [39]) graphene at room temperature.

The electrons also contribute to the heat transfer in graphene. Although
they have noticeably lower heat capacitance Ce and heat conductance κ,
these values can be measured experimentally [40]. For suspended graphene
at room temperature: Ce = 4.5 × 10−3 J/(mol K) and κ = 11 W/(K m).
These values correspond to the kinetic transport model κ = 1

2
CevF le, where

le is the electron mean free path (le = nµh/2ekF [41]).
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Figure 2: The plot of the Eq. 2 for different parameters. Red curve: µ =
30000 cm2/(V s), n0 = 1.0 × 1011 cm−2. Blue curve: µ = 30000 cm2/(V s),
n0 = 5.0 × 1011 cm−2. Green curve: µ = 5000 cm2/(V s), n0 = 1.0 × 1011

cm−2.

One more interesting property is the coupling between phonons and elec-
trons. It was observed, that this coupling is relatively weak [42, 43, 44].
The power exchange between electrons and phonons can be expressed as:
Pe−ph = A(Tme − Tmph), where Te and Tph are the electron- and phonon tem-
peratures, respectively. The power m depends on the phonon temperature
and is m = 3 for high temperatures and m = 4 for low temperatures. The
Joule heat makes the electrons have higher temperature, than the phonons,
especially at high bias current.

2.3 Thermoelectric properties of graphene

When both electric field and temperature gradient coexist in metals, the
resulting electric current and the heat flow are interconnected according to
the equations [45]:

E = ρJ + S∇T (4)

q = ΠJ− κ∇T (5)

where Π and S are the Peltier and Seebeck coefficients respectively. Due to
Onsager’s principle, there is a relation between them: Π = ST . Thermoelec-
tric properties are usually defined by the value of S for a given material. In
graphene, the Seebeck coefficient can reach values 100 µV/K, which is grater
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than for most metals. Moreover, because of tunability of charge-carrier con-
centration in graphene, the Seebeck coefficient can change value and sign.
Its value can be expressed in terms of conductivity via Mott’s relation:

S(T, σ) = −π
2

3

k2BT

e

1

σ
(
∂σ

∂ε
)ε=εF (6)

The applicability of this formula in graphene is limited [46]. In this thesis we
use it mainly for qualitative analysis. The plot of Eq. 6 is presented in Fig.
3. As seen from the plot, the sign of S depends on the carrier type, being
positive for holes and negative for electrons.

Figure 3: The Seebeck coefficient calculated from Mott’s equation (Eq. 6)
for different parameters. Red curve: n0 = 1.0× 1011 cm−2, T = 300 K. Blue
curve: n0 = 5.0× 1011 cm−2, T = 300 K. Green curve: n0 = 1.0× 1011 cm−2,
T = 50 K.

2.4 Hall effect

In the classical Hall effect, the magnetic field creates a potential difference
transverse to the current direction, which is called Hall voltage (VH) and can
be expressed as:

VH = −IB
qn

(7)

where I is the current, q is the carrier charge and n is the carrier concen-
tration. So, the Hall resistance RH = VH

I
appears to be proportional to the



Theoretical background 8

magnetic field with the Hall constant − 1
qn

. The Hall constant gives the sign
of the charge-carriers and their concentration. It is possible to extract the
carrier mobility from the Hall-effect measurement. From Eq. 2, the mobility
equals µ = σ

entot
. After substituting the Hall constant we arrive at:

µ = −σdRH

dB
(8)

where dRH

dB
indicates the slope of the resistance curve. However, in two-

dimensional (2D) systems (and so in graphene as well) the classical Hall
effect occurs only in low magnetic fields (usually < 1T ). In high magnetic
fields and at low temperatures, quantum effects start to play role in 2D
systems. For a 2D electron gas, the energy levels are quantized in magnetic
field (they are also called Landau levels): En = (n + 1

2
)~ωc, n = 1, 2, ....

Therefore, the Hall conductivity is quantized as well, σH = gs(n + 1
2
) e

2

h
,

where e2

h
is the conductance quantum, gs is the system degeneracy, which

equals 4 for monolayer graphene. The filling factor ν = gs(n + 1
2
) takes the

values ±2,±6,±10... for monolayer graphene.

2.5 Self gating effect in graphene

The self gating effect plays role when a device is biased to significantly
high voltage, comparable with the back gate voltages used to change the
carrier concentration. To describe this effect quantitatively, we consider a
graphene rectangle of width w with one end biased to voltage V0 and the
other one grounded. The potential distribution along the current direction
V (x) obeys the following equations:

dV (x) =
Idx

σ(x)w
(9)

σ(x) = µ
√
C2
gV (x)2 + e2n2

0 (10)

After making this equation dimensionless by introducing v(x) = CgV (x)

en0

and i(x) = CgI

µ(en0)2
, we get the following differential equation:

√
v2 + 1dv =

idx

w
, (11)

which can be solved analytically:

v(x)
√
v2(x) + 1 + ln(v(x) +

√
v2(x) + 1) =

2ix

w
(12)
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The plot of v(i) for x = w is presented in Fig. 4. We see that the
deviation of the current-voltage (IV) curve from the linear dependence starts
to be significant for i > 1, which corresponds to I > 100µA for usual
experimental values: Cg = 1.13 × 10−4 F/m2, n0 = 1.0 × 1011 cm−2 and
µ = 5000 cm2/(V s).

Figure 4: The plot of the Eq. 12 (solid line) in comparison with the straight
ohmic IV line (dashed). Adopted from Supplementary for Paper III.

2.6 Raman spectroscopy of graphene

Raman spectroscopy is a useful tool for studying various materials [47].
A sample is illuminated with photons (a focused laser beam) and the in-
elastically scattered photons are collected and analysed. The shift of the
wavelength between the sent- and the scattered photons provides informa-
tion about the phonon modes existing in the sample. Raman spectrum rep-
resents the intensity of inelastically scattered photons as a function of their
wavelength change (Raman shift).

For graphene, the Raman spectrum has three characteristic peaks (see
Fig. 5). The G peak corresponds to the zone center mode and can be
observed for other carbon containing materials; the 2D peak results from a
double scattering of zone boundary phonons [48]. The D peak corresponds
to the same zone boundary phonons as 2D peak, but comes from the single-
phonon scattering event. It does not occur in pristine graphene lattice, but
in presence of defects or near the graphene edges the symmetry breaks and
the single-phonon scattering becomes allowed. Sometimes weak G* peak is
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also present in the spectrum, it also corresponds to double-phonon scattering
as for the 2D peak, but it involves phonons from different bands [49].

Figure 5: A representative Raman spectrum for monolayer graphene. The
major characteristic peaks are D (∼ 1340 cm−1), G (∼ 1585 cm−1) and 2D
(∼ 2675 cm−1). Sometimes small G* peak (∼ 2450 cm−1) is also observable.

Raman spectroscopy appears to be very practical for characterization
of graphene samples. The density of defects in the lattice is indicated by
the intensity of the D peak. Mechanical strain shifts the position of the G
peak from the original, which allows to estimate possible deformations in the
sample. For multilayer graphene, the 2D peak splits into several components,
which together look like one asymmetric peak. This allows to distinguish
monolayer graphene from multilayer graphene without fabricating electric
devices from it.
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3 Synthesis of graphene

3.1 Exfoliation

The first method to obtain graphene was mechanical exfoliation, imple-
mented by Geim and Novoselov [1]. This method is fairly simple. A piece
of natural graphite is several times cleaved using a sticky tape. Then, the
sticky tape with random graphite flakes is pressed to the target substrate and
peeled off. There is a chance that graphene sticks to the substrate and some
monolayer flakes will thereby be transferred to the target substrate. The
flakes are usually small, 15 − 20 µm. A typical optical image of exfoliated
graphene is presented in Fig. 6.

Figure 6: Graphene flakes exfoliated on SiO2(285 nm)/Si chip. Arrows are
pointing to the monolayer regions. The scalebar is 20 µm.

The most common substrate for graphene exfoliation is oxidized silicon.
Due to interference effect, graphene flakes have a finite contrast on this sub-
strate, which can be maximized for a certain oxide thickness. For green light,
the monolayer graphene can have up to 10 % contrastb for the oxide thickness
around 90 nm and 290 nm [7].

Exfoliation allows to quickly produce graphene flakes without a need for
sophisticated equipment. The precursor for exfoliation can be either natu-
ral graphite or a man-made Highly Oriented Pyrolytic Graphite (HOPG).

bContrast is defined as the ratio
Isub−Igr

Isub
, where Isub and Igr are the amplitudes of the

reflected light from the substrate and graphene, respectively.
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Natural graphite usually results in graphene flakes of higher quality. The ex-
perimentally observed charge-carrier mobility in exfoliated samples can reach
the theoretical limit [50]. However, since the size of the resulting flakes is
limited, this technique is not scalable; it does not allow for mass production
of devices.

3.2 Chemical vapor deposition

The need for an industrially applicable way to produce graphene moti-
vated scientists to work in that direction. The discovery of the catalytic
chemical vapor deposition (CVD) method brought graphene from labs to
industry [11, 12, 51]. Graphene CVD occurs at high temperatures, usually
on catalytic metal substrates. The most common catalyst for monolayer
graphene growth appears to be copper. Nickel is also used as a substrate to
grow graphene on, but due to a high carbon solubility in nickel, the resulting
graphene is often a multilayer. Other metals like platinum, rhodium, etc.
can also be used, but are expensive and thus less common.

The process of graphene CVD is a thermal decomposition of carbon-
containing precursor at a catalyst surface and a subsequent formation of
graphene. Methane is widely used as a precursor gas and in this case the
simplified chemical reaction is the following:

CH4
800-1100 ◦C←−−−−−→ C + 2 H2 − 75 kJ (13)

A typical system for graphene growth has several gas inlets for Ar, CH4

and H2 and a possibility to heat up a sample up to 1000◦C. The graphene
CVD process consists of the following steps: heating up, annealing, growth
and cooling down (see Fig. 7). Only Ar and H2 are introduced into the cham-
ber during the first two steps. The annealing step is needed to etch away
remaining copper oxide from the surface (Cu2O + H2 −−→ 2 Cu + H2O),
recrystallize the copper foil thus improving the surface roughness, and to
stabilize the temperature distribution in the whole system. The growth of
graphene is initiated by introducing CH4 into the chamber. After a certain
time, the heater is switched off and the chamber is cooled down to room tem-
perature. The CH4 can be shut off or kept on during the last step depending
on the exact recipe.

The important parameters for graphene growth are temperature, gas
flows, chamber pressure, annealing- and growth times. For monolayer graphene
growth, the ratio between the CH4 and H2 partial pressures is usually be-
tween 1:100 and 1:5000 [11]. Therefore, very low (∼1 sccm) CH4 flows are
required, which is difficult to achieve for pure CH4 using standard mass-flow



Synthesis of graphene 13

Figure 7: Temperature profile divided into steps for a typical graphene CVD
process. Heating up (1), annealing at constant temperature (2), growth (3)
and cooling down (4).

controllers. So, CH4 diluted in Ar (5%) is used as a precursor gas mixture.
Also, argon introduces a diffusion barrier for CH4 and H2, which provides
additional control on the rate of decomposition of CH4. Hydrogen has sev-
eral roles in this process [52]. Its main role is to etch away the carbon atoms
which are not connected to the already grown graphene, thereby decreasing
the number of nucleation centers. The way the pressure and the gas flows in-
fluence the graphene growth can be understood from Le Chatelier’s principle
and Eq. 13. High methane partial pressure, low hydrogen partial pressure
and low overall pressure give high carbon deposition rate and high nucleation
density (ND). That is why for fast growth of continuous graphene films, low
pressure and high methane flow were used [11, 53]; and for slow growth of
large graphene single crystals (low ND) low methane flow and atmospheric
pressure were used [54, 55].

The role of temperature turns out to be more complicated. From Le
Chatelier’s principle, a higher temperature should speed up the forward re-
action rate and therefore give faster graphene growth. On the other hand,
according to thermodynamics, higher temperature decreases the ND slowing
down the formation of graphene [56]. We summarized the influence of these
parameters on the growth results in Fig. 8.

There are two main types of CVD systems for graphene: hotwall and
coldwall. In a hotwall system an external heater is used to heat up the whole
growth chamber. Since the walls are heated together with the sample, this
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Figure 8: The main parameters of CVD graphene process and how they
influence the growth. High nucleation density (ND) gives small grains and
is used for fast growth of continuous graphene film [57]. Low ND gives large
grains and is used to grow standalone graphene monocrystals [58]. Adopted
from Paper I.

allows for stable and uniform heating of both the sample and the surrounding
gases. In a coldwall system, the heater is used to heat up only the sample.
Both types have their pros and cons. The temperature distribution inside
a hotwall system is usually much more uniform than in a coldwall one. On
the other hand, the time required for a hotwall system to reach 1000◦C is
typically 1-2 h and even more to cool down. The graphene growth process
in a coldwall system can be as fast as 30 mins from loading to unloading the
sample due to the small heated volume.

We introduced a combined design of graphene CVD system (see Fig. 9)
by adding one more heater in parallel to the existing one. The sample was
placed in between the heaters and supported by ceramic spacers. The two
heaters and the spacers had a small volume of ∼1000 mm3. The sample
was surrounded by heaters; this arrangement resembled a hotwall chamber.
The temperature distribution within this small ”hotwall” chamber was much
more uniform than in the original design with only one heater. In Chapter
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Figure 9: The side view our hybrid-type setup. The dotted line indicates the
added parts. Adopted from Paper I.

6 we present and discuss simulation results for both setups to support this
statement. According to the simulations, the temperature of the sample in
the hybrid-type system is indeed more uniform and closer to the temperature
of the heaters. This gives a better control over the temperature of the sample.

As mentioned above, graphene is mostly grown on metals. Although,
it is possible to grow graphene without a metal catalyst, its quality in this
case is relatively low [59]. When graphene is grown on metals, it needs to
be transferred to an insulating substrate. Since graphene is an atomically
thin material, vulnerable to macro-scale forces, transferring appears to be
quite a challenging task. One should somehow protect the graphene film and
provide it with support when detaching from the metal and applying to the
target substrate. The most common way is to cover graphene with a polymer
called Polymethylmethacrylate (PMMA). This provides a flexible mechanical
support for graphene once the metal is removed. After the transfer, this
polymer can be dissolved in acetone. There are mainly two ways to release
the grown graphene from the metal substrate: to etch the substrate away by
chemicals or to detach it mechanically. Etching was first implemented for
Ni substrates [51], but is also possible for copper [60]. Metals like platinum,
ruthenium or iridium are very expensive; they also require mixtures of strong
acids to etch, therefore graphene grown on them is usually mechanically
detached. One of the ways is to perform an electrolysis and use the gas
bubbles to separate graphene from the metal [61].

We compared the growth of graphene in the original cold-wall setup and
in the upgraded hybrid-type setup. First, we tried to achieve the lowest ND
for each setup and compare. We terminated the growths before the first
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Figure 10: SEM images of graphene crystals grown in the original (a) and
converted (b) setups. The growth was terminated before completion of the
first graphene layer. The scale bars are 50 µm.

graphene layer was complete, for the graphene crystals to be visible in the
scanning electron microscope (SEM). In Fig. 10 we present SEM images of
graphene crystals nucleated in both setups. We see that due to the increased
temperature stability and uniformity, it is possible to substantially decrease
ND and improve the quality of graphene. For subsequent analysis we grew
continuous films in both setups as well as single crystals in the converted
setup. The graphene was transferred from copper to SiO2/Si chips using the
common etching method for some of the samples, or the bubbling transfer
technique for the others. The transfer recipes used for this are presented in
Appendix: Methods and Recipes.

We used Raman spectroscopy to initially characterize the transferred
graphene. This method allows to gain initial information of graphene quality
without fabricating a device [48]. In Fig. 11, we present Raman spectra for
the continuous graphene films grown in both setups. After normalizing them
by the amplitude of the G peak we calculated the peaks amplitude ratios.
For the graphene grown in the original setup, the ratios were: D:G = 0.3,
G:2D = 0.45; whereas for the graphene grown in the new setup: D:G = 0.2,
G:2D = 0.26. Low D peak and high 2D peak relative to the G peak show
lower defect concentration (i.e. higher quality of the graphene [62]). This
was the initial quality comparison, which indicated a higher quality of the
graphene grown in the new double-heater setup. After that, we fabricated
standard Hallbar devices out of the transferred graphene. The typical room
temperature carrier mobility in the graphene grown in the original setup was
∼ 2000 cm2/(V s), for the converted setup - ∼ 4000 cm2/(V s). We explain
this difference in mobilities by larger grains in the latter case: there were
less grain boundaries within the device, which are scattering centres for the
charge-carriers.
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Figure 11: Typical Raman spectra for continuous graphene films grown in
the original (a) and converted (b) setups. The D peak in (a) is higher than
in (b) and the 2D peak in (a) is lower than in (b) indicating the difference in
graphene quality. The laser wavelength is 638 nm. Adopted from Paper I.

To summarize, we showed that it is important to have good control over
growth parameters for graphene CVD process. This is particularly difficult
for cold-wall CVD systems due to high temperature gradients close to the
sample. We demonstrated a conversion of the originally cold-wall setup into
a hybrid-type one, where we achieved a better temperature control. We
characterized the quality of graphene and showed its improvement after the
conversion. We also carried out computer simulations of the heaters for both
setups to visualize the temperature distributions (see Chapter 6).
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4 Graphene encapsulation

First graphene devices were fabricated on SiO2/Si substrates [63]. The
top surface of graphene was open to ambient and therefore - to contami-
nants. Moreover, during the device fabrication process, i. e. lithography, the
graphene was in contact with different chemicals, which left residues even
after cleaning. Since graphene is sensitive to doping, these contaminants can
shift the Dirac point and significantly change the device resistance. More-
over, the open top surface can attract additional contaminants over time,
making the device resistance unstable. To solve this problem, graphene can
be covered and thus protected from the environment before the fabrication
process to preserve its properties and make the devices more stable.

4.1 Graphene-hBN heterostructures

Graphene is not the only 2D material known for interesting properties.
Hexagonal boron nitride (hBN) and some transition metal dichalcogenides
are also 2D materials [64]. If combined with graphene and/or with each
other, the resulting heterostructures can show even more new effects [65]. In
fact, hBN is the best known substrate for graphene [28].

Boron nitride exists is several allotropic forms: α-BN (hexagonal), β-BN
(cubic), w-BN (wurtzite) and other more rare ones. The first one, hexago-
nal, is of particular interest, since in this form BN resembles the hexagonal
graphite lattice with a similar layered structure. It is even called ”white
graphite” for its similarity to graphite.

Figure 12: Illustration of hBN layers. Blue and beige spheres corre-
spond to boron and nitrogen atoms, respectively. The picture is taken
from https://commons.wikimedia.org/wiki/File:Boron-nitride-(hexagonal)-
side-3D-balls.png (free license).

The main difference from graphite is the large bandgap about 5 eV in
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hBN, which makes it a good insulator. It is also temperature- and chemically
stable, reacting only with molten bases at high temperatures. All these
properties allow hBN to be very useful for applications in combination with
graphene.

Due to a strong Van-der-Waals interaction between graphene and hBN,
these materials can form heterostructures, where for example graphene is
intercalated between hBN layers [65]. In this case graphene is securely pro-
tected and can show its intrinsic properties unaffected by the environment.

However, there are lots of challenges in the experimental realization of
these heterostructures. First of all, hBN, contrary to graphite, is not found
in nature. The crystals of hBN are artificially grown and by now the high
quality and purity are achieved only in one lab [66]. These crystals can
be cleaved with a sticky tape the same way as graphite to produce several
nm thin and even monolayer flakes. The technology of assembling hBN-
graphene-hBN sandwiches is now well known [67, 68]. Typical steps of this
process are presented in Fig. 13.

First of all, graphene- and hBN flakes are obtained by exfoliation on
SiO2/Si substrates (see Chapter 3). A gel-like polymer Polydimethylsiloxane
(PDMS) attached to a glass slide is used as a transparent soft ”cushion” to
pick up- and transfer flakes. The glass slide is mounted on a micropositional
stage, which allows movements along three axes with a micron precision.
The bottom surface of the PDMS is covered by Polypropylene Carbonate
(PPC) which has low glass-transition- and melting temperatures (25− 40◦C
and 80 − 90◦C, respectively). It is possible to control the adhesion of other
materials to this polymer by changing the temperature, which is achievable
by using a small several-Watt local heater. To pick up an hBN flake from
SiO2 surface, the PDMS unit is aligned over the flake and carefully brought
in contact with its surface (see Fig. 13 step I). The PDMS is soft; it assumes
the flat shape of the SiO2 surface and compensates for a possible tilt. After
that, the substrate is heated to 40◦ to soften the PPC layer and make it
assume the microscale shape of the flake. Then, the glass slide with PDMS
is slowly removed from the surface lifting up the flake.

To transfer the flake to another substrate, it is first moved to the target
position and then slowly pushed to the surface. Then, the PPC is heated up
to its melting point (90◦), which makes it loose the contact with the flake
and leave it on the surface at the desired position. For a graphene flake,
the pick up process is slightly different. It is difficult to pick it up just with
PPC/PDMS, but it can be picked up with a hBN flake, already attached to
the bottom of the PPC layer [67], using the strong van der Waals interac-
tion between hBN and graphene [65]. So, the process of assembling a full
hBN-graphene-hBN sandwich occurs from top to bottom: the top hBN flake
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Figure 13: The steps of dry assembling of a hBN-graphene-hBN sandwich.
Picking up a hBN flake (I) with PPC on PDMS, picking up a graphene flake
with the hBN flake (II) and transferring them both on top of another hBN
flake (III).

is picked up first, then it picks up the graphene and finally hBN-graphene
stack is placed on the bottom hBN flake and released (see Fig. 13). It is
important to emphasize that during the whole process the graphene flake
is not in contact with anything except SiO2 and hBN; this drastically re-
duces the amount of contaminants. It is also called ”dry transfer” method.
Those few contaminations, which still appear between graphene and hBN, are
pushed together by the strong Van-der-Waals interaction between graphene
and hBN leaving some areas completely clean [65]. The already assembled
hBN-graphene-hBN heterostructures can also be annealed under vacuum at
high temperature (500 − 600◦C) in order to provoke contaminations move-
ment and their further coagulation. In Fig. 14, optical images of such a
heterostructure (a) and devices fabricated from it (b) are presented.

This particular heterostructure was assembled using a commercially avail-
able hBN. We used vacuum annealing to get rid of the impurities. Images
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from atomic-force microscope (AFM) before- and after the annealing are
presented in Fig. 14c and Fig. 14d, respectively. We see that many impu-
rity bulbs disappear, leaving some areas completely clean. These areas are
big enough to place µm-large devices. Previous studies indicated that these
bubbles consist mostly of hydrocarbons [69]. This agrees with the results on
air contamination investigation [70], which shows maximum particle concen-
tration in the air for 200 nm size and hydrocarbons as the most abundant
compounds in those particles. Even in the cleanroom environment, which
is used to assemble heterostructures, there is still some amount of particles
in the air, which are not stopped by filters. The only way to avoid these
particles seems to be using glovebox ventilated with a pure inert gas (argon
or nitrogen).

Figure 14: (a) Optical image of an assembled hBN-graphene-hBN het-
erostructure. (b) Optical image of the same heterostructure after device
fabrication. The size of the crosses is 20 µm. (c,d) 20× 20 µm2 AFM images
of the same heterostructure before and after vacuum annealing respectively.
The bulbs of impurities almost disappear leaving some areas clean and flat.

Another interesting topic to discuss is how to make electrical contacts
to these devices. It is impossible to make conventional surface contacts to
graphene encapsulated in hBN. There is no way to selectively etch hBN from
top of graphene. Of course, graphene flake can be chosen bigger than the
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Figure 15: An illustration of encapsulated graphene and 1D edge contact to
it (highlighted with red oval).

Figure 16: The two-probe resistance vs carrier concentration for two hBN-
encapsulated graphene devices. Fitting to Eq. 3 gave the following param-
eters: µ = 14000 cm2/(V s), n0 = 1.4 × 1011 cm−2 for the blue curve and
µ = 42000 cm2/(V s), n0 = 1.0 × 1011 cm−2 for the green curve. Since the
green curve is asymmetric, the fitting was done only for the part of the curve
to the left of the dashed line.

top hBN and therefore can be contacted via those uncovered regions [20],
but it adds more difficulties such as limited choice of flakes and complicated
alignment of them.

One-dimensional (1D) edge contacts were suggested and successfully im-
plemented previously [50]. When the hBN-graphene-hBN structure is sliced
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by plasma etching during the lithography process, the resulting 1D row of
carbon atoms faces the ambient and can be metallized. These purely 1D
metal-to-graphene contacts show very low line resistivity ∼ 100 Ω · µm. A
schematic view of such a contact is presented in Fig. 15. The slope of the
slice is achieved due to the finite etch rate of the resist mask used during the
lithography.

For the devices presented in Fig. 14(b), we measured the transfer curves
(see Fig. 16). The extracted mobilities were µ1 = 14000 cm2/(V s) and
µ2 = 42000 cm2/(V s); the residual carrier concentrations n01 = 1.4 × 1011

cm−2 and n02 = 1.0×1011 cm−2. We also saw that the Dirac point was close to
zero. Although the device quality was high, it was yet an order of magnitude
lower than that of the state-of-the-art devices [50, 68]. We attribute this
to the poor quality of the hBN used and possibly - not enough cleaning of
the fabricated hBN-graphene-hBN structures. Only after these experiments
we became aware of the idea of mechanical cleaning of such structures [71].
Moreover, our samples were of relatively small size (2×5 µm2), therefore very
vulnerable to static discharges. Unfortunately, they did not survive until the
low-temperature measurements.

To summarize, hBN-graphene-hBN heterostructures are hand-made one
by one, which is a time-consuming process. The shapes and thicknesses of
hBN flakes are random making each device unique. And finally, the lateral
size of these heterostructures is limited to ∼ 100 µm which makes it im-
practical to fabricate wafer-scale arrays of devices. Recent progress in the
quality of CVD-grown hBN is promising [72], but still far from that of the
exfoliated flakes. This motivated us to look for a replacement for hBN. As
such a replacement we used a polymer called Parylene.

4.2 Encapsulation of graphene in Parylene

Parylene is a well known material in industry; it is primarily used as a
protecting layer for microcircuits [73]. The chemical formula of Parylene and
some of its derivatives are presented in Fig. 17. The particular interest in
Parylene comes because of the combination of the following properties [74].
Thin layers of Parylene can be deposited at room temperature. It provides
a conformal coverage. It is hydrophobic. Its dielectric constant is close to
that of SiO2. Parylene is not solvable in any solvents and is stable up to
400◦C. All this makes it a very valuable candidate as a replacement of hBN
in graphene heterostructures.

An example of a Parylene deposition machine is depicted in Fig. 18.
The precursor for Parylene deposition is a Parylene dimer of certain type
(N, C, D, HT or other). These dimers have the sublimation temperature
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Figure 17: Chemical formulas of Parylene N (a) and its derivatives: Parylene
C (b), Parylene D (c), Parylene HT (d).

Figure 18: A Parylene deposition machine. Adopted from [75] with permis-
sion. (©Thin Solid Films).

160 − 180◦C. First, the system is pumped down to forevacuum (1 mbar),
the dimer is heated up to this temperature and thus evaporated. Then, the
dimer vapour flows through a hot furnace (650− 690◦C) and breaks down to
monomer. Finally, the active monomer radicals enter the deposition chamber
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and cover everything including the samples. The deposition chamber and the
samples are at room temperature during the deposition. The final thickness
of Parylene is defined by the mass of the dimer loaded into the system.

The idea of protecting graphene devices with Parylene from one side
was implemented previously for graphene on SiO2 [76]. However, when the
substrate is SiO2/Si, which is highly hydrophilic, the device still gets all the
drawbacks like lower mobility and extra doping [77]. In our case, the graphene
was protected with hydrophobic Parylene from both top and bottom and had
no contact with SiO2. We used two types of Parylene available in our lab,
N and C. We started with a SiO2/Si substrate, where SiO2 layer was 90 nm
thick and deposited 150 nm of Parylene N (or 155 nm of Parylene C) on top.
The resulting Parylene/SiO2/Si stack was similar to the standard 290 nm
SiO2/Si: it provided a similar contrast to the graphene flakes exfoliated on
it. The exfoliation method was the same as the one used for the ordinary
graphene samples on SiO2/Si chips (see Chapter 3). We also measured the
surface roughness of deposited Parylene and compared it with that of SiO2.
We present this comparison in Fig. 19. The roughness of deposited Parylenes
appeared to be almost an order of magnitude higher than for SiO2.

Figure 19: The tapping mode AFM scans of SiO2 (a), Parylene N (b) and
Parylene C (c). The corresponding roughnesses are 0.27 nm, 2.0 nm and 4.0
nm. The size of the scans is 10× 10 µm2 each. Adopted from Paper II.

The exfoliated graphene was immediately covered by another layer of
Parylene to finalize the encapsulation and to minimize the sample contami-
nation. Even after the deposition of the top layer of Parylene, the contrast
of graphene was still sufficient for seeing the flakes in the optical microscope.
Optical images of monolayer graphene flake before- and after the top Pary-
lene layer deposition are presented in Fig. 20.

To characterize the encapsulated graphene, we fabricated Hallbar devices.
The device fabrication consisted of two lithography steps: defining the device
geometry and electrode deposition. The etching of the device shape is done in
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Figure 20: Optical images of graphene on Parylene. (a) Graphene on Pary-
lene (150 nm)/SiO2 (90 nm)/Si. (b) Parylene (90 nm)/ graphene /Parylene
(150 nm)/SiO2 (90 nm)/Si. Both images have good optical contrast sufficient
for doing lithography. Adopted from Paper II.

O2-plasma. The SiO2 layer prevents any electrical contact between the elec-
trodes and Si. The electrodes consist of Cr (1 nm)/Pd (15 nm)/Au (200nm)
thin films and form a 1D edge contact to graphene. More details about the
fabrication recipes are available in Appendix: Methods and Recipes. An ex-
ample of a Hallbar device fabricated from an encapsulated graphene flake is
presented in the inset of Fig. 21.

The most common and universal parameter to characterize the quality
of graphene device is the charge-carrier mobility. We deduced it in two
ways: from the fitting of the field-effect curve and from the Hall effect (see
Chapter 2). For the first method, we measured the two-probe resistance of
the device channel (contacts 1 and 5 in the inset of Fig. 21) vs the back-gate
voltage. These measurements were performed at room temperature directly
in the cleanroom after the sample fabrication. Results for several samples
are presented in Fig. 21. They show only small shift of Dirac point. We
explain this by the chemical inertness of Parylene N, its hydrophobicity,
and absence of strong electron donors or acceptors in its chemical formula.
Contrary to Parylene N, Parylene C shows a significant doping caused in
our opinion by the chlorine atom in the chemical formula. The extracted
values of the carrier mobility are in the range 5000− 7000 cm2/(V s), which
is common for graphene on SiO2 but lower than for graphene on hBN. We
explain this by a significant surface roughness of Parylene which possibly
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creates inhomogeneity and adds scattering centres for charge-carriers. The
average value of residual carrier concentration was n0 = 3.0 × 1011 cm−2 in
this case. The average contact resistance was ∼ 50 Ω per contact.

We also tried annealing (3 h at 200◦C in N2) as a way to clean sam-
ples and possibly increase the mobility. Unfortunately, annealing of ready
devices increased the contact resistance to Rc ∼ 100 kΩ, which made fur-
ther electrical measurements impossible. But when unpatterned graphene
was annealed and lithography was done, the resulting devices performed well
(µ = 8000 − 10000 cm2/(V s)) and the average contact resistance was as
previous - ∼ 50 Ω per contact (see Fig. 21). The mobility of the annealed
samples was higher than that without annealing, but we saw also some shift
of the Dirac point (∼ 0.7 × 1012 cm−2). Since it was impossible to compare
the same device before and after annealing, we cannot draw any conclusions
on the effect of annealing. One of the later encapsulated samples showed the
room-temperature mobility µ = 30000 cm2/(V s), without being annealed.
That sample is discussed in Chapter 5.

We derived the mobility from the Hall effect in low magnetic field, where
the transverse resistance is linear with the magnetic field (see Eq. 8) and
obtained the values close to those from fitting the transfer curves. At high
magnetic field (up to 12 T) we observed the Quantum Hall effect (QHE). It
is presented as a false-color 3D plot of the device resistance versus magnetic
field and charge-carrier concentration. The latter was controlled by the back
gate voltage. Such a plot for one of the samples is presented in Fig. 22. It
is also called ”fan-diagram” and has well-defined plateaus of zero resistance,
some of them visible in relatively low magnetic fields (around 3 T). These
plateaus correspond to the filling factors ν = ±2,±6,±10....

These zero-resistance plateaus allow to measure the contact resistance
directly. The contact resistance can be deduced from the three-probe mea-
surements in QHE state when the longitudinal resistance of graphene is zero
(T = 2K,B = 8T ). For example, if we want to measure the resistance of con-
tact 3 in the inset of Fig. 21, we send current between contacts 2 and 3 and
measure voltage between contacts 3 and 4. This measurement returned the
resistance of the graphene-metal contact plus the resistance of the electrode
itself. We estimated the latter to be ∼ 0.3 Ω, and neglected it. The lowest
measured value during this three-probe experiment was Rc = 2.1 ± 0.5 Ω
with the graphene-metal contact length l = 7 µm. This corresponds to 1D
contact resistivity of around 14 Ω·µm, which is even lower than that reported
for hBN-graphene heterostructures [50].

We also tested the possibility to scale up this technology and fabricated
large-scale encapsulated devices of CVD graphene. The steps of encapsulat-
ing CVD graphene are presented in Fig. 23. We started from conventional
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Figure 21: Transfer curves for the devices fabricated from graphene encap-
sulated in Parylene. For the samples with Parylene N, we see that the Dirac
point is close to zero and they show room temperature mobilities in the range
5000 - 7000 cm2/(V s). For the sample with Parylene C, the Dirac point lies
far from zero. The annealed samples show a higher mobility (8000 - 10000
cm2/(V s)), but also slight additional doping (∼ 7× 1011 cm−2). The charge
concentration 1012 cm−2 corresponds to the back-gate voltage Vg = 14.3 V.
An optical image of one of the devices is presented in the inset. The scale
bar in the inset is 10 µm. Adopted from Paper II.

CVD graphene grown on copper foil. First, we covered the sample with Pary-
lene. Then we glued it to SiO2/Si chip with copper facing up. After that, we
etched away the Parylene deposited on copper in O2-plasma and then etched
away the copper in (NH4)2SO4 solution. After etching, the sample was rinsed
in DI water, blow-dried and covered with another layer of Parylene, which
finally encapsulated the graphene. We fabricated Hallbar devices from this
graphene in order to further characterize this method of encapsulation and
to test the possibility of making edge-contacts. General photolithography
was used to pattern the devices and to fabricate the metal electrodes (see
Appendix: Methods and Recipes for details). In total, we fabricated 72 hall-
bars, half with Parylene N and Parylene C. The samples with Parylene C
had cracks, which partially destroyed some of the devices; all the Parylene N
devices were fully functional except for one. An optical image is presented in
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Figure 22: Quantum Hall effect in encapsulated graphene device at T = 2 K.
(a) The longitudinal(Rxx, blue) and Hall(Rxy, red) resistances as functions
of the back-gate voltage Vg at B = 8 T. (b) Rxx (blue) and Rxy (red) as
functions of B at Vg = −3.6 V. (c) A false-color 3D plot of Rxx(Vg, B). We
see well-defined Hall plateaus starting from B = 3 T. Vg = 1 V corresponds
to charge density change 7.0× 1010 cm−2. Adopted from Paper II.

Figure 23: The steps of the encapsulation process of CVD graphene.
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Figure 24: (a) A large-scale Hallbar device fabricated of CVD graphene
encapsulated in Parylene N. The device showed mobility µ = 1000 cm2/(V
s) both at 300 K and 2 K. The Dirac point was not reachable within ±30 V
applied to the back-gate. Th scalebar is 100 µm. (b) Statistics of contact
resistances for these devices based on 214 contacts.

Fig. 24. A brief quality check showed that the devices had temperature in-
dependent mobility about µ = 1000 cm2/(V s). The Dirac point was shifted
by more than 30 V of equivalent gate voltage for the two samples with top
gates. For all functional contacts we estimated their contact resistance using
the three-probe measurement method. Since the samples did not show QHE,
it was not possible to ”nullify” the resistance of the graphene parts, which
contributed to the three-probe measurements. Moreover, due to a slight mis-
alignment of the two lithography layers, the length of each part was different
for every contact. So, we measured those lengths from the optical images
and subtracted the estimated resistance from the three-probe measurements.
Finally, we got statistics of the estimated contact resistances for all working
contacts. The average contact resistance was 1.2 kΩ corresponding to line
resistivity 760 kΩ ·µm. This value is substantially higher than the contact re-
sistivity for exfoliated devices. We explain this by possible contamination of
the graphene edge by the photoresist that we used (see Appendix: Methods
and Recipes).

In summary of this chapter, we can conclude that encapsulating graphene
has many benefits in terms of the resulting device performance. We intro-
duced a replacement of hBN, Parylene, which makes graphene encapsula-
tion potentially scalable and provides high mobility devices suitable for some
applications. The experiments with encapsulated CVD graphene show the
possibility to fabricate large-scale encapsulated devices with edge-contacts.



Graphene bolometers 31

5 Graphene bolometers

5.1 Introduction

Devices that convert radiation (photons) to electric signal have always
been on high demand for various applications, especially for high frequencies.
There are many types of high frequency radiation detectors, for example:
Schottky diodes [78], field-effect detectors [79], superconducting transition-
edge sensors [80], cold-electron bolometers [81] and hot-electron bolometers
[82]. The graphene-based hot-electron bolometers are of our particular in-
terest within the scope of this thesis. The previously reported graphene
radiation detectors are based on the field-effect [83] or on the photovoltaic
(PV) and thermoelectric (TE) effects [84, 85, 86, 87].

Figure 25: Illustration of a conventional thermocouple (a) and a more ad-
vanced one (b), which was realized in this work. The numbers indicate
different materials, the color fill indicates different temperature.

Thermoelectric effects can be measured experimentally in thermocouples
created by connecting two or more materials with different S (see Fig. 25).
Thermoelectric voltage appears if there is a temperature difference between
the thermocouple joints and is expressed as: VTEP =

∫
S(T )dT . Unfortu-

nately, a graphene-metal thermocouple appears to be inefficient, due to the
fact that the electrons in graphene are efficienly cooled down by those of the
metal [88]. Alternatively, an intrinsic graphene thermocouple, created by
connected areas with different S, appears to be much more efficient. It can
be realized in a dual-gated design [84], which allows for the hottest region in
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graphene (the hotspot) to be located at- or close to the junction, maximizing
the readout voltage.

5.2 DC thermoelectric graphene device

Figure 26: A principle scheme and an optical image of DC thermoelectric
device. Current runs from source (S) to drain (D), heating up the p − n
junction. Thermoelectric voltage appears between the electrodes V1 and V2.
The scalebar is 10 µm. Adopted from Paper III.

All our thermoelectric devices benefited from the Parylene encapsulation
technology (see Chapter 4). The first type of thermoelectric device which we
studied is presented in Fig. 26. The device was cross-shaped with four con-
tacts to it and was also equipped with two top gates and bottom gate. The
areas overlapped with the top gates formed an intrinsic graphene thermocou-
ple, with the Seebeck coefficients defined by the voltages applied to them.
The heating of the device was done by simply running DC current from the
source (S) to drain (D) contacts. Due to the raise of electronic temperature in
the junction, the thermoelectric voltage VTEP occurred between the contacts
V1 and V2, which were transverse to the current direction thus excluding the
longitudinal component of the signal. VTEP is a function of four parameters
I, Vbg, Vtg1, Vtg2. Here I is the DC source-drain current, Vbg is the back-gate
voltage, Vtg1 and Vtg2 are the top-gate voltages. In Fig. 27 we present the
plot of VTEP (I, Vbg) with other two parameters fixed at Vtg1 = −Vtg2 = 1 V.
We saw strong signal up to 40 mV, which corresponded to DC responsivity
of the device around 90 V/W. The signal VTEP was positive for both signs
of the DC current I (see Fig. 27), which clearly proved the thermoelectric
nature of the signal. We expected the VTEP (I) function to be even, since the
Joule heating is proportional to I2. However, we see that the two maxima of
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VTEP are shifted relative to each other along the Vbg-axis. We explain this by
the self-gating effect, which is strong at high electrical currents in graphene.
To support our explanation we performed computer simulations including
this effect and see a good qualitative agreement with the experimental plot
(see Fig. 37(b) in Chapter 6).

The high responsivity and simplicity of the device design suggested fab-
rication of a radiation detector. Indeed, the heating of electron system can
be done by the power received by antenna attached to the S and D contacts,
forming in this case a thermoelectric graphene bolometer.

Figure 27: False-color plots of TEP signal as a function of the back-gate
voltage Vbg and the bias current I. The voltages applied to the top-gates are
Vtg1 = −Vtg2 = 1 V. The maximum achieved TEP signal is higher than 40
mV, which corresponds to responsivity ∼ 90 V/W. The color scale is in mV.
Adopted from Paper III.

5.3 Thermoelectric graphene bolometers

A prototype thermoelectric graphene bolometer is presented in Fig. 28.
The design resembled the previously fabricated DC thermoelectric device
with the S and D contacts replaced with an antenna; the other contacts had
the same functionality as before. They were made very narrow in order to
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Figure 28: Optical image (a) and principle scheme (b) of radiation-detector
prototype. The bow-tie antennas AA receive the radiation and convert it
into AC current flowing across the p−n junction. This AC current heats up
the electron system and creates a temperature gradient. The TEP voltage
occurs between the contacts V1 and V2. The scalebar in (a) is 500 µm.
Adopted from Paper III.

minimize their impact on the antenna. For simplicity, we chose a broad-
band bow-tie type of antenna. This antenna receives the incoming radiation
and creates AC current in the graphene channel. This current heats up the
junction as in the DC device; the resulting TEP voltage is measured in open-
circuit conditions. It is important to emphasize, that this bolometer does
not need any current bias. We investigated the response of our detector
to one radiation source - a Gunn diode with frequency of 94 GHz. The
results are presented in Fig. 29. As with the DC thermoelectric device, we
kept the difference between the voltages applied to the top gates constant
δV = ±2 V, sweeping the average voltage Vav = (Vtg1 + Vtg1)/2. The TEP
signal changed sign when δV changed sign. This is a clear indication of the
thermoelectric origin of the signal. For the temperature range 4 − 100 K
we saw a weak temperature dependence of the TEP signal, similar to the
DC device. However, at room temperature the signal from the bolometer
was about 40 times lower. Since the radiation reached our detector from
below (see Appendix: Methods and Recipes), the substrate partially screened
the microwaves at room temperature, when even our low-doped Si remained
conductive. Below 100 K, the charge-carriers in Si froze out allowing for the
radiation penetration without significant losses. It would be definitely better
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Figure 29: The TEP signal of radiation detector vs the average top-gate
voltage for different temperatures. We see weak temperature dependence of
the signal for T = 10− 100 K. Adopted from Paper III.

to fabricate such detectors on, for example, quartz.
We estimated the power reaching the sample to be∼ 1 µW (see Appendix:

Methods and Recipes). The maximum TEP signal ∼ 400 µV gave in this case
the responsivity value of r = 400 V/W for the temperature range 4− 100 K.
Our measurement system had the noise level of 10 nV/Hz0.5, which gave for
our bolometer NEP = 25 pW/Hz0.5 (4− 100 K). The theoretical minimum
noise calculated according to Johnson-Nyquist formula for T = 4 − 300 K
was: NEPJN =

√
4kBTR/r = 2.5− 22 pW/Hz0.5. We compare these values

with those of other detectors in the Discussion section.
After having carried out the simulations of the thermoelectric device (see

Chapter 6), we decided to change the geometry and fabricate another radi-
ation detector. An optical image of the bolometer with the new design is
presented in Fig. 30. We replaced the bow-tie antenna with a log-periodic
one and combined it with the gate electrodes. As a result, the antenna had
only capacitive contact to the graphene device with C = 17 fF (this corre-
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sponds to the impedance Z = −100i Ω at 94 GHz). The p − n junction
direction coincided with the AC current direction, excluding the possibility
of the hotspot appearance aside from the junction, which was the problem
of the previous design.

Figure 30: (a,b) Optical images of graphene bolometer with capacitive cou-
pling to the antenna. AG1 and AG2 are the top gates combined with a
log-periodic antenna; S1 and S2 are the read-out electrodes. The scale bars
are 500 µm in (a) and 15 µm in (b). (c) Two-probe resistance between S1 and
S2 as a function of back-gate voltage. The extracted mobility is µ = 30000
cm2/(V s), residual carrier concentration n0 = 1.3 × 1011 cm−2. Adopted
from Paper IV.

For this bolometer, we measured the two-probe transfer curve and ex-
tracted µ = 30000 cm2/(V s) and n0 = 1.3 × 1011 cm−2 from it (see Fig.
30(c)). This is actually the highest mobility achieved for graphene encapsu-
lated in Parylene in this work.

Under irradiation, we measured the signal VTEP as a function of the
average top-gate voltage Vav with the fixed difference δV = 0,±1,±2,±4,±8
V for different temperatures. The results for T = 50 K are presented in Fig.
31(a). In order to compare the measurement results with theory, we derived
analytical equations to simulate out data. For simplicity, we assumed that
the TEP signal in our bolometer is the following:

VTEP = [S(Vtg1)− S(Vtg2)]δT, (14)

where S(Vtg1) and S(Vtg2) are the Seebeck coefficients of the p and n parts of
the junction and δT is the average electron overheating. For S(V ), we used
Mott’s formula:

S(V ) = −2π
3
2

3

k2BT

~vF
√
e

(CgV )
3
2

(en0)2 + (CgV )2
, (15)
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Figure 31: Experimental (a) and theoretical (b) plots of bolometer signal
VTEP as a function of the average top-gate voltage Vav for the fixed difference
δV = 0,±1,±2,±4,±8 V at T = 50 K. The maximum signal occurs at
δV = ±4 V both for theory and experiment. The values match at δT = 7
K. Other parameters for the calculations are: n0 = 1.0 × 1011 cm−2 and
Cg = 1.5× 10−4 F/m2. Adopted from Paper IV.
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where n0 = 1.0 × 1011 cm−2 is the residual carrier concentration, Cg =
1.5 × 10−4 F/m2 is the gate capacitance per unit area, vF = 106 m/s is the
Fermi velocity in graphene, ~ is the Planck constant and kB is the Boltzmann
constant. In Fig. 31(b) we present the theoretical plot of the data from Fig.
31(a). We adjusted the amplitude of the theoretical curves to match the
experimental value by choosing δT = 7 K. This is our estimation of electron
overheating in this case. Qualitatively, we see good agreement between this
simple model and the experiment. At δV = 0 V the theoretical signal is
0; the experimental curve shows very weak response. For δV = −1,−2,−4
V the signal represents a peak with growing amplitude, with the maximum
signal at δV = −4 V. At δV = −8 V the peak decreases in intensity and
splits into two. For positive δV the curves are mirrored against the VTEP = 0
V axis. This comparison is one more argument for the bolometer signal to
have a thermoelectric origin.

The temperature dependence of the bolometer signal at δV = ±4 V is
presented in Fig. 32(a,b). As for the previous bolometer, we see a weak
temperature dependence of the signal for T = 4 − 100 K. The weakness of
the signal at room temperature was caused by the reason mentioned above:
the Si substrate was slightly conductive and attenuated the power coming to
the bolometer. At lower temperatures, the charge-carriers froze out and this
attenuation vanished.

As mentioned above, the power reaching our device P ∼ 1 µW. With the
maximum signal of VTEP = 700 µV, we get the value of responsivity r ∼ 700
V/W. For this bolometer, we also performed the noise-level measurements
at the point of the highest responsivity (T = 50 K, δV = +4 V). We reduced
the power reaching the bolometer by a calibrated attenuator in the range of
0− 50 dB and measured the signal as a function of the attenuation (see Fig.
32(c)). The signal reached the noise plateau at 40 dB attenuation, which
corresponds to P ∼ 100 pW. With the equivalent noise bandwidth of 0.26
Hz it gave the estimation of the NEP ∼ 200 pW/Hz0.5.

5.4 Discussion and conclusions

The main comparable parameters of radiation detectors usually are: the
operating frequency (wavelength) f (λ), the operating temperature T , the
responsivity r and the noise equivalent power NEP . Comparison of our
bolometers with some others is shown in Table 1.

For our bolometers, the operating frequency during the experiments was
94 GHz, but in principle, it should operate in the THz range as well. We plan
to test it in future. However, in the IR range, where the wavelength becomes
of the order of the device size, our bolometers would need chemical doping
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Figure 32: (a,b) The temperature dependence of the bolometer signal for
δV = ±4 V. The signal is almost temperature independent for T = 4− 100
K, but at T = 293 K it is strongly attenuated by the conducting Si substrate.
(c) The signal as a function of the incoming power P . The noise plateau
starts at 40 dB attenuation, which corresponds to P ∼ 100 pW. Adopted
from Paper IV.

instead of the top gates to avoid the screening of the most of the radiation.
The readout of our bolometers allows for operation in the wide temper-

ature range 4− 300 K. Moreover, our bolometers showed weak temperature
dependence of the signal for the temperatures 4 − 100K and this range can
be expanded up to 300 K, according to the results from our DC TE device.

Although the experimental setup was unoptimized, we measured the re-
sponsivity for our bolometer up to r ∼ 700 V/W. This value is comparable
with those of tunnel diodes (5000 V/W [89]) and MOSFETs (5000 V/W [90])
and is definitely better than that of graphene field-effect transistors (GFET)
(74 V/W [83], 1.2 V/W [91]). However, Golay cells have substantially higher
responsivity (105 V/W). One of the ways to improve the responsivity of
our bolometer would be to achieve the matching of antenna and bolome-
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ter impedances. The theoretical impedance of the log-periodic antenna is
ZA = 189 Ω [92], however, the impedance of the bolometer is Zbol ∼ 10 kΩ.
It means that the power received by the bolometer is about two orders of
magnitude lower, than for the ideal case, when ZA = Zbol. Hence we can
expect 100 times higher responsivity after impedance matching.

Detector
type

Readout f T (K) r (V/W) NEP (pW/Hz0.5)

TE HEB
(this work)

Direct TE 94 GHz 4− 300 700 200 (18*)

Golay cells
[93]

dV/dT IR, THz 300 105 140

SHEB [94] dR/dT THz 77− 300 0.3 10

CEB [95] dR/dT 345 GHz 0.28 2.4× 109 2× 10−5

Tunnel
diodes [89]

dI/dV THz 300 5000 0.2

MOSFET
[90]

dR/dP THz 300 5000 10

MLG FET
[83]

dR/dVg 400 GHz 300 74 130

BLG FET
[91]

dR/dP THz 300 1.2 2000

MLG PD
[96]

dI/dP IR 300 0.61c no data

BLG HEB
[84]

dR/dP IR 5 2× 105 3.3× 10−2

Table 1: Comparison of high-frequency detectors. The abbreviation used in
this table are: TE - thermoelectric, HEB - hot-electron bolometer, SHEB -
semiconductor hot-electron bolometer, CEB - cold-electron bolometer, MOS-
FET - metal-oxide-semiconductor field-effect transistor, MLG - monolayer
graphene, BLG - bilayer graphene, PD - photodetector.
* Theoretical minimum for T = 300 K, calculated from Johnson-Nyquist
formula.

One more important parameter for a detector is the response time τ . For
our devices it can be estimated as the ratio between the heat capacity of

cRecalculated from the original value 6.1× 10−3 A/W.
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electrons and the heat conductivity between electrons and phonons:

τ =
Cen
dPe−ph

dTe

, (16)

where Ce, n and Te are the electron heat capacity, electron concentration and
electron temperature, respectively; Pe−ph is the coupling between electrons
and phonons, which depends on the bath temperature (see Chapter 2). The
Eq. 16 gives τ = 0.3 fs for T = 300 K and τ = 1.2 ps for T = 4 K. Such a
fast response of our detectors comes from the low amount of electrons in the
device (∼ 1.5× 106 electrons) and is faster than that for SHEB (50 ns) and
substantially faster than that of Golay cells (10 ms).

The experimental value of NEP = 200 pW/Hz0.5 for our bolometer was
measured at T = 50 K. This is comparable to the room-temperature noise
of Golay cells and GFET (140 pW/Hz0.5). However our NEP is higher than
that of SHEB (10 pW/Hz0.5), tunnel diodes (0.2 pW/Hz0.5) and MOSFETs
(10 pW/Hz0.5). We attribute the noise level in our experiments to the work-
ing cryostat compressor. The theoretical low limit of the noise level in our
bolometer at T = 300 K can be calculated using Johnson-Nyquist formula:
NEPJN =

√
4kBTR/r = 18 pW/Hz0.5. There can also be 1/f-noise, which

was observed in graphene devices [97], but due to no current bias, our bolome-
ters may be free of this noise. Additional measurements are required to verify
this.

The TE bolometers presented in this work showed competitive parame-
ters even under unoptimized conditions. Both responsivity and NEP of our
bolometers may be drastically improved after impedance matching with the
antenna (decreasing the graphene resistance). Having weak temperature de-
pendence of the output signal and fast response can make the TE bolometers
beat the existing state-of-the-art detectors.
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6 Computer simulations

Computer simulations are a very powerful tool to investigate complex
systems. The simulations become especially useful when a corresponding
experiment is difficult or impossible to carry out. In particular, temperature
distributions are usually quite challenging to measure in real experiments.
In this chapter, the computer simulations for the hybrid type CVD system
and for the electron overheating in graphene are presented. We used the
commercially available software COMSOL 4.1 and 5.2 for these simulations.

6.1 Heater simulations for CVD

The computer simulations for the hybrid type CVD system, discussed in
Chapter 3, needed to visualize the temperature distributions the for single-
and double heater setups and to support the benefits of the new design.

COMSOL includes physical models for Joule heating, heat transfer in
solids, surface-to-surface- and surface-to-ambient radiation. We present an
overview of the simulated system in Fig. 33. The cylindrical rods, as well as
the rectangle washers, are made of molybdenum. The heaters are graphitic,
the substrate for graphene growth is copper. For simplicity, we assume no
gas around the heater and, thus, no heat transfer by convection. This is
reasonable, since the pressure in the chamber did not exceed 10 mbar during
the growth. We also did not take into account the thermal expansion of any
materials, i.e. the geometry was independent of temperature. The graphite
resistivity was taken to be linear in temperature, all the other physical values
were set to be temperature independent. The bottom end of one of the rods
was grounded, another was connected to DC voltage. Also, the temperature
of the bottom ends of the rods was set to 293 K. The result of the calculation
was the stationary temperature distribution, which resulted from a balance
between the Joule power and the heat dissipated via radiation and thermal
conductivity of the rods. During the real growth of graphene, the copper
foil had the temperature close to the melting point of copper (1357 K). We
compared the temperature distributions calculated for two setups (original
and converted). In both cases we kept the temperature of the copper foil
close to the melting point. This was done by adjusting the power of the
heater which is defined by the voltage applied between the rods.

The meshing of the simulated objects was performed automatically by
the software. The heaters and copper had a more precise mesh with the unit
size (∼ 100 µm) than the rods and washers (∼ 500 µm). Since the copper
was only 50 µm thick, it had thickness of one mesh unit in the simulations.
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Figure 33: The plot of calculated temperature distribution for double heater
setup. See also Fig. 9 in Chapter 3 for the parts description.

The stationary equations solved were the following:

E = −∇V (17)

∇J = 0 (18)

J = σE (19)

∇(κ∇T ) + JE− εΣ(T 4 − T 4
amb) = 0, d (20)

where E, V , J and σ are the electric field, electric potential, current density,
and conductivity, respectively; T , Tamb, κ, ε and Σ are the temperature,
ambient temperature, thermal conductivity, surface emissivity, and Stefan
Boltzmann constant, respectively.

In Fig. 34 we present the temperature distributions across the copper foil
and the heater for both setups. We see that for our new setup both the heater
and the foil have a more homogeneous temperature and the temperature of
the foil is much closer to the temperature of the heater than in the original
single-heater setup. The difference between the maximum and minimum

dThis is a simplified equation. In fact, the Tamb depended on the surfaces in the vicinity
of the current point.
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Figure 34: Comparison of the temperature distributions along the middle
line of the copper foil for the single- (a) and double heater (b) setups. The
solid lines correspond to the heater temperature, the dashed lines correspond
to the foil temperature. In the double-heater setup, the heater is much less
overheated against the foil as in the single-heater setup. Adopted from Paper
I.

temperature of the foil is 10 K for the original setup and only 1.2 K for the
new one. As discussed in Chapter 3, the temperature affects the nucleation of
graphene. Hence, a more uniform temperature distribution results in a more
homogeneous CVD graphene film and a better reproducibility of graphene
devices.

The simulations showed how nonuniform can be the temperature distribu-
tion of a heated copper foil despite its high thermal conductivity. The results
obtained convinced us of the importance of the way the foil is heated in a
CVD system. It was also helpful to visualize the temperature distributions,
since this data could not be obtained in experiment.

6.2 Simulations of hot-electron effects

In order to visualize electron overheating and verify the position of the hot
spot in our thermoelectric device (see Chapter 5), we performed computer



Computer simulations 45

simulations of the hot-electron effects. We assumed two different subsystems
in graphene - the phonons and electrons - having a weak coupling between
them [43, 44]. The physics included the Joule heating, thermoelectric effects
(including Peltier effect), and heat transfer. The Joule power was generated
by electrons and dissipated further to the electrodes and out-of-plane to the
substrate. The solution represented a stationary distribution of electron- and
phonon temperatures. The main parameters were the current I injected into
the graphene device and the bath temperature T0.

The equations used in our model are the following:

E = −∇V (21)

∇J = 0 (22)

J = σ(E− S∇Te) (23)

∇(κe∇Te) + JE− TeJ∇S − Pe−ph = 0 (24)

∇(κph∇Tph) + Pe−ph − Psub = 0, (25)

where E, V , J are the electric field, electric potential, and current density,
respectively; σ, S, κe (κph), Te (Tph) are the graphene electrical conduc-
tivity, Seebeck coefficient, electron (phonon) thermal conductivity, electron
(phonon) temperature, respectively; Pe−ph is the coupling between electrons
and phonons; Psub is the power dissipated into the substrate.

The resistivity of graphene was calculated according to:

σ = µ
√

(en0)2 + [CtgVtg − (Ctg + Cbg)V ]2 (26)

where µ, n0, Ctg, Cbg, Vtg, V , and e are the mobility, residual carrier concen-
tration, top-gate- and bottom-gate specific capacitances, voltage applied to
the top gate, potential in the current point, and electron charge, respectively.
This formula results from Eq. 2, taking into account the self-gating effect.
We assumed the graphene conductivity to be temperature independent, since
it does not have a strong temperature dependence in reality for supported
graphene. The values of µ = 5000 cm2/(V s) and n0 = 3 × 1011 cm−2 were
taken as average results from the experiments with the same kind of samples
(see Chapter 4). The value of Ctg = 1.3× 10−4 F/m2 corresponds to 180 nm
Parylene N and Cbg = 1.13× 10−4 F/m2 corresponds to 90 nm SiO2 and 150
nm Parylene N.

The Seebeck coefficient was calculated from Mott’s formula, including the
self-gating effect:

S = −2π1.5

3

k2BTe
~vF
√
e

(CtgVtg − (Ctg + Cbg)V )1.5

(en0)2 + (CtgVtg − (Ctg + Cbg)V )2
(27)
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Figure 35: The meshing of the simulated device (a) and a photo of a real
device (b). The axes in (a) are in µm. The scale bar in (b) is 10 µm. The size
of the simulated device is the same as the real one. The mesh has the unit
size ∼ 0.25 µm for graphene and becomes ∼ 1 µm for the gold electrodes.
The mesh presented here is three times larger than in the real simulation, to
provide a better look. The zigzag edges of the contacts were not included in
the simulation to simplify the mesh. The signal VTEP was calculated and the
potential difference between the points A and B.

where kB, ~ and vF are the Boltzmann constant, reduced Planck constant
and Fermi velocity in graphene, respectively.

The thermal conductivity of electrons was measured experimentally [40]:
κe(Te) = γ( Te

300K
)1.6, where γ = 6.8 W/(K m). The phonon thermal conduc-
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tivity was set as temperature independent, κph = 600 W/(K m) [39]. The
coupling between electrons and phonons was taken as Pe−ph = α(T 3

e − T 3
ph),

α = 0.5 W/(K3m2) for high temperatures (Tph > TBG) [98] and Pe−ph =
β(T 4

e − T 4
ph), β = 2 × 10−3 W/(K4m2) for low temperatures (Tph < TBG)

[99]. TBG is the Bloch-Grüneisen temperature, which is defined as kBTBG =
2kFvph, where kF is the Fermi wave vector and vph is the phonon velocity in
graphene.

Figure 36: The plots of calculated temperature distributions in thermo-
electric graphene device biased to I = 300 µA for two bath temperatures
T0 = 293 K and T0 = 4 K. We see significant difference in electron and
phonon temperatures, especially for low bath temperature. Adopted from
Paper III.

The electrodes were assumed to be made of golden thin film 200 nm thick;
all the required physical values for gold were taken from the COMSOL ma-
terials library. The power dissipation via the substrate was modelled as an
out-of-plane heat flow with the power Psub = κPar(Tph − T0)/d where κPar is
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the thermal conductivity of Parylene and d is the thickness of Parylene layer.
The Parylene thermal conductivity at room temperature is known [74], how-
ever, there is no information in literature about its temperature dependence.
We assumed it to be similar to that of PMMA [100] and described it by the
linear equation κPar = 1.8× 10−2 + 3.6× 10−4Tph W/(K m).

The boundary conditions for our simulations were the following. The
device was considered to be in vacuum, the edges of graphene were thermally-
and electrically isolated except for the contact areas to the electrodes. There
was no thermal- or electrical contact resistance between graphene and gold.
One of the horizontal electrodes was grounded, another was biased to DC
current I. Both graphene and gold had the out-of-plane thermal contact
with the substrate.

We performed calculations for several bath temperatures within the range
T0 = 4−293 K and for the incoming powers P = 1 µW− 1 mW. The electron-
and phonon temperature distributions for P = 1 mW are presented in Fig.
36 for T0 = 4 and 293 K. We see a significant overheating of the electron
system: for T0 = 293 K, the difference between the maximum electron and
phonon temperatures is 200 K. For T0 = 4 K, it is even higher - 350 K. This
overheating agrees qualitatively well with the experimental data from the
shot-noise measurements [98]. From these simulations we also see that the
maximum electron temperature occurs away from the middle of the graphene
device, making the temperature gradient contributing to the thermoelectric
(TEP) voltage lower.

The TEP signal was directly obtained from the calculations as the dif-
ference between the electric potentials of the two vertical electrodes (points
A and B in Fig. 35). We present the TEP voltage vs bath temperature for
various input powers in Fig. 37(a). From this plot we see that the signal
is almost temperature independent for high power and even increases with
decreasing temperature for low power. This partially agrees with our experi-
ments: we saw almost no temperature dependence of the TEP signal for high
power. In Fig. 37(b) we present a plot of the TEP signal as a function of the
bias current and the back-gate voltage. It is similar to the experimental plot
in Fig. 27 (Chapter 5). Here we see good qualitative agreement between the
experiment and the simulations, which indicates the thermoelectric origin of
the signal. Also, the self-gating effect, included in the model, accounts for
the relative shift of the signal maxima along the Vbg-axis.

To conclude, we performed computer simulations of thermoelectric graphene
device, which showed good qualitative agreement with the experimental
data at high power. At low power our simulations deviated from the high-
frequency experimental data, since we did not consider the capacitive cou-
pling to the top gates in our DC simulations. Our simulations also revealed
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Figure 37: (a) Calculated TEP voltage vs bath temperature T0 and power
P . Adopted from Paper III. (b) A false-color plot of the calculated TEP
voltage vs the bias current I and the back-gate voltage Vbg at T = 300 K.
This plot has good qualitative agreement with Fig. 27 in Chapter 5. The
color scale is in mV. Adopted from Supplementary for Paper III.

the temperature distributions in our thermoelectric devices and indicated
that the position of the hotspot was not ideal. This helped us to improve
the hotspot position in the redesigned bolometer with capacitively coupled
antennas.
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7 Summary and conclusions

We developed a technology for graphene encapsulation and device fabri-
cation and used it to build prototypes of radiation detectors based on ther-
moelectric effects.

We used Parylene N to encapsulate graphene. We demonstrated the
possibility to fabricate the edge-contacts to graphene with contact resistivity
down to 14 Ω · µm. We fabricated Hallbar devices to investigate the quality
of graphene. The samples had room temperature charge-carrier mobility
up to 30000 cm2/Vs, residual carrier concentration down to 1011 cm−2 and
the Dirac point close to zero. These parameters allow for a wide range of
applications. We also demonstrated the scalability of this technology by
fabricating large-scale devices from CVD graphene.

The DC thermoelectric device showed a clear thermoelectric response
with the responsivity up to 90 V/W, which was almost independent on tem-
perature. We associate this high responsivity with the hot-electron effects
and the high value of Seebeck coefficient in graphene. We also performed
computer simulations of the thermoelectric- and hot-electron effects in the
devices and saw good qualitative agreement with the experiment.

To test the applicability of such a device, we fabricated a prototype of
radiation detector. We illuminated it with 94 GHz radiation and measured
responsivity up to 400 V/W under unoptimized conditions. We saw a weak
temperature dependence of the signal in the temperature range 4 − 100 K.
The signal at 293 K was limited by the low-doped Si substrate, which had
some conductivity and attenuated the incoming power. The estimation of
the noise level of this detector gave a value of NEP = 25 pW/Hz0.5.

As a development of the design, we fabricated a detector with purely
capacitive coupling to antennas. This detector featured a very simple four-
contact geometry, where the external gates were combined with the antennas.
This detector showed responsivity up to 700 V/W for 94 GHz radiation. The
responsivity had weak temperature dependence for the temperature range
4−100 K, and was limited at 293 K due to the same reason, mentioned above.
The theoretical estimations of the response time gave the value τ < 1.2 ps.
The noise measurements at 50 K gave us the minimum value of NEP = 200
pW/Hz0.5. The estimation based on the Johnson - Nyquist formula gave a
ten times lower NEP = 18 pW/Hz0.5.

The presented detectors showed competitive parameters and after opti-
mization could be possibly used in applications, which require fast response
and wide operating temperature range.
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Appendix: Methods and Recipes

Exfoliation of graphene on SiO2/Si

There is no universal recipe of graphene exfoliation. In each lab it is
slightly different due to different available materials. The process itself looks
quite simple. However, close attention should be paid to small details of the
process, since the final result depends on many parameters. Here we present
the recipe, which was optimized in the cleanroom in Chalmers University of
Technology and gives the largest flakes with high yield. The substrates used
are SiO2/Si chips with 285− 300 nm oxide thickness.

� Prepare the target substrate: sonicate in acetone for 3 mins, rinse in
isopropanol (IPA) and blow dry with nitrogen.

� Cut a rectangle around 15×150 mm out of the sticky tape, remove the
covering film, press the sticky side to a piece of natural graphite and
release.

� Cleave the graphite pieces left on the sticky tape 5-7 times, spreading
them along the tape.

� Cut rectangles around 12× 25 mm out of another fresh piece of sticky
tape, their size and number of them should correspond to that of the
target substrates.

� Stick these small rectangles to the cleaved graphite with sticky side.

� Finally clean the substrates in O2-plasma for at least 3 mins at 250 W,
500 mTorr.

� Immediately after opening the plasma machine chamber detach the
small rectangles, which now should have some cleaved graphite on
them, and press them to corresponding substrates.

� Heat the samples on a hot plate at 110◦ C for 3 mins.

� Remove the samples from the hotplate, let them cool down for 1 min
and slowly detach the sticky tape.

� Observe the result under an optical microscope.
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Exfoliation of graphene on Parylene/SiO2/Si

This recipe consists of two parts: substrate preparation and exfoliation
itself. The second part resembles the previous recipe with minor changes.
Preparation of the Parylene/SiO2/Si substrates:

� Start from a SiO2/Si substrate with 90 nm oxide thickness, sonicate in
acetone for 3 mins, rinse in IPA and blow dry with nitrogen.

� Finalize cleaning in O2-plasma for at least 3 mins at 250 W, 500 mTorr.

� Immediately load the substrates into the Parylene coating machine and
pump it down.

� Deposit 150 nm of Parylene. For the SCS PDS 2010 Labcoter the
weight of the precursor should be 1.60 g with the base/process pressures
10/12 mbar respectively.

Since the Parylene is vulnerable to O2-plasma, it is recommended not to un-
load the substrates from the Parylene deposition machine until the following
exfoliation step:

� Cut a rectangle around 15×150 mm out of the sticky tape, remove the
covering film, press the sticky side to a piece of natural graphite and
release.

� Cleave the graphite pieces left on the sticky tape 5-7 times, spreading
them along the tape.

� Cut rectangles around 12× 25 mm out of another fresh piece of sticky
tape, their size and number of them should correspond to that of the
target substrates.

� Stick these small rectangles to the cleaved graphite with sticky side.

� Detach the small rectangles from the main tape and press them to the
substrates individually.

� Heat the samples on a hot plate at 110◦ C for 3 mins.

� Remove the samples from the hotplate, let them cool down for 1 min
and slowly detach the sticky tape.

� Observe the result under an optical microscope.

For this substrate (150 nm Parylene / 90 nm SiO2 / Si) the contrast of
graphene should be similar to that on the conventional substrate (290 nm
SiO2/Si).
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Patterning Parylene/graphene/Parylene structures us-
ing electron beam lithography

This recipe was used on EBL machine JEOL JBX9300FS with quite ex-
pensive resist ZEP 520A. The latter can possibly be replaced by ARP series
resists, but the parameters of the recipe will then change. The patterning of
a Parylene/graphene/Parylene structure consists of the following steps:

� Spin coat the sample with ZEP 520A at 4000 rpm, bake at 160◦ C for
5 mins.

� Expose in EBL system with the dose 300 µC/µm2.

� Develop in O-xylene for 1:00 min (this is a very important parameter),
rinse in IPA, blow dry with nitrogen.

� Etch in O2-plasma for 90 s at 40 W and 250 mTorr.

� Remove the ZEP resist in Remover 1165 during several hours (overnight).

Fabricating contacts to Parylene/graphene/Parylene de-
vices

� Spin coat the sample with Copolymer MMA(8.5) EL10 at 4000 rpm,
bake at 160◦ C for 5 mins.

� Spin coat the sample with PMMA 950 EL2 at 4000 rpm, bake at 160◦

C for 5 mins.

� Expose in EBL system with the dose 300 µC/µ2.

� Develop in MIBK:IPA 1:1 for 1:30 min, rinse in IPA, blow dry with
nitrogen.

� Deposit Cr (1 nm) / Pd (15 nm) / Au (200 nm) in evaporator.

� Liftoff in acetone for 1 hour, no sonication.

Patterning graphene using photolithography

This recipe was used with very common photoresists S1813 and S1805.
The choise between these two resists depended on the required etching time:
the longer the planned etching time, the thicker resist is needed. The expo-
sure was done on Canon PPC-210 projection mask aligner.
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� Spin coat the sample with S1813 (S1805) at 3000 rpm, bake at 100◦ C
for 1 min.

� Expose 30 (20) s.

� Develop in MF319 for 30 (20) s, rinse in DI water, blow dry with
nitrogen.

� Etch in O2-plasma for the required time depending on the thickness
of the etched material. Monolayer graphene - 10 s at 40 W and 250
mTorr, for x nm Parylene - 1.5x s at 40 W and 250 mTorr.

� Flush expose the remaining resist without a mask with double the time
used for general exposure. This is done to ease the subsequent resist
removal.

� Remove the resist during 1 h in acetone.

Liftoff process using photolithography

This recipe was used with a very common photoresist S1813. The expo-
sure was done on Canon PPC-210 projection mask aligner.

� Spin coat the sample with S1813 at 3000 rpm, bake at 100◦ C for 1
min.

� Expose 30 s.

� Put in toluene for 2 mins to subsequently create an undercut required
for liftoff process.

� Develop in MF319 for 30 (20) s, rinse in DI water, blow dry with
nitrogen.

� Flush expose the remaining resist without a mask with double the time
used for general exposure. This is done to ease the subsequent liftoff.

� Liftoff during 1 h in acetone.

Wet transfer of CVD graphene (etching)

This recipe was used to transfer CVD graphene from copper foil to SiO2/Si
substrate.
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� Spin coat the graphene with PMMA 950 A4 at 1000 rpm, bake at 120◦

C for 5 mins.

� Repeat the previous step to achieve thicker PMMA layer.

� Cut a frame out of thermorelease tape, stick it to the back side of the
foil.

� Burn the back side graphene in O2-plasma.

� Put the foil in a glass with 0.5M water solution of (NH4)2SO4. Etch
during 1-2 h depending on the thickness of the foil, constantly stirring
the solution.

� After the hole in the frame becomes transparent, take the sample out
an wash in warm (80◦ C) DI water several times.

� Clean the SiO2/Si substrate the same way as describe above for exfo-
liation recipe.

� Put a droplet of DI water on the substrate, take the PMMA/graphene
film out of water and bring it in contact with the substrate.

� Leave for drying for several hours (overnight).

� Cut away the frame and bake the sample at 120◦ C for at least 30 mins
to achieve good adhesion.

� Dissolve PMMA in warm (50◦ C) acetone.

� (Optional) Anneal the sample in Ar/H2 atmosphere at 400− 1000◦ for
several hours to remove the remainings of PMMA.

Wet transfer of CVD graphene (bubbling)

� Spin coat the graphene with PMMA 950 A4 at 1000 rpm, bake at 120◦

C for 5 mins.

� Repeat the previous step to achieve thicker PMMA layer.

� Cut a frame out of thermorelease tape, stick it to the back side of the
foil.

� Burn the back side graphene in O2-plasma.
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� Connect the foil and another piece of inert metal (platinum) to (-) and
(+) electrodes of DC power supply respectively. Immerse them both
in a 0.01M water solution of NaSO4.

� Wait until the H2 bubbles separate the PMMA film with graphene from
the foil. The bubbling intensity can be tuned by the voltage output.

� After the film is completely separated from the foil, take the sample
out an wash in warm (80◦ C) DI water several times.

� Clean the SiO2/Si substrate the same way as describe above for exfo-
liation recipe.

� Put a droplet of DI water on the substrate, take the PMMA/graphene
film out of water and bring it in contact with the substrate.

� Leave for drying for several hours (overnight).

� Cut away the frame and bake the sample at 120◦ C for at least 30 mins
to achieve good adhesion.

� Dissolve PMMA in warm (50◦ C) acetone.

� (Optional) Anneal the sample in Ar/H2 atmosphere at 400− 1000◦ for
several hours to remove the remainings of PMMA.

Experimental setup for bolometric measurements

The setup used for our microwave measurements in presented in Fig. 38.
We used the pulse-tube cryostat Janis PT450 which had optical windows
transparent for microwaves and allowed for measurements at temperatures
4 − 300 K. The sample was mounted with its backside to a silicon lens. As
a radiation source we used a Gunn oscillator (QuinStar Technology) with
output frequency 94 GHz and power 30 mW. It was connected to a horn
antenna through an adjustable attenuator 0-60 dB. For the signal modulation
we used a mechanical chopper 7−900 Hz and a lock-in amplifier DSP SR850
to synchronously detect the signal. Another attenuator was placed between
the chopper and the cryostat window. Its was made from two Si wafers
put together at 45◦ providing almost polarization independent attenuation
of 20 dB. The signal from the lock-in amplifier went through instrumentation
amplifiers APM01 with 1000x gain. This setup did not have any additional
filters, so the minimum noise level was 10 − 20 nV/Hz0.5, but it increased
when the compressor was turned on.
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Figure 38: Experimental setup for our bolometers measurements. Adopted
from Supplementary for Paper III.

The Si lens was mounted on a vertical rod, which could be rotated and
moved up and down. The Gunn diode was also movable. This helped to find
the best sample- and source positions for the maximum received power.
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List of abbreviations

1D, 2D, 3D one-, two-, three-dimensional
AC Alternating current

AFM Atomic force microscope
BLG Bilayer graphene
CEB Cold-electron bolometer
CVD Chemical vapour deposition
DC Direct current

DI water Deionized water
EBL Electron-beam lithography
FET Field-effect transistor
hBN Hexagonal boron nitride
HEB Hot-electron bolometer
IPA Isopropanol

MLG Monolayer graphene
MOSFET Metal-oxide-semiconductor field-effect transistor

ND Nucleation density
NEP Noise-equivalent power
PD Photodetector

PDMS Polydimethylsiloxane
PMMA Polymethylmethacrylate

PPC Polypropylene Carbonate
QHE Quantum Hall effect
SHEB Semiconductor hot-electron bolometer
SEM Scanning electron microscope
TE Thermoelectric

TEP Thermoelectric power
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List of symbols

B magnetic field
Ce electron heat capacitance
Cg specific gate capacitance
Cph phonon heat capacitance
e elementary charge
E electric field vector
gs degeneracy factor
~ reduced Planck constant
I electric current
J current density vector
k wave vector
kB Boltzmann constant
kF Fermi wave vector
kx,ky wave vector components
le electron mean free path
n charge-carrier concentration
n0 residual carrier concentration
N� geometrical number of squares
Pe−ph electron-phonon coupling
Psub power, dissipated into the substrate
q heat flux
R universal gas constant
Rc contact resistance
RH Hall constant
S Seebeck coefficient
T temperature
TBG Bloch-Grüneisen temperature
Te electron temperature
Tph phonon temperature
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VD Dirac voltage
vF Fermi velocity
Vg gate voltage
κe electron heat conductivity
κPar Parylene heat conductivity
κph phonon heat conductivity
µ charge-carrier mobility
ν filling factor
Π Peltier coefficient
Σ Stefan Boltzmann constant
σ conductivity
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