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Rare gas adsorption was studied on suspended individual single walled carbon nanotubes and

graphene. The devices were fabricated as field effect transistors. Adsorption on graphene

was studied through two-terminal conductance. On nanotube devices adsorption was studied

through conductance while the coverage (density) of the adsorbates was determined from the

mechanical resonance frequency shifts.

The adsorbed atoms modified the conductance of the nanotube field effect transistors, in

part through charge transfer from the adsorbates to the nanotube. By tracking the shifts

of conductance as a function of gate voltage, G = G(Vg), and comparing these shifts with

the periodicity of the Coulomb blockade oscillations we quantified the charge transfer to the

nanotubes with high accuracy. For all studied gases (He, Ar, Kr, Xe, N2, CO, and O2) the

charge transfer had a similar magnitude and was rather small, on the order of 10−5 to 10−3

electrons per adsorbed atom.

The nanotube devices displayed two classes of adsorption behavior. On some devices the

monolayers exhibited first-order phase transitions analogous to those that occur in adsorbed

monolayers on graphite. On other devices phase transitions within the adsorbed monolayers

were absent. We present evidence that a highly uniform layer of contaminants deposits on

the surface of suspended nanotube devices either upon cooldown in the cryostat or at room



temperature from air. These contaminants modify the adsorption behavior preventing the

adsorbed monolayers from exhibiting the first order phase transitions expected to occur on

a clean surface. A similar type of contamination leading to virtually identical effects occurs

on suspended graphene.

In the low coverage regions of isotherms on nanotubes we observe Henry’s law behavior,

demonstrating a high uniformity of the surface and allowing us to accurately determine

the single particle binding energy to this surface. The determined binding energies were

(776± 10) K for Ar, and (997± 37) K for Kr.

In the second part of the dissertation we present the first measurements of adsorp-

tion on a pristine graphene surface, exposed through aggressive electric current annealing.

On graphene the rare gas adsorbates form monolayers with phases analogous to those on

graphite, but with phase transitions occurring at slightly higher pressures due to a reduction

of binding energy. The condensations of monolayers with phases not commensurate with

the graphene lattice resulted in a slight shift of the charge neutrality point of monolayer

graphene corresponding to a change of carrier concentration on the order of 1× 109 e/cm2.

Adsorption of N2 and CO, which formed a
√

3×
√

3 commensurate solid monolayer, pro-

duced a dramatic reduction of the two-terminal conductance of graphene by as much as a

factor of three. This effect is possibly connected with the opening of a band gap expected

to occur in such structures. We observe hysteretic behavior in the adsorbed
√

3×
√

3 com-

mensurate monolayers on freestanding graphene, which is likely due to the interaction of two

adsorbed monolayers on opposite surfaces of the graphene sheet.
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Chapter 1

BACKGROUND AND LITERATURE OVERVIEW

1.1 Introduction

In this dissertation we are reporting our results of rare gas adsorption of both noble gases

and diatomic molecules on the surfaces of suspended single walled nanotubes and graphene

field effect transistors. The effects of gas adsorption and their various 2D phases on the

electrical subsystem of these devices are studied through electrical transport measurements

in the case of graphene and through both electrical transport and vibrational mass detection

techniques on nanotubes.

The motivation for this work is a controlled study of the interactions of physisorbed gases

with the electron subsystem of pristine nanotubes and graphene devices under controlled

conditions. Field effect transistors made out of suspended nanotubes and graphene are

the perfect substrates for studying such interactions. In these devices the electron wave

functions are confined entirely at the surface. At the same time virtually defect free, ultra

clean devices can be made with these materials [8, 13, 52, 83]. The adsorption of rare gases on

bulk graphite was a very large and active research field with thousands of published papers,

see the monographs [10, 23, 58] and the literature cited therein. This allowed us to refer to

the large amount of both theoretical and experimental literature to help us understand the

structures and behaviors of the adsorbed layers on the graphite-like surfaces of suspended

nanotubes and graphene.

The basic understanding of interactions of gases with the electron subsystem of carbon

based materials is important in many applications. At the same time the behavior of the

adsorbed layers are interesting in their own right. It is important to note here that the
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measurements of gas adsorption on graphene and nanotube devices presented in this dis-

sertation are basic research. The studied suspended devices are delicate and become easily

contaminated when exposed to air. This precludes their direct use for application purposes

such as gas sensors.

In this chapter I will present only the physical pictures, data, and theory relevant to our

experimental studies.

1.2 Graphene band structure

Graphene is a single layer of sp2-bonded carbon atoms with a hexagonal lattice, see Fig. 1.1.

The nearest neighbor distance of carbon atoms in graphene is 1.42 Å and so the areal density

is approximately 38.2 atoms per nm2. Graphene is one plane of a graphite crystal and can

thus be mechanically exfoliated from it.

(a) (b)

Figure 1.1: (a) Graphene lattice in real space. The two carbon atoms in the unit cell are

colored red and green. (b) The Brillouin Zone of graphene in reciprocal space. The high

symmetry points are labeled. A particular choice of the primitive vectors a1, a2 and b1, b2

are shown for the direct and reciprocal lattices. The figure is adapted from reference [73].

The band structure of graphene can be calculated using tight binding, which was first
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done by P.R. Wallace back in 1947 [82]. If only nearest neighbor hopping is taken into

account the dispersion is given by:

E (κ) = ±t
√

3 + f(κ) , (1.1)

f(κ) = 2 cos(
√

3κya0) + 4 cos(
3

2
κxa0) cos(

√
3

2
κya0) ,

where t is the nearest neighbor hopping energy. The wave vector κ is measured from the Γ

point of the Brillouin zone. A plot of the band structure is shown in Fig. 1.2. There are

two inequivalent Dirac cones with linear dispersion E±(k) = ±h̄vF |k| at the corners of the

Brillouin zone. Here k = κ −K and k = κ −K′ for the two Dirac points. The tight

binding parameter t can be chosen to match Fermi velocity, which is given by vF = 3ta0/2 ≈

1× 106 m s−1 [15].

(a)

π -band

π*-band

K’

K
kx

ky

E

K’

(b)

−3
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0
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2

3

K Γ M K

E
/t

Figure 1.2: (a) Band structure of graphene from nearest neighbor tight binding, using

Eq. (1.1). (b) The dispersion relation along high symmetry directions, adapted from ref-

erence [31].
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1.2.0.1 Effect of
√

3×
√

3 superlattice on the band structure of graphene

It is known that several gases such as Kr, N2 and CO form a commensurate
√

3×
√

3 solid

monolayer on the surface of graphite [17, 27, 32]. In such a structure the adsorbed atoms

sit on top of the centers of every third hexagon. The formation of such a superlattice on

graphene leads to the modification of its band structure, and is predicted to open a bandgap

in the single particle spectrum [31, 68]. The
√

3×
√

3 superlattice on graphene is also called

a Kekulé pattern or distortion [38]. The name arises because the superlattice is expected to

produce slight bond distortions, which appear similar to the Kekulé structure of Benzene.

(a)

a1a2

(b)

Γ

b1
K

b2
K’

d1

d2

M

Figure 1.3: (a) A commensurate
√

3×
√

3 lattice on top of graphene. The positions of the

adsorbed atoms are shown with green circles. The adatoms cause a perturbation of the bonds

in graphene, the two types of bonds are shown in blue and red color. (b) The Brillouin zone

of graphene in the presence of the
√

3×
√

3 superlattice. The reciprocal lattice vectors of the

superlattice b1 and b2 connect the K and K′ points of graphene. The figures are adapted

from reference [31].

A
√

3×
√

3 superlattice on graphene is shown in Fig 1.3. In real space the lattice vectors
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of the
√

3×
√

3 commensurate solid (CS) monolayer are
√

3 times longer than the graphene

lattice vectors and are rotated by 30◦. This results in Brillouin zone folding in reciprocal

space. It so happens that the reciprocal lattice vectors exactly match the K and K′ points

of graphene in reciprocal space. Due to zone folding the K and K′ points of graphene end

up at the Γ point of the new folded Brillouin zone, see Fig. 1.4a.

(a)

−3
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−1

0

1

2
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E
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(b)
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rg
y

(e
V

)

Figure 1.4: (a) The tight binding band structure of graphene artificially zone folded with a

periodicity of the
√

3×
√

3 superlattice. (b) The band structure of
√

3×
√

3 coated graphene

with the hopping amplitudes t1 = 2.79 eV and t2 = 2.59 eV. The figure is adapted from

reference [31].

In the simplest model the opening of a gap due to the formation of the
√

3×
√

3 adsorbed

monolayer can be calculated using tight binding [31]. In this model the adsorbed atoms are

expected to slightly perturb the bonds between the surrounding carbon atoms. This gives

rise to two types of bonds with two slightly different hopping amplitudes t1 and t2. The two

types of bonds are colored red and blue in Fig. 1.3a. In this case the new dispersion relation
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becomes

E±(k) = ±
√
h̄2v2

Fk
2 +

E2
g

4
, (1.2)

with the size of the gap given by Eg = 2|t2 − t1| [31].

In reference [31] the formation of a
√

3×
√

3 commensurate solid monolayer of lithium on

graphene was considered. The band gap estimated in this case was fairly large, Eg ≈ 0.39 eV.

We note that the formation of the
√

3×
√

3 solid monolayer of lithium on graphene is highly

unlikely, as there is a tendency of lithium atoms to covalently bond into clusters. There are

no estimates in the literature for the possible values the band gap Eg due to the formation

of the
√

3×
√

3 commensurate monolayer of physisorbed rare gases.

In our experiments we see a large reduction of the two-terminal conductance of graphene

due to the formation of the
√

3×
√

3 commensurate solid monolayer of N2 and CO, see sec-

tion 4.2.3.4.

1.3 Gas adsorption on graphite

The rare gas atoms and molecules that we studied in this dissertation bind weakly to the

nanotube and graphene surface. The surfaces of our devices are closely related to the surface

of graphite so the adsorption to graphite can be used as a starting point for understanding the

behavior of the adsorbed monolayers on our devices. The relevant physics of gas adsorption

to graphite is reviewed in this section.

The rare gas atoms are attracted to the graphite surface through Van der Waals inter-

actions, which are due to induced dipole interactions of the gases with the substrate due

to polarizability. The single particle binding energies of the gases we studied to graphite

are small, εb < 0.2 eV, see table 1.1, so the adsorption is easily reversible. The larger the

adsorbed atom or molecule, the more easily polarizable it is thus the binding energy to the

surface increases with the size.

At cryogenic temperatures the rare gases condense into a monolayer on the surface of

graphite, followed by multilayer condensation. These monolayers are quasi-2D states of

matter. The condensation occurs at pressures lower than the 3D saturation pressure, which
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Gas Binding to graphite, εb 2D Tc 2D Ttr

(K) (K) (K)

Noble gases

Ne 350 15.8 13.6

Ar 1100 55 49

Kr 1450 85 —

Xe 1845 117 99

Diatomic Molecules

N2 1160 48 —

O2 1050 64 —

CO 1270 50 —

Table 1.1: Single particle binding energies of gases to graphite. The values are from refer-

ence [81]. The 2D critical Tc and triple Ttr point temperatures for the gases on graphite are

from reference [74]. The gases labeled in blue form a
√

3×
√

3 commensurate solid (CS) mono-

layer. These gases do not have liquid-vapor-solid coexistence and thus lack a triple point.

The Tc temperatures listed for these gases are temperatures at which the fluid in coexistence

with the CS monolayer undergoes a crossover from low to high density, see discussion in text.

is the pressure at which a bulk crystal of the adsorbates can form; this is due to the fact

that the binding to the graphite surface is higher than the adsorbate-adsorbate interatomic

interactions.

If the monolayer is in equilibrium with the 3D gas, the chemical potentials of the two

systems are equal: µ2D = µ3D. Thus as the 3D gas pressure increases, it causes an increase

of µ2D. This leads to the increase of the monolayer density or coverage φ. The adsorbed

monolayer undergoes phase transitions between various 2D phases. For the gases we study
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there are two main types of 2D phase behavior within the monolayers.

The monolayer phase diagrams depend mainly on whether the equilibrium nearest neigh-

bor spacing of the adsorbate in their 3D solid match closely the periodicity of the underlying

graphite lattice. More specifically, the centers of the graphite hexagons are the high binding

sites of the graphite surface. It is matching this periodicity that is critical to the formation of

the CS phase [10]. As an example, the interatomic equilibrium spacing for Kr is 0.400 nm [76],

which is only 6 % less than the centers of the graphite hexagons in a
√

3×
√

3 superlattice,

0.426 nm. Thus it is energetically favorable for a Kr monolayer to expand slightly and lock

into the centers of the hexagons. For the same reason the monolayers of molecular adsorbates

N2 and CO form an identical CS structure. In fact the phase diagrams of these three gases

are almost identical [51].

4 5 5 0 5 5 6 0 6 50 . 0

0 . 5

1 . 0 2 D  L i q u i d

T t r

L  +  VS  +  V

2 D  S o l i d

2 D  V a p o r

 

 

Arg
on

 co
ver

age

T e m p e r a t u r e  ( K )

2 D  F l u i d

T c

Figure 1.5: The argon coverage temperature phase diagram. The data is taken from A.

Migone et al. [54]. The positions of the 2D critical point, Tc = 55.5 K and 2D triple point

Ttr = 47 K are shown.

If the periodicities do not match well, the adsorbates form monolayers which average over

the graphite surface potential corrugations and behave as if the monolayer is adsorbed on an

almost smooth surface. The phases formed in the monolayers of such adsorbates are mostly

2D analogues of bulk 3D phases. These phases are 2D gas (G), 2D liquid (L), and 2D solid
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(S). At different temperatures T and pressures P the monolayers exhibit phase coexistence

and have critical and triple points, see table 1.1 and Fig. 1.5. This behavior is analogous to

the behavior of 3D rare gases. Adsorbates that we have studied on our devices with such

phase diagrams within the first layer on graphite are Ne, Ar, and Xe. It is important to

note that the 2D solid phases of these monolayers are still sensitive to the periodicity of the

graphite substrate and thus exhibit epitaxial rotation with respect to the graphite lattice,

which minimizes the energy of the solid monolayer [21, 22, 60].

Adsorbates that match the periodicity of the centers of the graphite hexagons form a
√

3×
√

3 commensurate solid (CS) phase. Gases that we have studied that have such a phase

diagram on graphite are N2, CO, and Kr as discussed above. All three of the gases have

very similar phase diagrams [51]. For our work this phase is interesting and important as

when formed on graphene it is expected to open a bandgap in the electronic structure, see

previous section. On graphite, at low pressures the monolayer first forms a 2D fluid phase.

As the pressure is increased the monolayer undergoes a first order phase transition into the
√

3×
√

3 CS phase. At even higher pressures there is a complicated phase transition into an

incommensurate solid (ICS) phase [51, 59]. The ICS phase is a close packed solid monolayer

which is epitaxially rotated with respect to the graphite lattice.

The adsorbed monolayers on graphite have been studied by a wide variety of techniques.

The most important ones were volumetric isotherm measurements, heat capacity studies,

and various form of diffraction, such as low-energy electron diffraction (LEED) and X-ray

diffraction. All of the techniques produced complimentary data on the structures and behav-

iors of the adsorbed monolayers, and were used to produce the adsorbate phase diagrams.

A comprehensive review of the experimental works is provided in the book by Mulero and

Caudros [58].

1.3.1 Phase diagram of N2, description of the
√

3×
√

3 CS phase

In this dissertation we present extensive measurements of N2 adsorption on graphene, so a

review of the relevant behavior of the N2 monolayer on graphite is presented in this section.
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Figure 1.6: The N2 on graphite coverage-temperature phase diagram in the high temperature

regime. The phase diagram shows the monolayer and bilayer phases. See text for discussion.

The figure is adapted from reference [51].

For a more comprehensive review see the publication by Marx and Wiechert [51]. For the

discussion of domain wall behavior at the commensurate-incommensurate transition see the

publication by den Nijs [59].

The N2 monolayer on graphite has a very rich phase diagram with a multitude of different

phases. The main feature of the monolayer phase diagram is the
√

3×
√

3 CS phase, which

is present up to temperatures T ≈ 87 K. The coverage-temperature phase diagram is shown

in Fig 1.6. At low pressures N2 first condenses into a 2D fluid. As the 3D pressure increases

the density of the fluid changes continuously. The 2D fluid undergoes a first order phase

transition into the
√

3×
√

3 CS monolayer. The 2D liquid and 2D gas phases with phase

coexistence between them is absent in the N2 monolayer on graphite at all temperatures [51].

It is assumed that in the vicinity of the first order phase transition between the 2D fluid
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and CS phase the CS monolayer has a defect free lattice. The structure of a defect free CS

monolayer is shown in Fig 1.3a. The coverage of one is assigned to this monolayer density

in Fig 1.6. In the CS phase the adsorbed N2 molecules occupy the high binding sites at the

center of the graphite hexagons. The N2 molecules cover every third hexagon, so the CS

phase has 3 equivalent domains.

At temperatures T > 30 K, the N2 molecules are not in their rotational ground state and

are rotating freely. Below T < 30 K the N2 molecules undergo an orientational ordering phase

transition into a herringbone structure with the doubling of the unit cell along one direction.

The low temperature T < 30 K and high density region of the N2 monolayer phase diagram

hosts a rich number of different phases [51]. We were not experimentally interested in this

region of the phase diagram because of the low 3D gas pressures in equilibrium with the

monolayer at these temperatures [28], although we do cool CS N2 coated graphene devices

through this temperature range, see section 4.2.3.5.

At temperatures T < 50 K the density of the 2D fluid in coexistence with the CS phase

is low. At T > 50 K the density of the fluid at the phase transition quickly increases. The

phase transition from the 2D fluid into the CS phase is first order up to the tricritical point

at Ttrc. As T → Ttrc the densities of the fluid phase in coexistence with the CS phase become

equal. Above Ttrc the phase transition between the fluid and the CS phase is continuous.

The literature consensus is that the tricritical point occurs at Ttrc ≈ 85 K, but the exact

temperatures are uncertain due to experimental challenges at these hight temperatures, see

discussion in reference [51]. The phase transition between the fluid and CS phase is expected

to fall into the 3-state Potts model university class because the CS phase is described by

three equivalent domains [59].

It is important to note that in the vicinity of Ttrc in the accepted phase diagram the

coverage of the CS monolayer at the CS-F phase boundary is slightly higher than one [56].

This implies that there is an excess of N2 atoms adsorbed in the monolayer compared to a

defect free CS phase. This is important to our work, as it turns out that the conductance of

our monolayer graphene devices is highly sensitive to the formation of the defect free CS N2



12

phase, which still persists at these temperatures on our devices, see section 4.2.3.10.

1.3.1.1 Domain wall phase

At gas pressures before the condensation of the second layer, the high density N2 monolayer

is in an incommensurate solid (ICS) phase. This phase is an isotropic close packed monolayer

that is epitaxially rotated with respect to the graphite lattice [10, 51]. At coverages between

the CS solid monolayer and the ICS solid there is a finite region of the phase diagram that

is known to contain a domain wall fluid phase [32, 39], see Figs. 1.6 and 1.7. In this phase

the monolayer is still locally in the commensurate phase. A hexagonal network of domain

walls permeates the monolayer. As the coverage (density) of the N2 monolayer increases it

compresses through the formation of domain walls between the three equivalent domains of

the CS phase. The domain walls contain the extra atoms adsorbed to the surface. Within

the domain walls the adsorbed atoms are not in registry with the high binding sites of the

graphite surface, thus the formation of the domain walls is energetically unfavorable. A

schematic of the structure of the domain wall phase is shown in Fig. 1.7. The phase is called

a domain wall fluid as the domain walls can freely translate across the graphite surface,

converting the areas of one domain into a different one without energy penalty [20].

The phase transition from the CS phase to the domain wall fluid phase is described by

the helical 3-state Potts model universality class [11, 59]. At high enough monolayer density

the domain wall fluid phase undergoes a phase transition into the rotated ICS phase. This

phase transition is expected to occur through a Kosterlitz-Thouless phase transition driven

by dislocations of the ICS phase [44, 59].

The actual widths of the domain walls are not experimentally known [59]. For Kr, from

computer simulations they are expected to be on the order of 5 to 10 CS lattice vectors

wide [1, 36, 71]. As discussed in the previous section the formation of a defect free
√

3×
√

3

CS phase on graphene is expected to create a bandgap in the electronic spectrum, and thus

is expected to reduce conductance. The presence of domain walls within the monolayer

complicates the situation. It is unclear if a network of domain walls would modify the con-
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Figure 1.7: A schematic of a hexagonal domain wall phase. The monolayer is comprised

of patches of the three CS domains. A network of domain walls separate the patches. The

figure is adapted from [59].

ductance of the device. The effect of domain walls on conductance has not been theoretically

investigated.

1.3.2 2D ideal gas, Henry’s law behavior

At low pressures the atoms adsorbed on the surface are far enough apart that the interatomic

interactions can be neglected. Thus the atoms within the adsorbed monolayer act as a 2D

ideal gas. In this adsorption regime the 3D pressure P is linearly related with the areal

density of the monolayer n = Na/A, where Na is the number of adsorbed molecules and A is

the total area of the sample. This relationship is called Henry’s law. The equation of state

relating P and n can be derived by equating the chemical potentials of the 3D ideal gas µ3D

and the chemical potential of the 2D ideal gas monolayer, µ2D. Henry’s law is important for

our determination of single particle binding energies εb of gases to the surface of nanotubes,

see section 3.3. The derivation of Henry’s law according to references [23, 46] is provided

below.
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For a 3D ideal gas the energy per atom is given by

ε(p) =
p2
x + p2

y + p2
z

2m
. (1.3)

The free energy is given by

F = −NT ln

[
e

N

∫
e−ε(p)/Tdτ

]
, (1.4)

dτ =
dpdq

(2πh̄)r
,

where r = 3 is the number of degrees of freedom, N is the total number of atoms in the gas,

and kB = 1. For a 3D ideal gas the free energy is thus:

F3D = −NT ln

[
e

N

1

(2πh̄)3

∫
V

∫∫∫ ∞
−∞

e−
p2x+p2y+p2z

2mT dpxdpydpzdV

]
(1.5)

= −NT ln

[
eV

N

(
mT

2πh̄2

)3/2
]
. (1.6)

The chemical potential is obtained from Eq. (1.6):

µ3D =

(
∂F3D

∂N

)
T,V

= −T ln

[
V

N

(
mT

2πh̄2

)3/2
]

= −T ln

[
T

P

(
mT

2πh̄2

)3/2
]
. (1.7)

The energy per atom of a 2D ideal gas adsorbed on a surface with a uniform single particle

binding energy εb is

ε(p) =
p2
x + p2

y

2m
− εb . (1.8)

Going through the same calculation as above gives

F2D = −Na

(
εb + T ln

[
eA

Na

(
mT

2πh̄2

)])
. (1.9)

The chemical potential of the 2D ideal gas is obtained from Eq. (1.9)

µ2D =

(
∂F2D

∂Na

)
T,A

= −εb + T ln

(
Na

A

2πh̄2

mT

)
(1.10)

In equilibrium µ2D = µ3D, so equating Eq. (1.10) and Eq. (1.7) we get

P =
Na

A

√
m

2πh̄2T
3/2 exp

(
−εb
T

)
. (1.11)
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Our definition of monolayer coverage on carbon nanotubes is φ = Na/Nc, where Nc is the

total number of carbon atoms on the surface, see section 3.1. The area is thus A = a2
0Nc,

where a2
0 is the effective area per carbon atom. Rewriting Eq. (1.11) in this form results in

the Henry’s law equation

P

φ
=

1

a2
0

(
m

2πh̄2

)1/2

T 3/2 exp
(
−εb
T

)
. (1.12)

We use this equation to extract the single particle binding energy εb to the surface of carbon

nanotubes, see section 3.3.
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Chapter 2

EXPERIMENTAL METHODS

This chapter covers the experimental aspects of this dissertation. The first part of the

chapter describes the suspended nanotube and graphene device fabrication procedure. The

second part covers the measurement setup.

2.1 Device fabrication

2.1.1 Suspended nanotube device fabrication

We grow suspended carbon nanotubes by chemical vapor deposition (CVD) on top of pre-

patterned trench structures. Thin film electrodes made out of platinum with a titanium

adhesion layer extend to the edges of the trench. The schematic of the device cross section

is shown in Fig 2.3. In our nanotube devices the trench between the source and drain

electrodes is 1.0 µm wide. The CVD growth is performed as the last step of the device

fabrication process. Suspended nanotube devices fabricated in this manner do not come

in contact with any processing chemicals, and are only exposed to air during probing and

transfer into the cryostat cell. The in situ CVD growth method of suspended nanotubes was

first developed in the Hongjie Dai group in 2005 [13]. This is now a standard and widely

employed technique for suspended nanotube field effect transistor fabrication.

We follow the growth procedure with parameters practically identical to those used

for nanotube growth in the Bockrath group [7]. Catalyst consisting of Fe(NO3) · 9H2O

(CAS Number 7782-61-8) and MoO2(acac)2 (CAS Number 17524-05-9) supported by alu-

minum oxide nanowire powder [43] is used for the nanotube growth. The catalyst is sus-

pended in deionized water through a sonication procedure and deposited on top of a chip

with prefabricated electrodes and trench structures. The surface of the chip is coated with
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photoresist with exposed windows in the vicinity of the trench structures. Liftoff is performed

by dissolving the photoresist in acetone. This leaves rectangular islands of catalyst on top of

the platinum contacts in the vicinity of the trenches. An optical microscope image of such

a catalyst pad is shown in Fig. 2.1b. During the CVD growth nanotubes extend out of the

pad in all directions. The size and distance of the catalyst pad to the trench needs to be

optimized in order to produce devices with individual nanotubes bridging the trench. The

probability of nanotubes reaching the trench is expected to follow a Poisson distribution.

The placement of the catalyst is tuned in such a way that most of the trenches end up with

no nanotubes across them. The average yield from our typical CVD growth was one device

out of approximately one hundred starting trench structures (one device per every two to

four chips, with fourty to fifty trench structures per chip).

The CVD growth was performed in a one inch diameter tube furnace at T = 800 ◦C and

at atmospheric pressure. The gas used for the growth was a mixture of H2 and CH4. The

growth phase of the CVD process lasts approximately 5 min. During the temperature ramp

an Ar/H2 mixture was used as a purge gas. The temperature during the growth needs to be

high, preferably T > 800 ◦C, as amorphous carbon is known to deposit on the surface of the

nanotubes at lower temperatures [41]. The 800 ◦C growth is problematic as the platinum thin

films become damaged at high temperatures [77], partially through surface roughening and

partially through the diffusion of the metal adhesion layer. Properly fabricated Pt thin films

with high quality adhesion layers can survive exposures of up to 900 ◦C, but with significant

surface roughening. Shuttle growth, where the chip is held outside of the active zone of the

furnace during heating and only exposed to high temperatures for the duration of the growth

phase is used by some groups to partially mitigate these problems [72]. The above described

issues make the nanotube growth result in an inconsistent yield.

2.1.2 Trench structure fabrication

The chips on which the carbon nanotubes are grown were fabricated at the UCSB nanofab-

rication facility. Two different versions of the trench structures were used for the work in
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this thesis. In both cases the chips were fabricated on highly p-doped 10 cm diameter silicon

wafers, which were subsequently diced into 5 mm × 5 mm chips. The chips consisted of a

common drain electrode running down the center of the chip. The common drain electrode

branched out and converged with multiple source electrodes. Trenches were etched in the

chips at the converged locations. An image of one trench structure is shown in Fig. 2.1b.

The two versions of the wafers were fabricated in a slightly different manner. In the first

version of the devices the starting point was a silicon wafer with a 300 nm layer of thermally

grown SiO2. A layer of silicon nitride Si3N4 was further deposited on top of the SiO2. During

the fabrication process the following steps were performed:

1. Photolithography using an “i-line” stepper was performed to define the trench pattern.

2. The Si3N4 was etched away using a reactive ion etching (RIE) process.

3. The SiO2 was etched using a wet etch process, which created a slight undercut in the

sidewalls of the trench below the Si3N4.

4. A second step of photolithography was performed to create exposed windows over the

region of the trench.

5. Metal was deposited into the trench and the resist was lifted off. This step created the

local gate electrode at the bottom of the trench.

6. A third step of photolithography was performed to define the source and drain electrode

windows outside the trench structure.

7. A final step of metallization and liftoff was performed, which created the source and

drain electrodes.

The above described fabrication technique is prone to errors. Fine alignment tolerances

of the lithographic process to the edge of the etched trench is required in steps 4 and 6 in

order to prevent the deposition of metal onto the vertical edges of the trench. If this were to
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occur the gate electrode would short to either the source or drain electrode during the high

temperature CVD growth procedure.

A different fabrication method was performed on the second set of wafers in order to

minimize the above described issues. This time, a buried gate structure was fabricated with

the trench made using a self aligned etch to the edge of the source and drain contacts. The

process started with a highly p-doped Si wafer with 90 nm of thermally grown SiO2. The

following fabrication steps were used:

1. Photolithography using an “i-line” stepper was performed to define the location for the

gate electrodes.

2. Metallization and lift off was performed, which created the gate electrodes.

3. 500 nm of SiO2 was deposited on top of the wafer using a plasma-enhanced chemical

vapor deposition (PECVD) process. This step buried the gate electrode underneath

the deposited layer of SiO2.

4. A second step of photolithography was performed to define the locations of the source

and drain electrodes. The electrodes slightly overlapped the buried gate. This overlap

reduced the alignment tolerances.

5. Metallization and lift off was performed which created the source and drain electrodes.

6. A third step of photolithography was performed to open widows over the gap between

the source and drain electrodes.

7. The trench was etched using RIE. The etch does not affect the Pt thin film, so the

trench ends up self alligned to the edge of the source and drain contacts.

The wafers fabricated at the UCSB nanofabrication facility turned out to be problematic.

In all of the fabricated wafers the platinum thin film would suffer various levels of degradation

and blistering at much lower temperatures than expected. The last set of wafers fabricated

by method two described above was the most severely affected, see Fig. 2.2a. On these
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wafers the source and drain electrodes metallized in step 5 of the fabrication process could

not withstand temperatures above 500 ◦C without severe blistering. The gate electrodes

metallized in step 2 of the fabrication process on the other hand, were able to survive

temperatures of 800 ◦C without significant degradation. The exact cause of the different

behavior of the two metallizations was unclear. The blistering pattern seen on some bond

pads (Fig. 2.2b) implies that uncontrolled contamination from the photolithographic process

was likely left behind underneath the metal layer and produced the delamination of the Pt

film from the SiO2 surface. Nanotube growth on chips with such severe blistering was not

possible. These chips were instead used to fabricate suspended graphene devices, which does

not require high temperature exposure.

(a) (b)

Figure 2.1: (a) An SEM image of the electrodes and trench structure used for fabricating the

suspended nanotube devices. The partially buried gate electrode is visible on the bottom

of the image. (b) An optical microscope image of the the structure showing the deposited

catalyst pads. The size of the catalyst pads is 10 µm × 10 µm. The liftoff of the catalyst was

not perfect, as it is protruding past the expected edge of the pad.
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(a) (b)

Figure 2.2: (a) An optical microscope image of the platinum electrodes after a high tem-

perature exposure at T = 800 ◦C. The two metallization layers are affected differently. The

gate electrode in the top right corner of the image appears mostly unaffected, while the

source and drain electrodes have delaminated and are covered in bubbles. (b) A zoom in on

the Pt bond pads showing a distribution of undamaged regions. Such behavior implies that

contamination distributed underneath the evaporated thin film is the cause of the high-T

film damage.

2.1.3 Suspended graphene fabrication

Suspended graphene devices were fabricated on trench structures similar to the ones used

for suspended carbon nanotubes. The chips with 1 µm trench structures were the same ones

used for carbon nanotube growth (fabricated at the UCSB nanofabrication facility). These

chips included a local Pt gate at the bottom of the trench. Structures with trench widths

of 1.75 µm and 2.25 µm were fabricated at the University of Washington, Seattle, and did

not include a local gate electrode; the p-doped Si wafer was used as the gate instead. The

fabrication of these chips was much simpler as only one step of metallization followed by a

self aligned etch of the trench was performed. The cross section of the trench structures is
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shown in Fig. 2.3, to scale.

1 μm
1.75 μm

Si P+++

SiO2 SiO2

Si P+++

a) b)

Figure 2.3: A schematic cross section of the trench structures used for making suspended

devices. The schematic is to scale. Structure (a) was fabricated at the University of Wash-

ington and was used for making suspended graphene devices. The p-doped silicon was used

as a global gate. Structure (b) contains a buried Pt local gate and was fabricated at the

UCSB nanofabrication facility.

Mechanically exfoliated graphene was transfered over the trench structures using the

now standard and widely used polycarbonate (PC)/polydimethylsiloxane (PDMS) stamp

dry transfer technique [90]. In this technique a thin cylindrical piece of PDMS with a

thickness of ≈ 2 mm and a diameter of ≈ 4 mm is placed on the surface of a glass microscope

slide. A thin film of PC with a thickness of several micrometer is picked up using a piece of

Scotch tape with a cut out window and stretched over the PDMS. The stamp is mounted

to a micromanipulator. The PC/PDMS stamp is transparent so it can be aligned over and

pressed into a piece of graphene. The procedure is performed in an optical microscope with

long working distance objectives. At temperatures T ≈ 90 ◦C the graphene flake has a higher

adhesion to the PC film than to the SiO2 surface, so can be picked up by the stamp as it

retracts from the SiO2 surface.

The flake is aligned over a prefabricated trench structure and gradually pressed down.
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The chip is heated to soften the PC film and tear it from the PDMS stamp. PC polymer

is known to undergo a glass transition at T ≈ 147 ◦C and start to flow at T > 155 ◦C. As

the chip with the trench structure is heated to this temperature range, the stamp is gently

raised away from the surface. The PC film remains attached to the chip surface. It first

detaches from the PDMS portion of the stamp and eventually tears at the periphery as the

stamp is completely retracted.

The T = 90 ◦C pickup process can be repeated multiple times with flakes of different

materials in order to create a heterostructure. We utilize this process to create suspended

monolayer graphene devices backed with few nanometer thick hexagonal boron nitride (hBN).

On these devices adsorption is restricted to only one side of the graphene sheet. To build

such devices, a suitably sized boron nitride flake is picked up first and then is used to in turn

pick up a piece of monolayer graphene. The alignment and melt down procedure is the same

as for freestanding graphene. Optical images taken at several steps during the fabrication

process are shown in Fig. 2.5.

Across the majority of the hBN backed graphene heterostructures, the graphene and

hBN are in atomic contact. During the pickup process hydrocarbon contaminants are pushed

away from the graphene-hBN interface. Bubbles (pockets) of these contaminants get trapped

between the two surfaces [61, 45]. The bubbles are usually connected by sharp ridges or folds,

with heights on the order of a few nanometers. The bubbles themselves can be tens of nm

tall and are typically several hundred nm in diameter, see Fig. 2.4. The amount of such

bubbles trapped within the heterostructure is dependent on the rate at which the graphene

and hBN surfaces were brought together. It is unclear how the presence of such features

in the graphene-hBN heterostructures might affect gas adsorption. It is possible that the

binding energy εb of adsorbates to the graphene stretched over the bubbles is different than

εb to the graphene in contact with the hBN.

After pickup of the graphene + hBN heterostructures we scan their surfaces with an

atomic force microscope (AFM) to determine the presence and location of the contaminant

bubbles, see Fig 2.4. Subsequently, during the alignment and meltdown process care is
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taken to minimize the amount of bubbles present in the suspended portion of the final

device. This process is complicated as monolayer graphene is often invisible in the optical

microscope underneath the hBN flake. Oftentimes the distribution of the bubbles on the

hetorostructure surface makes it impossible to completely avoid their placement within the

trench.
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Figure 2.4: (a) An AFM topography scan of a monolayer graphene flake backed by few nm

thick hBN. The heterostructure is attached to the surface of a PC/PDMS stamp. The stamp

is turned over and positioned in the AFM for scanning. After the fabrication process the

scanned graphene surface ends up facing the trench. Gas adsorption in the device occurs on

this bottom surface. The edges of the graphene sheet are outlined with dashed red lines. The

edge of the few nm thick hBN flake is outlined by the blue dashed line. A large fraction of

the heterostructure surface is devoid of contaminant bubbles. The bubbles are several tens of

nm tall. The dips in the surface of the heterostructure next to the bubbles is interpreted to

arise due to a slight compression of the PC polymer underneath the heterostructure during

pickup. Panel (b) shows an AFM line trace taken over the location of one of the contaminant

bubbles.
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(a) hBN flake pickup (b) picked up hBN flake on stamp

(c) graphene pickup (d) deposition of the graphene + hBN stack

(e) melting of the PC film (f) final removal of the stamp

Figure 2.5: The fabrication process of a graphene + hBN device. See the main text for

description. Newtons rings form as the stamp comes in contact with the substrate.
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After a successful meltdown, a fairly large area (≈ 1 mm × 1 mm) of the PC polymer

film is left on the chip surface, see Fig. 2.5f. The film remains in contact with the graphene

flake and completely covers the trench structure. The entire chip is submerged in chloroform

to dissolve the PC film. The dissolution process takes approximately 30 min. During the

removal of the suspended devices from solvent the liquid interface can tear the graphene

sheets due to the applied force of the surface tension. Nevertheless we are able to fabricate

suspended devices without employing a critical point dryer. The devices are first transferred

into hexane and then into perfluorohexane, a low surface tension fluid. The suspended

graphene devices are removed from the liquid and blow dried with nitrogen. The low surface

tension of the liquids increases the yield of the suspended graphene devices [78]. The yield

of this step of the fabrication process is fairly low. It is dependent on the graphene flake

thickness, the flake width, and the size of the trench. For freestanding monolayer graphene

over a 1.75 µm trench approximately one out of every ten fabricated devices survived without

tearing.

2.1.3.1 Furnace annealing

After removal from chloroform the suspended graphene devices are still coated with PC

polymer residue. We can scan the surface of the suspended graphene devices with an AFM

using the Peak Force Tapping mode without damaging the sheets. This allows us to directly

image the polymer residue distribution across the device surface. This residue forms patches

several nm thick with what appear to be clean regions in between. An AFM scan of this

residue on a trilayer graphene device is shown in Fig. 2.6. Furnace annealing of the sus-

pended devices at T = 400 ◦C in an Ar/H2 atmosphere effectively removes the PC residue,

exposing a smooth graphene surface, see Fig 2.6e. Furnace annealing alone is not enough to

produce a clean graphene surface for gas adsorption. Electric current annealing at cryogenic

temperatures has to be carried out on the graphene devices to remove further contaminants

from the device surface, see discussion in section 4.1.
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(d) 2 µm× 2 µm scan (e) 500 nm× 500 nm scan (f) Line traces
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Figure 2.6: A set of AFM scans of a suspended trilayer graphene device fabricated over

a 1 µm width trench. Panel (a) shows the edge of the device after it has been removed

from chloroform. Panel (b) is a zoom-in on the suspended region. Patches of PC polymer

residue coat the graphene surface. (c) Line profiles showing the typical height of the residue

patches. Panel (d) shows the same region of the device after a furnace anneal. The majority

of the device surface is residue free. Ridges form on the suspended graphene after thermal

cycling. The low thermal expansion of graphene compared to the substrate structure causes

a reduction in tension of the suspended sheet [4]. Panel (e) shows a zoom-in on a clean region

of the suspended sheet. (d) Line traces in this region show height variations much less than

a nanometer indicating that the surface of the device is indeed uniform. Because of this the

surface might seem to be clean, however, this is probably not the case, see section 4.1.2 for

details.
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2.2 Measurement apparatus

2.2.1 Cryostat and gas cell

The gas adsorption measurements on the suspended nanotube and graphene devices were

performed in a Janis closed cycle cryocooler. The cryocooler was equipped with an SHI RDK-

305D two stage GM cycle cold head with a cooling power of 0.4 W at T = 4 K. The cryostat

can operate in a temperature range from 4.2 K to 300 K. A custom built gas cell, fabricated

at the University of Washington Physics Department Instrument Shop, was attached to the

top plate of the cold head. The cell was machined entirely out of brass. Apiezon N cryogenic

grease was used to improve thermal conductivity at the mating interface. A picture of the

setup is shown in Fig 2.7.

The top part of the gas cell (the can) is removable for sample insertion. It is sealed to the

bottom portion of the gas cell using an indium wire compression seal. The vacuum cell was

connected to the gas system with a 1/4 inch gas feed tube. The tube was made out of 304

Stainless steel with a wall thickness of 0.01 inch in order to minimize thermal conductivity

and reduce the thermal load on the cold head. The gas feed tube was hard soldered to the

vacuum cell.

The vacuum cell was build with twelve hermetic low temperature electrical feedthroughs,

fabricated by Corning Gilbert, part number Y007-L42-02. The feedthroughs were made

out of Kovar (Iron-Nickel-Cobalt alloy) mated to borosilicate glass. The thermal expansion

coefficients of the two materials are well matched, which allows the hermetic feedthroughs

to be repeatedly thermal cycled down to temperatures of T = 4 K without compromising

the vacuum seal. The mini feedthroughs had a diameter of 0.1 inch, which allowed us to

easily fit them in a 4 cm diameter ring around the bottom of the cell, see Fig. 2.7a. The

feedthroughs were soft soldered to the cell with a low melting temperature eutectic solder.

The soldering procedure was performed by gradually heating up the entire cell to the solder

melting temperature and carefully inserting the feedthroughs into machined pockets.

Four of the electrical connections to the cell were made with low temperature miniature
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coaxial cable manufactured by Lake Shore Cryotronics. The coaxial cables were used for

the high frequency signal in the nanotube mechanical resonance measurements. The rest of

the electrical connections were made with 32 gauge enamel coated copper magnet wire. The

wires were thermal lagged to the T = 40 K first cooling stage of the cold head.

(a)

(b)

Figure 2.7: Panel (a) shows the internal layout of the gas cell. The device is inserted into a

sixteen pin DIP socket. The location of the indium seal is shown. When the cell is closed

only the space inboard of the seal is exposed to gas. The main chamber of the cryocooler

remains under vacuum. Panel (b) shows the cell mounted in the cryocooler. The gas feed

tube and the connection to the gas system is visible.

2.2.2 Gas system

The schematic of the gas system used for adsorption measurements is shown in Fig. 2.8. The

gas system was made with 1/4 inch copper tubing with Swagelok compression fittings. Three
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capacitive pressure gauges with different full range scales were used: 0.25, 10, and 1000 Torr.

These gauges measure the true pressure of a gas through the force that it applies to a

membrane. Thus calibration factors for different gases are not needed. The gauges output a

voltage that is linearly related to the measured pressure. Full scale corresponds to an output

of 10 V. The lowest measurable pressure in our gas system was thus ≈ 2.5× 10−5 Torr with

the 0.25 Torr gauge.

The gas system is connected to a turbo pump for gas pumpout. Since the gas system

was not used for volumetric measurements, the absolute volumes were not calibrated. The

volume of the gas system was approximately 3.5 times smaller than the volume of the gas

cell.

Gauge 3
0.25 Torr

Gauge 2
10 Torr

Gauge 1
1000 Torr

To cell

To Pump To Pump

To Gas 
Staging

V1

V2

V3

V4

V5

V6

Figure 2.8: Schematic of the gas system. The gas system was made using 0.25 inch copper

tubing with Swagelok compression fittings. Three capacitive pressure gauges were installed

allowing for pressure measurements in the range from 1× 10−4 Torr to 1000 Torr. Valve V3

is a needle valve. The other valves are bellows-sealed valves. The gas system was connected

to the cell using a 0.25 inch stainless steel gas feed tube.
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2.2.2.1 Continuous isotherm measurements

During gas adsorption measurements we perform what we call continuous conductance

isotherms: we record conductance of the device as a function of pressure as gas is either

continuously added (continuous adsorption isotherms) or pumped out of the system (contin-

uous desorption isotherms).

During continuous adsorption isotherms we start by first pressurizing the part of the gas

system closed off by valves V3 through V6 while monitoring the pressure by the 1000 Torr

pressure gauge #1, see Fig 2.8. We stop the cell pumpout by closing valve V1, and slowly

bleed gas into the system through needle valve V3. In this way we can measure a continuous

isotherm starting from vacuum until a pressure of 10 Torr. If an isotherm to pressures above

10 Torr needs to be carried out, then valve V4 is opened, and gas is slowly bled into the

system through valve V5, from the gas staging area. A continuous desorption isotherm is

performed by opening valve V1 by a fixed amount while pumping on the system with a turbo

pump.

During a continuous isotherm a pressure gradient is set up between the gas system (where

the pressure is measured) and the gas cell (where adsorption occurs) due to a finite flow rate

along the gas feed tube: Pg = Pcell −∆P . During an adsorption isotherm Pg > Pcell, while

during a desorption isotherm Pg < Pcell. Because the pressures during an isotherm can change

by more than five orders of magnitude, the pressure gradient ∆P between the cell and the

gas system is difficult to control, especially at low pressures during an adsorption isotherm.

A pressure gradient on the order of ∆P ≈ 0.5 mTorr is created as soon as the needle valve

V3 is opened. As the pressure in gas system increases, the rate of gas inflow has to be also

proportionally increased. Every time the flow rate through the needle valve is adjusted, the

pressure offset between the cell and the gas system changes. This effect produces distortions

in the adsorption isotherm measurements as a function of pressure. The distortions are most

pronounced in the adsorption isotherms below a pressure of Pg < 10 mTorr. Any phase

transitions occurring in this pressure range are artificially shifted towards a higher measured
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gauge pressure.

The pressure gradient during a desorption isotherm is significantly better controlled. The

pressure on the pump side of valve V1 is negligible, which results in the flow rate during a

pumpout isotherm to be proportional to Pg. As Pg decreases the flow rate automatically slows

down. In the Knudsen flow regime the pressure in the system is expected to exponentially

decrease as a function of time. This indeed appears to be the case in our gas system up

to pressures Pg > 20 mTorr, see Fig. 2.9. In this case the ratios of pressure Pcell and Pg

are expected to be constant: Pcell/Pg = const. This produces a shift of the entire isotherms

towards lower pressures on a logP plot with minimal distortion in the shapre of the isotherm

as a function of logP . For this reason the majority of isotherms presented in this thesis are

desorption isotherms. At pressures Pg < 20 mTorr there is a crossover to the molecular flow

regime. It is unclear if the above relation should still hold in this pressure limit.

2.2.2.2 Thermomolecular pressure correction

During adsorption measurements the room temperature gas in the gas system is in dynamic

equilibrium with the low temperature gas in the cell. Due to the temperature difference a

pressure gradient is set up along the gas feed tube. The pressure inside the cell is lower that

the pressure measured by the room temperature pressure gauges. This is called the thermo-

molecular effect or thermal transpiration [75]. The thermomolecular pressure correction has

to be applied to the measured gauge pressure Pg to obtain the cell pressure Pcell. At high

pressures the effect is negligible and the two pressures are almost identical Pg ≈ Pcell, see

Fig. 2.9. In the low pressure limit the following equation holds: Pcell = (Tcell/Troom)1/2 × Pg.

In the intermediate pressure range the correction is done according to an widely employed

empirical relation derived by Takaishi and Sensui [75]. The correction is different for every

gas and is dependent on the diameter of the gas feed tube.
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Figure 2.9: Pressure as a function of time during a continuous pumpout isotherm. The blue

curve is the measured gas pressure Pg. The black curve is the pressure after the application

of thermomolecular pressure correction. The pressure decreases exponentially vs. time as is

expected for flow through a fixed opening. Deviation from this behavior starts at pressures

Pg ≈ 20 mTorr, when a crossover to molecular flow occurs.

2.2.3 Electrical measurement setup

The electrical setup used for measuring suspended nanotubes is shown in Fig. 2.10. To

measure the mechanical resonance of the nanotube we used an amplitude modulated one-

source mixing technique [70]. An RF voltage at a frequency f with amplitude modulated at

a frequency fAM = 1 kHz was applied to the source of the device:

V (t) = V0 [1 + cos(2πfAMt)] cos(2πft) . (2.1)

The RF signal was generated using an HP 8657A signal generator and brought up to the cell

with a low temperature miniature coaxial cable. The frequency f was swept in the range
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of 20 to 300 MHz. When the frequency f matched the resonance frequency of the nanotube

a low frequency current Imix at fAM was produced due to nonlinearities of the conductance

of the nanotube. At the same time DC biasing and AC conductance measurements of the

device could be performed.

The circuit shown in Fig. 2.10 could be improved by adding a 50 Ω resistor with an

appropriate blocking capacitor to ground for impedance matching to the signal generator.

DC current

Conductance

Coverage

fam ref

Lock-in 
amplifier #1

Ithaco 1211
Current preampfam ref
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Lock-in 
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C2
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𝑉0(1 + cos 2𝜋𝑓𝑎𝑚𝑡) cos 2𝜋𝑓𝑡

R3

HP 8657A  RF
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R5R4

Figure 2.10: Electric measurement setup used for combining vibrational and conductance

measurements on suspended carbon nanotube devices [29]. The resistors R1, R2 = 100 kΩ

and R3 = 10 kΩ form a voltage divider for the DC and AC conductance measurements. The

capacitor C1 = 500 pF blocked the low frequency voltages from reaching the signal generator.

The combination of R4 = 10 kΩ and C2 = 500 pF blocked the high frequency RF signal from

reaching the DAC card and the lock in amplifier. The figure is adapted from the publication

of our group [29].
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Chapter 3

ADSORPTION ON INDIVIDUAL SUSPENDED NANOTUBES

This work builds on the expertise accumulated in the Cobden group [48, 84] regarding

gas adsorption on suspended nanotubes. We continue our goal of studying the interaction of

adsorbed atoms and molecules with the electron subsystem of individual suspended carbon

nanotubes.

The coverage of the monolayer adsorbed on the surface of a carbon nanotube can be de-

termined with high accuracy from the mechanical resonance frequency shift of the suspended

nanotube [85]. At the same time the adsorbed atoms change the conductance of the carbon

nanotube field effect transistors, in part through charge transfer from the adsorbates to the

nanotube. By tracking the shifts of conductance as a function of gate voltage, G = G(Vg),

and comparing these shifts with the periodicity of the coulomb blockade CB oscillations we

can quantify the charge transfer to the nanotubes with high accuracy. It turns out that for all

studied gases (He, Ar, Kr, Xe, N2, CO, and O2) the charge transfer has a similar magnitude

and is rather small, on the order of 10−5 to 10−3 electrons per atom. Furthermore, on some

devices the charge transfer is nonmonotonic as a function of coverage, with the adsorbed

atoms donating electrons at low coverage and accepting them from the nanotube at high

coverage [29].

Our studied nanotube devices fall into two distinct classes: on some devices the adsorbed

monolayers undergo phase transitions analogous to those that occur in adsorbed monolayers

on bulk graphite, albeit at higher pressures due to lower binding energy; we refer to these

nanotube devices as Class I. On most fabricated and studied devices, however, first order

phase transitions are absent: adsorption happens gradually and at pressures several orders

of magnitude higher than expected; we call such devices Class II. The latter devices attain
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a maximum coverage at pressures near 3D saturation that is significantly lower compared to

devices which exhibit first order phase transitions [49].

This raises the possibility that the difference in adsorption behaviors between the two

classes of nanotube devices is due to adsorbed contaminants coating the surfaces of some

devices. However, in the low coverage region of isotherms we observe Henry’s law behavior:

coverage φ is proportional to pressure P . This is direct evidence that the surface of the

suspended nanotubes is highly homogeneous and is difficult to reconcile with contamination.

Measurements of Henry’s law allows us to extract the single particle binding energy εb of

adsorbates to the surface of the nanotubes with high precision.

3.1 Coverage isotherms

Coverage measurements on suspended nanotube resonators were pioneered in the Cobden

group by Z. Wang [85, 84]. As atoms/molecules adsorb on the surface of the nanotube they

increase its total mass, M . This causes the resonant frequency of the device fres to decrease,

as fres ∝ M−1/2. Coverage φ of the adsorbed monolayer, which we define as the number

of adsorbed atoms Nads in the monolayer divided by the number of carbon atoms in the

nanotube NC, is obtained from the mechanical resonance frequency shifts,

φ = Nads/NC = (mC/mads)
[
(f0/fres)

2 − 1
]
, (3.1)

where mC and mads are the masses of the carbon atom and the adsorbed molecule, respec-

tively; f0 is the vibrational resonance frequency of the bare nanotube in vacuum, while fres

is the resonance frequency of the nanotube in the presence of the adsorbed molecules. The

total mass of the nanotube is

M = mCNC +madsNads . (3.2)

A set of representative resonance measurements on a nanotube device YB30 in the presence

of Ar is shown in Fig. 3.1.

For Eq. (3.1) to hold, several assumptions have to be satisfied. First, the resonances

of the nanotube have to be fairly linear. Second, the adsorbed atoms have to be uniformly
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distributed along the nanotube surface. The final assumption is that in vacuum the nanotube

surface is completely bare, without any contaminants. The first two assumptions can be

verified by checking that the extracted coverage values measured using different vibrational

modes of the nanotube are consistent with each other. Furthermore, coverage φ extracted

from the shift of a particular resonance mode should remain constant as the tension in

the nanotube changes. The tension can be modified by the electrostatic force between the

nanotube and the gate electrode due to the applied gate voltage Vg [70]. In our nanotube

resonator devices the first two assumption have been verified, see the discussion in the thesis

of Z. Wang [84].
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Figure 3.1: The shift of the mechanical resonance frequency f of nanotube device YB30 as

Ar adsorbs on its surface at T = 50 K. The coverage values are extracted from the frequency

shifts according to Eq. (3.1). The figure is adapted from the publication of our group [29].

Since the nanotube resonances are inherently nonlinear [30, 65], the smallest RF voltages
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have to be used while driving the nanotube resonances in order to measure reliable coverage

isotherms φ(P, T = const). The applied RF amplitude has to be below V0 < 1 mV. Higher

driving voltages cause the coverage isotherms to be shifted to higher pressures. The mecha-

nism responsible for the shifts of the coverage isotherms towards higher pressure is unclear.

This is because the power dissipated by the nanotube due to the applied RF voltage is ex-

pected to be small, due to impedance mismatch between the nanotube and the RF signal

generator, see section 2.2.3. Thus the temperature increase of the nanotube due to Joule

heating is expected to be minimal, not enough to explain the shifts of the isotherms. Only a

limited subset of fabricated devices exhibited detectable resonances at low driving voltages.

3.2 Two classes of adsorption behavior

Isotherms of argon measured on two nanotube devices, device YB14 (Class I adsorption

behavior) and device YB18 (Class II adsorption behavior) are shown in Fig. 3.2. The two

devices exhibit rather different adsorption behaviors, and at the same time rather different

responses of conductance G due to the formation of an adsorbed monolayer. The behaviors

of the two devices due to adsorption are representative of the behaviors of all devices that

correspond to their respective device class. These differences are discussed below.

The isotherms measured on device YB14, shown in Fig. 3.2a, are continuous conductance

isotherms: the conductance of the device at a fixed gate voltage is measured continuously

as pressure is increased in the system, G = G(P, Vg = const). On this particular device we

were unable to detect mechanical resonances, so coverage isotherm measurements were not

possible. Device YB14 shows phase transitions that are analogous to those that occur in the

argon monolayer on the surface of bulk graphite, and thus belongs to Class I according to our

classification. At temperatures above the 2D critical temperature of argon T > Tc ≈ 55.5 K

the conductance G increases gradually as a function of pressure. This increase is due to the

condensation of a supercritical Ar fluid on the surface of the nanotube. As T approaches Tc

the slopes of the main riser in the isotherms become steeper and finally diverge at Tc. In

this device the divergence of the slopes of Ar isotherms, dG/d(lnP ), as T → Tc followed the
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critical scaling of the 2D Ising model universality class: (T/Tc − 1)−γ, with γ = 7/4 [29].

Below Tc the main vertical step in the conductance isotherms corresponds to the 2D Ar first

order liquid-vapor (L-V) transition. Conductance isotherms measured on the device also

exhibited a second smaller step which corresponded to the 2D Ar melting transition. This

step, which is marked with green arrows and shown in the inset in Fig 3.2a, merges with the

main L-V step at the 2D triple point, Ttr = 48 K.

(a)

1 0 - 4 1 0 - 3 1 0 - 2 1 0 - 1

1

2

3

4

5
 

 

7 0

SL

V

T  ( K ) 6 1 6 2 6 55 55 25 04 94 84 7

G 
(µS

)

P g  ( T o r r )

N a n o t u b e  Y B 1 4
A r g o n
V g  =  0 . 3 4  V

 

 

5 2 . 1  K 5 5 . 4  K

S
L

(b)

0 . 0 0

0 . 0 5

0 . 1 0

7 0  K

6 0  K5 5  K5 0  K4 5  K

 

Co
ve

rag
e �

Y B 1 8
A r g o n

4 0  K 6 5  K

7 0  K

6 0  K

4 5  K4 0  K

6 5  K

1 0 - 3 1 0 - 2 1 0 - 1 1 0 0 1 0 1
2 7
2 8
2 9
3 0
3 1
3 2

G 
(µS

)

P g  ( T o r r )

V g =  - 1 . 5  V

Figure 3.2: (a) Continuous conductance isotherms of Ar on nanotube device YB14. Pg is the

measured gas pressure, see section 2.2.2.1. The isotherms show representative adsorption

behavior of Class I devices. First order phase transitions within the monolayer are present.

The response of the conductance G due to increasing monolayer coverage is monotonic except

for spikes in the vicinity of first order phase transitions, see main text for details. The inset

shows the blow-up of the isotherms in the vicinity of the solid to liquid (L-S) transition (2D

melting). (b) Coverage and conductance isotherms of Ar on nanotube device YB18. The

adsorption behavior of Ar and the changes in the device conductance G are representative of

the adsorption behavior of Class II devices. First order phase transitions in the monolayer

are absent. The conductance G changes non-monotonically with monolayer coverage.
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The adsorption behavior of Ar on device YB18, shown in Fig 3.2b, is quite different.

Coverage isotherms on this device lack any signs of first order phase transitions within the

monolayer. The coverage isotherms appear qualitatively similar to the supercritical fluid

isotherms of Ar on device YB14 at T > Tc. For a given temperature, the midpoint of the

main riser in the isotherms on device YB18 occurs at pressures approximately two orders of

magnitude higher than on device YB14. As an example, at T =70 K it occurs at a gauge pres-

sure of Pg ≈ 8 Torr compared to Pg ≈ 0.2 Torr for device YB14. The slopes of the isotherm

risers on device YB18 do not become steeper at lower temperatures. No first order phase

transitions occur on this device down to the lowest accessible temperatures and pressures in

our apparatus (pressure can be reliably measured down to 1× 10−4 Torr, which corresponds

to the lowest measurable Ar isotherm temperature of T ≈ 37 K, see section 2.2.2). This be-

havior is practically identical for all adsorbed gases studied on nanotube devices belonging

to Class II.

As gas adsorbed on their surfaces, the change in conductance of Class I nanotube devices

was mostly monotonic with increasing coverage φ. This holds true for device YB14 during

Ar adsorption, apart form nonmonotonic spikes which are present in the vicinity of first

order 2D L-V phase transitions above Ttr and V-S phase transition below Ttr. If measured

at high bandwidth the spikes show temporal fluctuations [29]. Away from the first order

phase transitions, as the density of the 2D phases within the monolayer adsorbed on the

device surface gradually increased, conductance G changed monotonically with coverage.

The monotonic change of G with coverage appears to be a universal response of nanotube

devices belonging to Class I due to the adsorption of the studied gases.

Nanotube devices belonging to Class II, on the other hand, exhibit nonmonotonic changes

in conductance during gas adsorption, see bottom panel of Fig. 3.2b. This nonmonotonic

response of G to gas adsorption is similar for all gases studied on all nanotube devices

belonging to Class II and is due to a nonmonotonic shift of the G(Vg) along the Vg axis, see

section 3.4.

Out of approximately twenty suspended nanotube devices on which adsorption has been
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measured in the Cobden lab only three belonged to Class I (adsorbed monolayers host first

order phase transitions). All the other devices ended up belonging to Class II (absence of

first order phase transitions). The positions of phase boundaries of Ar on nanotube devices

belonging to the two classes is shown in Fig 3.3a. For nanotubes belonging to Class II the

positions of the midpoints of the gradual risers in the coverage isotherms are plotted. There

is a slight spread in pressures of the risers in different Class II devices. The origin of the

difference in behavior between the two classes of devices is not quite clear (see a related

discussion involving a possible role of contaminants in section 3.3 and for graphene device

in section 4.1).

Coverage isotherms of Ar on several devices belonging to the two classes are shown in

Fig. 3.3b. The maximum coverage of the Ar monolayer on Class I nanotube devices is slightly

higher than on bulk graphite (the latter is shown by a dashed line in Fig. 3.3b). This is due

to the cylindrical curvature of the nanotubes providing an effectively larger surface area for

adsorption compared to a planar surface. The increase in coverage compared to graphite is

expected to be of the order (R + d) /R, where R is the radius of the nanotube and d is the

distance of the adsorbate from the nanotube surface. With typical values of R = 1 nm and

d = 0.35 nm the estimate for the increase is ≈ 35 %.

At pressures near 3D saturation, the Ar coverage on devices exhibiting Class II adsorption

behavior is significantly lower compared to Class I devices. The same holds true for all other

gases studied on these devices; similar results for Kr are presented in the publication of our

group [49]. This raises the question of whether the difference in adsorption behavior can be

explained by contaminants coating the surface of Class II devices, somehow disrupting first

order phase transitions while at the same time reducing the maximum monolayer coverage.

When we apply Eq. (3.1) to extract coverage φ from the shifts of the resonant frequency we

make an assumption that in vacuum the nanotubes are completely bare, without any extra

contaminants attached to their surfaces. If above assumption is not valid and in vacuum the

nanotube device is coated with contaminants with a total mass Mcont, the coverage extracted
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Figure 3.3: (a) Phase diagram of Ar adsorbed on nanotubes. The pressure has been ther-

momolecularly corrected, see section 2.2.2.2. For Class I devices the positions of the phase

boundaries between the 2D vapor (V), liquid (L) and solid (S) phases are plotted. For Class II

devices the points show the midpoints of the gradual risers in the isotherms. The dashed

lines show the 2D phase boundaries of Ar on bulk graphite. (b) Coverage isotherms of Ar

on nanotubes. Devices YB3 and YB8 exhibit Class I adsorption behavior. Devices YB10a,

YB11, YB18, and YB30 exhibit Class II adsorption behavior. The maximum monolayer

coverage of Class II devices at pressures near 3D saturation is significantly lower compared

to Class I devices. See main text for discussion.

using Eq. (3.1) will instead be:

φ =
M

M +Mcont

φ′ , (3.3)

where φ is the measured coverage using the clean nanotube assumption, M is the total

mass of the bare nanotube Eq. (3.2), and φ′ = Nads/NC is the actual coverage. The highest

attained φ on a particular device would then depend on Mcont and the effective total area
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for adsorption.

If we follow the above arguments, the variability of the highest attained coverages of

Type II devices implies that the devices have a variable amount of contamination deposited

on their surfaces. Such contaminants would then be naturally expected to form patches on

the surface of the devices. In this case we would expect adsorption to first occur to higher

binding sites, most likely at the edges of the patches. Instead, from low coverage regions of

isotherms where we observe Henrys law behavior, we have direct evidence that in actuality

the surfaces of Class II nanotubes are highly homogeneous.

3.3 Henry’s law and measurements of single particle binding energy

Coverage isotherms of Ar and Kr on nanotube device YB30 at several temperatures are shown

in Fig. 3.4. When the isotherms are plotted on a log–log plot, Henry’s law behavior is easily

discernible at low coverages φ < 0.01. In our experiments Henry’s law behavior on the device

holds down to the lowest measurable coverages of φ ≈ 5× 10−4. Lower coverages can not be

reproducibly measured due to slight drifts of the vacuum resonance frequency of the device

f0. If we assume that in vacuum the device YB30 is a bare nanotube with radius R = 1 nm

and is suspended perpendicularly across the 1 µm trench, then the coverage range in which

Henry’s law holds corresponds to between approximately 100 to 2500 atoms adsorbed on the

surface of the nanotube. A solid Ar monolayer is expected to contain approximately 60000

atoms.

The slopes of the isotherms in the low coverage region where Henry’s law holds in the

Boltzmann approximation [23] are given by:

P/φ = C0T
3/2 exp (−εb/T ) , (3.4)

C0 =
1

a2
0

√
mads

2πh̄2 ,

where a2
0 is the effective area of one carbon atom, and εb is the single particle binding energy

of the adsorbate to the surface. In the above equation the binding energy εb is measured in

units of temperature T (Kelvin), thus Boltzmann’s constants are absent in Eq. (3.4).
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Figure 3.4: Coverage isotherms of (a) Ar and (c) Kr measured on device YB30. Panels (b)

and (d) show the same isotherms plotted on a log–log plot. Henry’s law behavior (φ ∝ P )

occurs in the isotherms at coverage φ < 0.01.

From the slopes of the Henry’s law regions of isotherms we can determine the binding
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energy εb. To this end we first rewrite Eq. (3.4) in dimensionless form

exp (εb/T ) = C0T
3/2 φ

P
(3.5)

and take the natural log of both sides. We introduce dimensionless variable

Y = ln(φ/P ) +
3

2
ln(T ) = εb/T + C , (3.6)

where C = ln(C0). Plotting Y versus inverse temperature 1/T we obtain a linear dependence

with the slope giving the binding energy εb. The linear fits are shown in Fig. 3.5. The

determined single particle binding energies on device YB30 are εb = (776± 10) K and εb =

(997± 37) K for Ar and Kr, respectively. These binding energies are approximately 70 % of

the single particle binging energies of Ar and Kr to the surface of bulk graphite. On graphite

εb = (1150± 40) K for Ar and εb = (1450± 60) K for Kr [81]. The reduction of εb compared

to bulk graphite is due to the presence of only one layer of carbon atoms in the nanotube

and, also due to curvature.

It is important to note that the fit we use to determine the single particle binding energy

is not sensitive to extra mass present on the nanotube, e.g., due to contaminants. If the

assumption that the nanotube is bare does not hold, the coverage extracted from the me-

chanical resonance shift will be rescaled according to Eq. (3.3). The rescaling of coverage will

lead to a modification of the the constant C in Eq. (3.6), unaffecting the extracted binding

energy εb.

This analysis in fact shows that in the limit of low adsorbate coverage we measure an

accurate single particle binding energy to a highly homogeneous surface of the device. Indeed

the observation of Henry’s law implies that the surface of the device is highly uniform. If

high binding sites were present on the surface, for example next to edges of patches of

contamination, adsorption would occur at those sites preferentially. The linear relationship

between P and φ would not hold in this case.

If the Class II adsorption behavior is due to contaminants present on the surface of the

suspended nanotube devices, they must completely coat the nanotube surface and in turn
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Figure 3.5: The linear fits used to extract the single particle binding energy from the slopes

of Henry’s law isotherms of Ar and Kr on nanotube device YB30. The dimensionless variable

Y is given by Eq. (3.6). According to Henry’s law, Eq. (3.4), the slope of the linear fit gives

the binding energy εb. See text for more details.

form and expose a highly uniform surface to adsorption. The exposed surface must have

a well defined almost constant single particle binding energy in different locations over the

entire surface. This is difficult to reconcile with the variable maximum coverages φ attained

by different Class II nanotubes, as it implies (if the contaminant scenario is to hold true) that

the amount of contaminants are widely variable between devices. These contaminants would

have to deposit on the nanotube devices either during exposure to air or during cooldown in

the cryostat, as the nanotubes do not come in contact with any processing chemicals during

device fabrication, see section 2.1.1.

None of the nanotube devices studied in the Cobden lab have been aggressively current

annealed at cryogenic temperatures. It is important to note (as we later found) that upon

exposure to air the studied suspended graphene devices become contaminated with some

unknown contaminant that disrupts the expected graphite like adsorption behavior of ad-
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sorbed monolayers. The suspended graphene devices require very aggressive current anneals

at cryogenic temperatures to expose a clean surface for adsorption, which becomes recon-

taminated upon exposure to air, see section 4.1. The presence of the same contaminant can

not be ruled out on Type II nanotube devices. On the other hand it is possible that we are

measuring adsorption on clean nanotube surfaces and the two classes of adsorption behavior

on nanotube devices arise through some different mechanism.

3.4 Charge transfer from adsorbates to carbon nanotubes

During gas adsorption the conductance as a function of gate voltage G(Vg) of suspended

carbon nanotubes is modified by the presence of the adsorbates. The main effect on G(Vg)

that is consistently present across all nanotube devices is the shift of theG(Vg) curve along the

gate voltage axis by ∆Vg. This shift can be unambiguously determined at low temperatures

in the presence of Coulomb Blockade (CB) oscillations by tracking the positions of the CB

peaks (see e.g. Fig. 3.7b), the procedure is discussed in reference [29]. At high temperatures,

in addition to the shifts, there is also a modification of the shape of the G(Vg) curve at Vg

away from the gap [29]. The representative changes of G(Vg) of several nanotube devices

due to the presence of a dense monolayer of various gases are presented in appendix A.

Specifically, at high temperatures, ∆Vg can be determined by tracking the shift of the p-

channel threshold of the nanotube, see Fig 3.7a. The charge transferred to the nanotube from

the adsorbates can be extracted by comparing ∆Vg to the periodicity of the CB oscillations

∆VCB. The charge transfer in units of electrons is determined by [29]

∆Q = e
∆Vg

∆VCB

. (3.7)

For nanotube devices the total charge transfer due to the formation of a full monolayer

of adsorbates is small, ∆Q < 1e. This corresponds to a charge transfer of ≈ 1× 10−5

electrons per adsorbed atom within the monolayer. The charge transfer is quite variable

among different gases and devices. A table of measured charge transfers on several different

devices in the presence of a dense monolayer of various gases is presented in appendix A.
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On Class I nanotube devices ∆Vg and thus, according to Eq. (3.7) the charge transfer

appear to be monotonic as a function of coverage φ, see Fig 3.7e. On the other hand, on

devices exhibiting Class II adsorption behavior the charge transfer is nonmonotonic as a

function of coverage, see Fig. 3.7c and Fig. 3.6. On the latter devices the amount of charge

transfer at low φ is highly temperature dependent.

Let us discuss the features present in Fig. 3.6. On device YB30 we measured G and φ at

fixed equilibrium pressures. The conductance G was measured at the p-channel threshold.

The changes in G are due to the nonmonotonic shift of the p-channel threshold by ∆Vg. The

charge transfer can be determined from G by

∆Q = e∆G
dVg
dG

1

∆VCB

. (3.8)

At low coverage the linear dependence G ∝ φ indicates that the effect on conductance due

to the adsorption of each individual atom is constant. This shows the absence of inter-atomic

interactions within the adsorbed monolayer in the low coverage limit. At a higher coverage

φ ≈ 0.01 we observe a very sharp turnaround point in the ∆Q(φ) dependence at coverages

where Henry’s law ceases to work indicating the onset of the inter-atomic interactions within

the monolayer. We interpret this as indications to the relevance of collective effects within

the monolayer affecting charge transfer.

In conclusion, this Chapter 3 summarizes our experimental studies of the effects of various

gas adsorbates on the surface of carbon nanotubes. One of the main results is the presence

of two qualitatively different behaviors we called Classes I and II of nanotubes. We present

evidence that the physical difference between the two classes is in that Class I devices are

clean, while Class II are likely uniformly covered by an unknown type of contaminant. The

related discussion of graphene behavior is present in Chapter 4.
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Figure 3.6: (a) A conductance and coverage isotherm of Ar on nanotube device YB30

(Class II) at T = 47 K. The conductance G is measured at Vg = 0 V near the p-channel

threshold. (b) Conductance G and charge transfer ∆Q vs. coverage φ. See text for discus-

sion.
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Figure 3.7: (a) The conductance as a function of gate voltage G(Vg) of nanotube device YB11

(Class II) at T = 47 K in vacuum and with a monolayer of Ar. The formation of a dense

monolayer produces a shift of the p-channel threshold by ∆Vg ≈ 10 mV. The G(Vg) of the

device at T = 4.3 K shows the Coulomb Blockade (CB) oscillations with periodicity ∆VCB =

11 mV. (b) The shifts of G(Vg) of nanotube device YB14 (Class I) due to the adsorption of

helium. (c) The shifts of the p-channel threshold of device YB11 as a function of monolayer

coverage at temperatures T = 42, 47, 52, 56, and 66 K. The shifts are nonmonotonic as a

function of coverage. (d) Charge transfer to the nanotube YB11 from the adsorbed Ar atoms.

The charge transfer at low coverage is highly temperature dependent and is of opposite sign

compared to high coverage. (e) Shifts of the CB oscillations of device YB14 in p-channel

and n-channel due to the adsorption of He. The shifts are monotonic as He adsorbs on the

device. The figure is adapted from the publication of our group [29].
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Chapter 4

ADSORPTION ON GRAPHENE

This chapter will cover the outcome of our study of the effects of gas adsorption on the

conductance of suspended graphene devices. It will cover our investigations of the behaviors

and structures of the adsorbed monolayers obtained through their effects on the conductance

of the suspended devices. A comprehensive study of gas adsorption of noble gases (Ar, Kr,

Xe, Ne) and diatomic molecules (N2, CO, O2) was performed on graphene devices with

thicknesses ranging from trilayer down to monolayer. The phase diagrams of the adsorbed

monolayers on clean graphene were determined from features present in the conductance

isotherms. Adsorbed monolayers on clean graphene devices uncovered by current annealing

exhibit phases analogous to those seen in adsorbed monolayers on the surface of bulk graphite.

Phase transitions of adsorbed gases on bilayer, trilayer and hBN backed devices occur at

pressures comparable to that on bulk graphite, while on monolayer graphene devices they

occur at slightly elevated pressures due to a very small reduction of binding energy compared

to that of bulk graphite and the studied thicker devices.

The measured bilayer and trilayer devices were all freestanding with adsorption occurring

on both sides of the device. Monolayer devices were fabricated both freestanding and capped

with multilayer hexagonal boron nitride (hBN). In the hBN capped devices adsorption was

restricted to only one side of the graphene sheet. Comparison of the adsorption behaviors

of hBN capped vs. freestanding monolayer graphene devices allowed us to study the effects

of the interactions of physisorbed monolayers across the graphene sheet. This is a new

phenomenon which does not occur in monolayers adsorbed on the surface of bulk graphite

crystals.

Because each fabricated graphene device can contain a variable level of contamination
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and disorder which is difficult to control, it is important to separate features present in

adsorption measurements which result from the interaction of the adsorbates with this foreign

contamination versus those effects the occur due to the adsorption on the clean regions of

graphene. Those features resulting from adsorption on clean graphene should be universal

across all measured low disorder devices. The clean regions of the suspended graphene

devices are uncovered by aggressive current annealing. To this end I will present adsorption

data which has been obtained on 18 separate devices: 1 trilayer graphene device, 3 bilayer

devices, 10 freestanding monolayer devices, and 4 monolayer devices capped with hBN.

In contrast to carbon nanotube devices, where coverage of the monolayer can be directly

obtained from the mechanical resonance frequency shifts (see section 3.1), only conductance

isotherms can be performed on the graphene devices. Coverage cannot be measured due to

the fact that our graphene devices do not support mechanical resonances with high enough

Q-factor. The fabrication process produces graphene devices with low tension, corrugations,

and polymer residue which significantly broaden the mechanical resonances.

I start the chapter by discussing pre-annealed adsorption behavior that is present in all

of the measured devices upon initial cooldown, which hints at the presence of a ubiquitous

high binding contaminant that coats the surface of all of the devices upon exposure to air or

during the cooldown in our cryostat. Subsequently I will discuss the adsorption that occurs

on clean regions of the graphene devices that are cleared of any contaminants following

aggressive current annealing.

4.1 Pre-annealed adsorption behavior on graphene devices

4.1.1 Isotherms before current annealing the suspended graphene

The ultimate goal of the project was to measure gas adsorption behavior on a pristine, con-

tamination free graphene surface. We performed adsorption measurements on as fabricated

devices and devices that have been furnace annealed. Upon initial cooldown these devices

do not show the adsorption behavior that is expected to occur on bulk graphite. In order
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to recover the conventional bulk graphite–like adsorption behavior the suspended graphene

devices need to be aggressively current annealed. All of the fabricated devices showed surpris-

ingly similar adsorption behavior prior to current annealing and would recover this behavior

if warmed up to room temperature and exposed to air after a current anneal has been carried

out at cryogenic temperature. In the rest of this section I will refer to this adsorption be-

havior before a current anneal procedure has been carried out as “pre-annealed” adsorption

behavior.

As described in section 2.1.3, after a successful fabrication process, upon the removal of

a suspended device from solvent, it will contain a variable amount of polycarbonate polymer

residue which can be several nanometers thick and coats the device surface. An AFM

topography scan of this residue on an as fabricated suspended device is shown in figure 2.6b.

The residue forms patches with what appear to be small clean regions of graphene exposed in-

between. The typical size of the clean regions separating the patches is on the order of 20 nm

in the typical fabricated devices. The inhomogeneously deposited polymer residue causes

a severe reduction in the mobility (µ) of graphene. This results in the suspended devices

having a minimal dependence of conductance on gate voltage G(Vg) in the range of several

volts that can be safely applied to the suspended devices. To achieve the goal of measuring

adsorption on clean graphene we developed a reproducible procedure of current annealing

the devices following similar procedure as reported in the literature [40, 57]. During the

development of the current annealing procedure we discovered strong evidence that there is

another type of contamination that disrupts monolayer formation on the graphene devices.

This contamination either deposits on the device during cooldown inside the cryocooler gas

cell or during an exposure to air at room temperature. The contaminant has relatively strong

binding to graphene.

On polymer residue coated devices gas adsorption should still occur onto the exposed

regions of the graphene with an unmodified binding energy. Due to the short range nature

of the Van der Waals interaction the adsorbates should not be sensitive to any contaminants

more than about a nanometer away from the adsorption site. The edges of the polymer
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residue patches on the other hand should present higher binding sites to the gas adsorbates

than the clean graphene regions, due to the added attraction of both the graphene surface

and the contaminants. One might reasonably expect that adsorption on such devices to

occur at lower pressures than on pristine graphene, with the monolayer growth expanding

out from the edges of the polymer contaminated patches, out from the higher binding sites.

The phase transitions in the clean patches should become smeared out due to the finite size

effects of their small areas. At higher pressures the exposed graphene patches should still

become covered by a dense, close packed monolayer for all of the adsorbates. The adsorption

behavior of such contaminated devices would be expected to be greatly dependent on the

amount and distribution of the polymer residue contamination and thus be highly device

dependent.

As discussed in section 2.1.3 the polycarbonate residue contamination can be greatly

reduced by furnace annealing the devices in an inert Ar/H2 atmosphere at temperatures of

several hundred ◦C. Due to large exposed clean surface areas (see Fig. 2.6e), such devices

would be expected to have adsorption behavior analogous to bulk graphite, qualitatively

different from the non furnace annealed devices.

Surprisingly following an initial cooldown, none of the studied devices showed any ad-

sorption isotherm features related to phase transitions seen on bulk graphite. The adsorption

isotherms for both the furnace annealed and as fabricated devices are extremely similar. For

all of the measured gases the conductance isotherms show one main broad step which occurs

at a pressure of approximately two orders of magnitude higher than the expected initial

condensation into a dense 2D monolayer on bulk graphite. For all of the devices studied this

initial step occurs at almost the same pressure for a given temperature. Argon adsorption

isotherms measured at T = 60 K on eight separate devices are presented in figure 4.1. The

total change in conductance ∆G due to the argon adsorption has been normalized for easier

comparison: ∆Gnormalized(Pg) = (G(Pg)−G(0))/(G(Psat)−G(0)).

When the rescaled pre-annealed adsorption isotherms are plotted together they fall on

top of each other. This indicates that the pre-annealed adsorption behavior occurs regardless
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Figure 4.1: Pre-annealed conductance isotherms of argon at T = 60 K on various suspended

devices. Conductance has been normalized for easier comparison. Pg is the measured gas

pressure, see section 2.2.2.1. (a) Bottom to top: Device #2 – bilayer graphene, furnace

annealed; Device #3 – trilayer graphene, furnace annealed; Device #4 – bilayer graphene,

not furnace annealed; Device #4 after current annealing and subsequent exposure to air;

Device #9 – bilayer, not furnace annealed; Device #13 – bilayer, not furnace annealed;

Device #14 – monolayer, not furnace annealed; Device #18 – bilayer, not furnace annealed;

Device #28 – bilayer, not furnace annealed.

of the amount and distribution of polycarbonate residue on the surface of the devices. The

significantly less contaminated furnace annealed devices exhibit the same adsorption behavior

as non furnace annealed devices. The magnitude of the change in conductance ∆G vacuum

to saturation during a pre-annealed isotherm is small and similar for all gases on a particular

device. For argon, ∆G varies between about 2% to 0.3% among all the devices measured.

In all of the studied devices there is minimal change in conductance at low pressures

where the initial monolayer condensation on pristine graphene in expected to occur. For
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some gases such as Kr and O2, the conductance on pre-annealed devices sharply increases

as the cell pressure approaches the saturated vapor pressure of the gas, see Fig. B.2c. This

is indicative of multilayer condensation occurring on the surface device (wetting). Such

multilayer condensation behavior can be truncated by small temperature gradients in the

measurement apparatus near saturated vapor pressure [63, 6]. A complete set of pre-annealed

adsorption isotherms for all measured gases is presented in appendix B.1. Some gases such

as neon, O2 and N2 exhibit a second smaller step at higher pressures in the pre-anneled

conductance isotherms, see Fig B.2. The attribution of this step to specific adsorption

processes on the surface of the device is unclear. There is a possibility that the step might

be might be due to second layer condensation on the device.

4.1.2 Current annealing to recover conventional adsorption behavior

An aggressive current anneal at cryogenic temperatures is required in order to recover the

bulk–graphite like adsorption behavior. Current annealing is a standard procedure widely

used to remove contamination and improve the mobility of suspended devices [57, 52, 40, 83].

During a current anneal a high bias voltage is applied across the device, which causes its

temperature to increase due to Joule heating. Effective current annealing of suspended

graphene devices is possible because thermal conductivity of the graphene sheet decreases

at elevated temperatures, which causes a hotspot to develop at the center of the suspended

device. The temperature of this central region can exceed 2500 K before device breakdown

occurs [42]. As the device heats up, any contamination adhered to its surface either migrates

away from the hot region or desorbs from the surface. A large temperature gradient occurs

across the device away from the central region towards the contacts which act as heat sinks

that are effectively thermally anchored to the temperature of the cryocooler cell[42]. There

is always a region of remnant contamination located near the contacts which is impossible

to remove by current annealing the device[40].

An incremental current annealing procedure was performed on our devices. The source–

drain bias voltage was gradually ramped up to a predefined value, at which point the ramp
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was reversed and the voltage was swept back down to zero. A typical anneal ramp was

performed in vacuum, at a pressure lower than 1× 10−5 Torr and at a ramp rate of 0.5 V/min.

After each anneal cycle the gate dependence G(Vg) of the device was measured and an

adsorption isotherm was performed. The current anneal procedure was typically done at a

temperature of T = 60 K so that an adsorption isotherm of either argon or nitrogen could

be performed immediately after each anneal cycle. The source–drain bias Vsd was increased

for each subsequent current anneal, typically in increments of 0.1 V to 0.2 V until the device

started to show the expected graphite-like adsorption behavior.
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Figure 4.2: Conductance as a function of gate voltage G(Vg) of monolayer graphene de-

vice #14 at T = 60 K after various levels of current anneal. The device is suspended over a

1.75 µm trench. Graphite-like adsorption behavior was completely absent on the device until

the 1.3 V anneal. The device burned out during the 1.8 V anneal. The estimated field effect

mobility of the device after the 1.7 V anneal was µFE ≈ 5× 105 cm2/Vs at T = 4.2 K.
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A decision has to be made when to terminate the current annealing procedure and stop

going to higher source–drain biases. This turns out to be quite difficult as the cleanest de-

vices result after current anneals with applied Vsd very close to the device breakdown. This

typically occurs at significantly higher applied voltages than the current anneal threshold

required to recover the graphite–like adsorption behavior. For example on monolayer de-

vice #14 the first traces of the graphite-like adsorption behavior in the isotherms appeared

after the Vsd = 1.3 V anneal. The device mobility along with the magnitude of the effect of

adsorption on conductance kept increasing until the highest anneal level that the device was

able to tolerate before burnout of Vsd = 1.7 V. Conductance as a function of gate voltage

G(Vg) of the device after various levels of current anneal are shown in Fig. 4.2. After the

1.7 V anneal the estimated field effect mobility µFE of the device approached 5× 105 cm2/Vs

at T = 4.2 K before the device finally burned out during the subsequent 1.8 V anneal.

As the bias is ramped up during successive current anneal, a central region of the device

becomes contamination free, and this region expands after each successively higher applied

source–drain bias level. This can be seen in AFM scans performed on a suspended bilayer

graphene device after different stages of current anneal, Fig. 4.4.

By performing isotherms on devices after progressive levels of current anneal we can

study the evolution of the adsorption behavior as the contamination is gradually removed

from the surface of the device. A set of adsorption isotherms of argon after increasing levels

of current anneal on trilayer graphene device #3 suspended over a 1 µm trench are shown

in Fig. 4.3. On this device current anneals at voltages below Vsd < 1.5 V resulted in little

change in the adsorption behavior from the pre-annealed case. This indicates that the central

region of the device did not reach a high enough temperature to desorb the contamination

giving rise to the pre-annealed adsorption behavior. After the 1.5 V anneal the pre-annealed

adsorption step became broader, but there was still no sign of any feature in the isotherm

related to the argon supercritical liquid–vapor (L–V) phase transition which is expected to

occur on a graphite surface at T = 60 K. Finally after a 2.0 V anneal a step related to the

supercritical L–V phase transition appeared in the conductance isotherm. The Ar L–V step is
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in coexistence with the broadened pre-annealed adsorption feature. A change in conductance

is also present at low pressures in the isotherm, indicating that there are higher binding sites

on the surface of the device. After the Vsd = 2.3 V anneal, both the pre-annealed and the

higher binding adsorption behavior completely disappeared from the isotherm. At the same

time the change of conductance of the supercritical L-V transition increased in magnitude.

1 E - 5 1 E - 4 1 E - 3 0 . 0 1 0 . 1 1 1 0

0 . 0

0 . 5

1 . 0 L - S

A r  I s o t h e r m s  a f t e r  v a r i o u s  a n n e a l s

2 . 3  V  a n n e a l

2 . 0  V  a n n e a l

G no
rm

aliz
ed

 (a
.u.

)

P g  ( T o r r )

1 . 5  V  a n n e a l B e f o r e  A n n e a l

S u p e r c r i t i c a l  L - V T  =  6 0  K

1 E - 5 1 E - 4 1 E - 3 0 . 0 1 0 . 1 1 1 0

0 . 0

0 . 5

1 . 0 1 . 7  V1 . 6  V

1 . 5  V

1 . 4  V

G 
(no

rm
aliz

ed
)

P g  ( T o r r )

T  =  6 0  K

U p  t o  0 . 7 5  V
1  V

1 . 2  V

1 . 3  V

Figure 4.3: Argon isotherms on trilayer graphene device at T = 60 K after various levels of

current annealing. The conductance for each isotherm has been normalized so that GVac =

0 and Gsat = 1.

The coexistence of both the pre-annealed and the post annealed, graphite-like adsorp-

tion behavior on the devices indicates that the two adsorption behaviors occur on different

parts of the device surface which are spatially separated. The post-annealed graphite like

adsorption behavior has to occur in the cleaned out central region of the device which at-

tains the highest temperature during the current anneal, while the pre-annealed adsorption

behavior has to occur at the periphery of the device, in regions that fail to attain a high

enough temperature during the current anneal to remove the contamination giving rise to

the pre-annealed adsorption behavior. Similar behavior can be seen in the set of isotherms
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performed on a bilayer device shown in Fig. 4.4a. As the source–drain bias is increased

during subsequent current anneals the clean area of the graphene sheet giving rise to the

graphite-like adsorption behavior grows in size, resulting in an increase of ∆G due to the

adsorption on clean region. We can acquire AFM images of the exposed clean central region

of the suspended devices after various levels of current anneal once the device is removed

from the cryocooler, figure 4.4c. The clean region of the graphene device is easily seen using

the adhesion data obtained with PeakForce Tapping imaging mode of our AFM.

4.1.3 Device recontamination by atmospheric adsorbate

If a current annealed device showing the graphite–like adsorption behavior is warmed up,

exposed to air and subsequently re–cooled, it reverts back to the pre-annealed adsorption

behavior. This reversion to the pre-annealed adsorption behavior is universally seen on all

of our devices which have been removed and reinserted into the cryocooler. The adsorption

isotherms on such devices look identical to the pre-annealed adsorption isotherms before any

current annealing has been performed. This is quite surprising because current annealed

devices at cryogenic temperatures initially contain a completely contaminant free surface in

the center of the suspended region. If imaged with the AFM upon device removal such a

region appears to have a surface roughness of less than < 0.1 nm. Clearly something must be

adsorbing into this clean region and disrupting the graphite–like adsorption behavior either

during exposure to air or upon a subsequent cooldown in the cryocooler.

A set of argon isotherms during an original current anneal run on a bilayer graphene

device are shown in Fig. 4.4a. Argon isotherms following a recontamination of the same

bilayer device are shown in figure 4.4b. Upon the initial cooldown, during the first round

of current anneals the argon L-V phase transition became observable after the 2.4 V anneal.

Upon the subsequent cooldown the device had to be current annealed to 1.75 V to recover

the argon L-V adsorption behavior. There was no change in the adsorption isotherms at

milder anneals below the Vsd = 1.75 V. The power dissipated by the device during the quite

aggressive anneal was about 16 mW.
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Figure 4.4: (a) Adsorption isotherms of argon on a bilayer device suspended over a 1 µm

trench after various levels of anneal. There is minimal change in the adsorption behavior

below an anneal of 1.9 V. (b) Another set of adsorption isotherms after the device has

been exposed to air. The device had to be reannealed to 1.75 V to recover the argon L–V

transition. (c) An AFM scan of the device after the first 2.5 V anneal. The residue free

central region is clearly visible. (c) An AFM scan of the same device device after a 3.0 V

anneal. The clean region is significantly larger, with polycarbonate residue still remaining

near the contacts.
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Whatever the nature of this foreign adsorbate, it disrupts the graphite–like adsorption

behavior of the device. The above discussion implies that the contaminant has a relatively

high binding energy to the graphene device surface. The disruption of adsorption due to the

contaminant occurs in an identical manner on all studied devices giving rise to very similar

pre-annealed adsorption behavior. To explain the similarity in the pre-annealed adsorption

isotherms we propose that the contaminating adsorbate must be covering the entirety of the

graphene device surface across all of our devices. The coverage of the contaminant adsorbate

must be close to a full monolayer, otherwise we would expect to see high binding sites at the

edges of the contaminant molecules, which we don’t observe on any of the more than thirty

studied pre-current annealed samples. This contaminant must have high binding to graphene

in order to remain on the surface with little perturbation during relatively aggressive current

anneals, indicating that it has to be made up of rather large molecules. The vapor pressures

of these contaminants is low enough below at least T < 200 K for them to not redeposit on

the device surface after a current anneal. If the contaminants deposit on the device from air,

it is natural to assume that they would be some mixture of chemical species with various

chemical groups exposed on their surface. For the adsorption behaviors to be virtually the

same across all of the studied graphene devices the composition of the contaminant species

must be very similar across all of the studied devices. If the contaminants coat the surface of

the device at room temperature, they are not seen in our AFM topography images performed

using typical tapping mode tips with typical diameters of ≈ 10 nm.

The contamination of exposed surfaces upon an exposure to air by hydrocarbons is a

well known phenomenon. It is widely seen in the XPS community and is referred to as

“adventitious carbon” [47]. Groups performing XPS studies observe contamination which

gives rise C–C and C–O peaks in the emission spectrum. This contamination is seen to

deposit on exposed surfaces from air and even inside UHV chambers at low pressures. The

distributions of the contaminant species across samples and measurement runs is reported

to be somewhat variable [47]. The hydrocarbon contamination of freshly cleaved graphite

surfaces after exposure to air has also been reported by groups performing wettability contact
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angle studies [2]. The water contact angles are seen to undergo large changes from 30◦ to

over 90◦ over the course of hours and can serve as a reliable indicator of surface hydrocarbon

contamination.

It has been reported by several groups performing high resolution AFM studies of graphene

surfaces [19, 34, 86] that all exfoliated graphene and BN sheets fabricated in the lab become

coated by an adsorbed layer of linear chain like molecules which give rise to subtle stripe

like features observable in surface topography. The reported features have a periodicity of

about 4 nm and can only be imaged using high aspect ratio tips with diameters of less than

1 nm. The adsorbed molecules are proposed to self assemble into periodic lamella like mono-

layers. The orientation of the stripes is claimed to be aligned with the armchair axis of the

graphene lattice [34] which is consistent with the behaviors of adsorbed alkanes at densities

near monolayer completion. These linear alkane like hydrocarbons are proposed to be orig-

inating from various sources in the laboratory environment such as outgassing plastics or

vacuum pump oil, and might be ubiquitously permeating the laboratory air in minute con-

centrations. Alkane like hydrocarbons of various lengths are known to adsorb onto graphene

with their zig-zag backbones lying in plane and with the CH2 subgroups of the molecule

locking in registry with the hexagonal cells of the graphene substrate, which are the higher

binding sites [26, 33].

The formation of such well ordered periodic monolayers of contaminant hydrocarbons on

our graphene devices could explain most of the features seen in the pre-annealed adsorption

behavior. The main riser in the conductance isotherms might be due to a second layer of gas

adsorption on top of a monolayer of such close packed hydrocarbons on top of the graphene.

The surface of the hydrocarbons could be inhomogeneous enough to cause the broadening

of the adsorption step. The explanation for the shift of the adsorption behavior to higher

pressures is not readily apparent.

According to [34], the adsorbed monolayer of contamination would not be observed in

conventional contact or tapping mode AFM topography measurements as the tips with mod-

erate diameters would not penetrate the adsorbed layer. This is a possible explanation for
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the height discrepancy observed in AFM measurement of the first layer of graphene and hBN

flakes as reported by various groups. The anomalous thickness of about 1 nm of the first layer

of graphene could be the result of the measurement of the extra thickness of the adsorbed

contaminant layer. A monolayer step within the same flake would produce the expected

monolayer graphene height since the surface on either side of the step would be coated with

the same layer of adsorbate. There is a high likelihood that all fabricated graphene and

BN flakes studied in the laboratory are actually coated in a uniform film of hydrocarbon

residues.

4.1.4 Similarity to Class II nanotube adsorption behavior

The pre-annealed conductance isotherms on graphene are reminiscent of the adsorption be-

havior seen on Class II carbon nanotube devices, discussed in section 3.2. In both cases

the expected graphite–like adsorption behavior is completely absent. The main step in the

isotherms is broadened and occurs at elevated pressures, approximately two orders of mag-

nitude higher than expected for the adsorption on a pristine graphene surface. The locations

of the phase boundaries of argon on nanotubes and on an hBN backed graphene device

are shown in Fig. 4.5. For this device the midpoint of the main step in the pre-annealed

conductance isotherms is plotted as large black circles. The position of the step is repre-

sentative of the positions on all pre-annealed graphene devices. The step occur at pressures

approximately two times lower than the adsorption on Class II carbon nanotubes. Once the

hBN backed monolayer device is current annealed the phase boundaries for argon adsorption

match well with those occurring on bulk graphite.

This raises the question of whether the adsorption behavior on Class II carbon nanotube

devices has the same origin as the pre-annealed adsorption behavior on graphene, possibly

related to the same adsorbed contaminants. It has to be stated that none of the Class II

carbon nanotube devices studied have been aggressively current annealed, which seems to

support the argument of contaminants covering their surface.

On the other hand several observations of adsorption behavior on Class II carbon nan-
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otubes are difficult to reconcile with contamination. We observe Henry’s law in the low

coverage (φ < 0.01) regions of the isotherms, see section 3.3. Such behavior can only occur

on surfaces with a very high degree of homogeneity. This implies that if contaminants are

indeed present on the surface of the nanotubes they must be highly homogeneous. At the

same time they have to coat the entire surface of the nanotube. On Class II nanotube de-

vices the maximum monolayer coverages obtained at saturation was variable among devices,

which is difficult to reconcile with the above stated behavior. A dense layer of hydrocarbons

on a nanotube surface is expected to increase its mass by ≈ 50 %, and would significantly

reduce the maximum attained adsorbate coverages, see discussion in section 3.2.
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Figure 4.5: Pressure-Temperature phase diagram of argon on hBN backed graphene. Ther-

momolecular correction has been applied to the gauge pressure following [75]. The open

green circles indicate the midpoints of the phase boundary of the supercritical fluid transi-

tion. Open blue circles indicate the phase boundary of the transition to 2D solid. The solid

black circles show the midpoint of the pre-annealed adsorption step from Fig. B.1.
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4.2 Post annealed adsorption behavior

4.2.1 Adsorption on Trilayer Graphene

I will begin the description of adsorption on clean graphene with adsorption on a Bernal–

stacked (ABA) trilayer device. Adsorption on only one such device has been measured. The

binding energies of adatoms to trilayer graphene are expected to be virtually identical to that

of bulk graphite [66]. Also, the condensed monolayers formed on the top and bottom sides of

the freestanding trilayer graphene are far enough apart so that no significant interaction of

the monolayers occurs [9]. Thus, the two monolayers are expected to be almost completely

decoupled. That is, the coupling is much smaller than the thermal energy kT at typical

adsorption temperatures. We expect the structures of the adsorbed monolayers on the trilayer

graphene device to completely reproduce the structures of monolayers that occur on bulk

graphite. Accordingly, the phase boundaries between various monolayer phases should occur

at identical pressures. Our measurements corroborate this picture. The novel effects of the

formation of these adsorbed monolayers on the conductance of the device G are discussed

below.

4.2.1.1 Effects on conductance

A conductance isotherm of argon Ar on the trilayer graphene device at T = 60 K is shown

in Fig. 4.7. To our knowledge, this is the first measurement of the effect of adsorption on

the conductance G of disorder-free few-layer graphene device under equilibrium thermody-

namic conditions. The shape of the conductance isotherm appears surprisingly similar to

volumetric adsorption isotherms of argon performed on bulk graphite at the same tempera-

ture [55]. Features present in the conductance isotherm can be directly identified with phase

transitions that are known to occur on bulk graphite and take place at identical pressures

within experimental uncertainty. The same holds true for the adsorption of other noble gases

measured on the trilayer device. The features corresponding to the phase transitions of ar-

gon are labeled in Fig. 4.7. Apart from remnants of the pre-annealed adsorption behavior
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around Pg = 0.1 Torr in the T = 60 K isotherm, no new features in the isotherms are found.

A complete set of isotherms for Ar, Kr, Xe, and Ne on the suspended trilayer device are

presented in Appendix B, Fig. B.5.

The above described behavior implies that the effect of the adsorption of noble gas atoms

into a monolayer with a particular structure on the conductance of the suspended trilayer

device G does not depend on the actual structure of the adsorbed monolayer, but only on

the coverage. For example the solid close-packed argon monolayer is known to undergo

the Novaco-McTague [60] epitaxial rotation with respect to the graphite substrate lattice as

the monolayer density increases. In our experiment the conductance on the trilayer device

appears to be insensitive to this rotation. For krypton, the conductance is insensitive to

the commensurability of the adsorbed monolayer, as there is no qualitative difference in the

effects on conductance upon the formation of the
√

3×
√

3 commensurate solid Kr phase;

the isotherms are presented in Appendix Fig. B.5b. Other gases that form the
√

3×
√

3

commensurate solid have not been studied on the trilayer device. It is important to note

here that in the case of adsorption on bilayer graphene the effect of the formation of the
√

3×
√

3 commensurate solid of N2 resulted in qualitatively different behavior from krypton.

The effect of adsorption of noble gases was quite similar for both bilayer and trilayer graphene,

see Section 4.2.2.3.

To describe quantitatively our experimental findings let us introduce the following rele-

vant physical quantities. The conductance of the device in vacuum (without any adsorbates

present on its surface) will be denoted as G0. In the trilayer graphene device at the tem-

peratures at which adsorption isotherms of Ar, Kr, and Xe were performed, G0 has minimal

dependence on gate voltage: G0(Vg) ≈ const in the range of gate voltages Vg experimentally

accessible in our suspended devices. This is due to the conductance being dominated by

thermally excited carriers present as a result of the parabolic band structure of ABA stacked

trilayer graphene [3].

In order to facilitate the comparison of the effects of adsorption across devices with

varying levels of surface inhomogeneity and contamination, it is useful to track the change in
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conductance of the device ∆G while the adsorbed monolayer is in an easily reproducible and

identifiable state. An obvious choice is the initial point of the formation of a solid monolayer

of the adsorbate on the surface of the device. For argon the formation of the solid monolayer

occurs at the fluid to solid (2D solidification) phase transition. The conductance at this

point in the isotherm will be denoted as G1. The isotherms exhibit an easily identifiable

kink at this phase boundary, see Fig. 4.7. The structure of the solid argon monolayer on

bulk graphite near this phase transition is a triangular close packed lattice with a nearest

neighbor spacing of Lnn = 3.97 Å [21]. The change in conductance of the device upon the

formation of the close packed first layer will be defined as ∆G1 = G1 − G0; the relative

change is denoted as δG1 = ∆G1/G0.

As the ambient vapor pressure is increased past the fluid to solid transition, the incom-

mensurate monolayer density increases due to the reduction of nearest neighbor atom spacing.

The monolayer reaches maximum density before condensation into the second layer occurs.

We will denote the conductance of the device at the monolayer completion, right before the

condensation of the second layer as G1C . The change in conductance ∆G1C = G1C − G1

contains contributions from two sources. As the adsorbed monolayer on the clean region of

the device increases in density and affects the conductance, simultaneously adsorption on

the contaminated regions of the device occur, see section 4.1. The magnitude of the effect

on conductance of the contaminated region varies with surface contamination and changes

upon different levels of current annealing.

At higher ambient vapor pressures the adsorbed film undergoes layer by layer growth. At

low temperatures this occurs through first order layering transitions [25]. At each subsequent

layering transition the N layer condenses on top of the previous N − 1 layers through a first

order transition from a dilute 2D gas to a close packed solid. Surprisingly, the conductance of

the studied trilayer graphene device is sensitive to the formation of these extra layers. Steps

up to the fifth layer of argon were detected before onset of saturated vapor pressure. We

will denote the change in conductance upon the formation of layer N by ∆GN . Since each

subsequent layer forms on top of the same surface area as occupied by the previous layers,
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one might expect that the ratio of ∆GN/∆G1 to be universal on pristine, contamination free

graphene. It is unclear if this relation should hold in the two terminal conductance of our

suspended devices.

The argon isotherm presented in Fig. 4.7 was measured after an intermediate level of

anneal of 2.0 V. The formation of a close packed monolayer of argon resulted in a change of

conductance of the device of δG1 ≈ 7 %. After the most aggressive current anneal performed

on the device of 2.3 V, the change in conductance δG1 increased approximately three times,

δG1 ≈ 22 %. At the same time the ratio of the effect of the formation of the second layer

compared to the first ∆G2/∆G1 remained constant, consistent with the above discussion.

On the other hand, the ratio of the effect of the formation of the third layer ∆G3/∆G1

decreased by approximately 25 %; the data are present in table 4.1. The comparison of

the argon isotherms at 60 K after two levels of anneal are shown in Fig. 4.6. The change in

conductance due to the pre-annealed adsorption behavior, which was present in the isotherm

after the 2.0 V anneal, is completely absent from the isotherm performed after the aggressive

2.3 V anneal.

After the 2.3 V anneal, the effect on conductance of the trilayer device due to the adsorp-

tion of neon was larger than the effect of the other noble gases studied, with δG1 ≈ 40 %

at the charge neutrality point. The isotherms of neon on the trilayer device are shown

in Appendix Fig. B.5d. Such large increases in conductance due to the adsorption of the

noble gases is quite surprising. The mechanisms responsible for such large enhancements

of conductance upon the adsorption of noble gas atoms on the trilayer device is unclear.

The details of the mechanism responsible for the conductance enhancement can hopefully

be revealed by studying the adsorption effects at different gate voltages Vg. This can be

achieved by measuring G(Vg) at fixed pressures Pg while the monolayer is in different states

of adsorption with respect to coverage.

Due to its relatively smaller binding energy εb, adsorption of neon Ne was studied at lower

temperatures than other noble gases, around 17 to 25 K. At these lower temperatures the

trilayer device had a larger gate dependence of G(Vg) than at the higher temperatures for the
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Figure 4.6: Argon isotherms on the trilayer graphene device #3. The relative conductance

has been normalized by ∆G1 for easier comparison. The isotherm after the 2.0 V anneal

(black curve) shows the remnants of the pre-annealed adsorption behavior around Pg =

0.1 Torr. This pre-annealed adsorption behavior is undetectable in the isotherm after the

2.3 V anneal (red curve).

other gases studied. For other noble gases studied the temperature ranges were significantly

higher: 50 to 70 K for for argon and 80 to 120 K for krypton. At these temperatures the

G(Vg) of the device was almost flat.

The main effect on conductance G due to the adsorption of all noble gases studied was

a gate voltage Vg insensitive conductance increase, G(Vg) ≈ const. The main difference

between the effects of the different noble gases was the magnitude of this conductance en-

hancement. For neon along with the Vg insensitive conductance enhancement there was also

a small shift of the charge neutrality point by ∆Vg = 0.23 V. The shift of the neutrality point

did not significantly contribute to the change in conductance of the device. Such a shift of

the neutrality point suggests that there is a charge transfer from the adsorbed neon mono-
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layer to the trilayer graphene. Taking into account the gate capacitance of the device, the

charge transfer is ∆n ≈ 3× 109 cm−2. For the other noble gases studied on the suspended

trilayer such minimal shifts of the neutrality point are not detectable due to G(Vg) ≈ const.

The adsorption of noble gases onto bilayer graphene devices resulted in a very similar

Vg insensitive conductance enhancement, discussed in section 4.2.2.4. The behavior is quite

different from what is observed on monolayer graphene devices, where there is an almost com-

plete absence of any Vg insensitive conductance increase. On monolayer graphene adsorption

of gases into phases not in commensuration with the graphene lattice resulted in changes of

conductance mostly due to a shift of the charge neutrality point ∆Vg, see section 4.2.3.1.

It is important to note that during the adsorption of all of the noble gas species studied

on the trilayer device the adsorption resulted in a monotonic increase of conductance with

coverage, ∆G > 0. This rules out scattering by the adatoms as a mechanism responsible for

the change in conductance ∆G.

The explanation for the above described effects along with the long range influence on the

conductance upon the condensation of multilayers of noble gas atoms is physically interesting

and needs theoretical input. From the experimental point of view, with the two terminal

measurements of the trilayer device we cannot differentiate whether the effect on conductance

upon adsorption is uniform across the device surface or if there are any differences between

the effect of adsorption on the central region of the device compared to the contact dominated

regions near the device source and drain. Using the four terminal geometry is experimentally

advantageous but technically very difficult to realize on suspended samples [52].
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Figure 4.7: Argon conductance isotherm (red) performed on the trilayer device at T = 60 K.

The pressure has been thermomolecularly corrected. The superimposed isotherms labeled

3 and 4 are volumetric isotherms of argon on Grafoil taken at T = 59.5 K and 62.4 K from

reference [55]. The y-axis has been stretched to match our conductance isotherm. Brief

description of the features: the temperature is above the argon liquid–vapor (L-V) critical

point (T c = 55 K). The main riser in the conductance isotherm at P = 7.5× 10−4 Torr is

due to the condensation of argon into a supercritical fluid phase. The inflection point in

the isotherm at P = 3.8× 10−3 Torr is the solidification transition between the dense fluid

phase and an incommensurate close packed solid. The sharp step at P = 0.8 Torr is the

condensation of argon into the second layer. The small broad step in the middle of the solid

region around P = 8.5× 10−2 Torr is the remnant of the pre-annealed adsorption behavior,

which we suggest to take place on a separate region of the device. The phase transitions of

the conductance isotherm are shifted to slightly lower pressures as a result of a pressure lag

in our apparatus, see Section 2.2.2.1.
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4.2.1.2 Surface homogeneity measurements

As we perform gas adsorption measurements we do not have a direct experimental probe

of the actual condition of the device surface. Thus we do not know what fraction of the

suspended device is actually participating in gas adsorption and what fraction of it is still

covered by fabrication residue and adventitious carbon. Surface inhomogeneity might play

an important role in the effect of the monolayer formation on the conductance of the device.

As the monolayer undergoes first order phase transitions below a critical point, it is very

sensitive to binding energy inhomogeneities across the surface of the device [24]. Some handle

on the surface inhomogeneity of the trilayer device can be obtained from features present in

the conductance isotherms as the device undergoes the liquid-vapor transition of Ar.

Below the argon 2D critical point (Tc ≈ 55 K, P cell ≈ 1× 10−4 Torr) the step in the

conductance isotherms corresponding to the 2D liquid-vapor (L-V) phase transition does

not become vertical as a function of pressure as one would expect for a first order phase

transition on an ideal infinite substrate. This broadening of the transition can be a result

of binding energy inhomogeneity across the device surface causing the phase transition to

occur at slightly different pressures across the device. Conductance measurements through

the L-V phase transition in the vicinity of the argon critical point are shown in Fig. 4.9. The

conductance G of the device was measured as a function of time as the pressure was pumped

out of the system at a constant rate, with pressure P (t) = P0 − Ṗ t, through a valve opened

to have a fixed leak rate. The pump-out rate Ṗ was determined by tracking the pressure

over several minutes of measurement. The Ar pressures at and below the L-V transition

(Pg < 1× 10−4 Torr) are near the lower sensitivity limit of our capacitance pressure gauges.

The pressure gradient along the gas feed tube from the gas dosing part of the setup to the

gas cell at cryogenic temperature arising due to pumpout is unknown. The pump out was

performed slowly enough that the argon L-V phase transition took place over several tens of

seconds as the gas was slowly evacuated out of the system.

At a temperature of T = 56 K (i.e., slightly above Tc) there are several steep step-like
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features present in the conductance G as the argon monolayer goes through the supercritical

L-V transition. The four steepest features are labeled by arrows in Fig. 4.9a. The same four

features persist in the conductance measurements at lower temperatures. As the tempera-

ture was reduced below Tc (T < 54.4 K), these steep features became discontinuous on the

bandwidth of our measurements, even at the highest sample rates of 500 samples/s. If the

pumpout measurements through the L-V phase transition are repeated the exact distribu-

tion of the vertical features is slightly variable, but the same main steps are reproducible,

see Fig. 4.8. As is shown in the inset of Figure 4.9d, one of the steps never becomes truly

vertical and remains as several separate finite width sub steps down to T = 51 K. The high

bandwidth and continuous nature of our conductance isotherm measurements allow us to

detect these changes in conductance separated by minute differences in pressure which would

be impossible to detect using low bandwidth techniques such as volumetric isotherms.

If we assume, as discussed above, that the conductance of the trilayer device only depends

on the monolayer coverage, this implies that there are separate regions of the device surface on

which the argon monolayer undergoes the L-V phase transition at slightly different ambient

vapor pressures. The largest of the steps results in a change in conductance of approximately

3 % of the total ∆G1 of the L-V transition, implying that the regions can be large relative to

the total active device area. The binding energy inhomogeneity between the different regions

can be obtained from the difference in the vapor pressures at which the phase transitions

occur. In equilibrium the chemical potential µg of the 3D gas in contact with the adsorbed

monolayer has to be equal to the chemical potential of the monolayer: µg = µm − εb, where

εb is the adsorbate binding energy to the substrate and µm is the chemical potential of the

2D monolayer responsible for the phase transition [24]. Regardless of the distributions of

binding energies across the device, at the moment when the patches undergo the L-V phase

transition, their chemical potential µm has to be equal. If the only difference giving rise to

a shift in pressure at the phase transition between the patches is the binding energy εb, then
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∆µg = −∆εb. For an ideal gas

∆µg = kBT∆(lnP ) ≈ kBT∆P/P = −∆εb (4.1)

The pressure separation ∆P/P between the four quasi vertical steps in the T = 55 K

isotherm is between 0.01, 0.02, and 0.04 respectively. This corresponds to a binding energy

difference ∆εb between the patches of between 0.6 K and 2.3 K, ∆εb/εb ≈ 0.05 and 0.2 %.

The sharpness of each step implies a very high level of binding energy heterogeneity within

each patch. It is difficult do come up with a mechanism responsible for such an effect.

The above argument assumes that the monolayer undergoing the phase transition is in

equilibrium with the 3D gas. At a pressure of P ≈ 1× 10−4 Torr the monolayer arrival time

is on the order of τ ≈ 10 ms, (from gas kinetics the flux of molecules through an area is

F = P/
√

2πmkBT , the monolayer arrival time is τ = ρ/F , were ρ ≈ 6 nm−2 is the density

of the monolayer). The observed vertical steps are separated by several seconds during the

pumpout measurement. This time separation is several orders of magnitude longer than the

monolayer arrival time, implying that the adsorbed monolayer has enough time to equilibrate

with the 3D gas.

Surprisingly the observed individual steps in conductance G occur on timescales faster

than the monolayer arrival rate. We can put a limit on the width of the vertical steps in

conductance G to be ∆t < 2 ms below Tc (τ > 10 ms). This implies that for each sudden

jump we are observing a kinetic process that occur within a particular region of the argon

monolayer, while the monolayer doesn’t have time to equilibrate with the 3D gas. Thus,

our interpretation is that the jumps in conductance G do not occur as a result of a sudden

desorption of liquid Ar puddles into the 3D gas, but instead occur as a result of the liquid Ar

puddles suddenly converting into a dilute 2D Ar gas and diffusing away to other parts of the

surface of the device. This is a plausible explanation since the kinetics within the monolayer

is expected to occur on much faster timescales than the exchange of the atoms from the

monolayer to the 3D gas, due to low translational energy barriers on the surface [79, 80].

The gas molecule exchange between the monolayer and the 3D gas should occur on timescales
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Figure 4.8: Two pumpout runs through the argon L-V phase transition on monolayer de-

vice #3. T = 52 K (below Tc). The two pumpouts are performed at different rates. Similar

steps in the two runs are labled with the same letters.

comparable to the monolayer arrival time τ due to the detailed balance of the adsorption

and desorption rates of the monolayer in a steady state at equilibrium with the 3D gas [79].

The puddles of Ar liquid could arise due to pinning on remnant contamination, such as

adventitious carbon. The sudden conversion of a 2D liquid Ar puddle to 2D gas could be

due to critical nucleation. We expect the actual desorption of the atoms from the surface of

the monolayer to occur on longer timescales than the widths of the steps in G.

Such kinetics within a monolayer during a phase transition could not be studied before

in bulk systems, although the kinetics of adsorption of a monolayer have been measured on

bulk graphite by ellipsometry techniques after the monolayer has been desorbed by a laser

pulse [50, 5].
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Figure 4.9: The conductance G of the trilayer device #3 as a function of time as argon

was slowly pumped out of the gas cell. As the pressure is reduced, the adsorbed mono-

layer undergoes the argon liquid-vapor (L-V) phase transition. The critical point for the

L-V transition is located at Tc ≈ 54.5 K, Pcell ≈ 1× 10−4 Torr. (a) T = 56 K, Pg ≈

3.7× 10−4 Torr, pumpout rate Ṗg = 6.9× 10−7 Torr/s. (b) T = 55.4 K, Pg ≈ 2.8× 10−4 Torr,

Ṗg = 7.1× 10−7 Torr/s, (c) T = 55.0 K, Pg ≈ 1.8× 10−4 Torr, Ṗg = 1.3× 10−6 Torr/s, (d)

T = 51 K, Pg ≈ 2× 10−5 Torr, Ṗg = 4× 10−8 Torr/s. Inset to (d) is a blow up of the sharp

features.
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4.2.2 Adsorption on Bilayer Graphene

The arguments regarding the similarity of the binding energies of adsorbates between trilayer

graphene and graphite described in section 4.2.1 should also apply to bilayer graphene.

Likewise, just as in the case of adsorption to trilayer graphene no detectable interaction of

the adsorbed monolayers across the bilayer graphene sheet are expected to take place. Thus

the structures of monolayers adsorbed on bilayer graphene are expected to be identical to

those formed on trilayer graphene and graphite. The positions of the phase boundaries of

the adsorbed monolayers should be experimentally indistinguishable between the bilayer and

trilayer devices. This is indeed the case, as discussed below.

Adsorption measurements on three separate bilayer devices have been performed (de-

vice #13, device #18, device #28). The devices were suspended over trenches with widths

of L = 1.75 µm, 1 µm, and 2.2 µm respectively. The effect of adsorbed monolayer formation

of noble gases on the conductance of all three bilayer graphene devices studied was very sim-

ilar to the effect on the trilayer device. A comparison of argon isotherms taken at T = 60 K

on the trilayer and two of the bilayer devices are shown in Fig. 4.10. The relative change

in conductance of the isotherms has been normalized by ∆G1 (defined in section 4.2.1.1).

The conductance isotherms on the bilayer and trilayer devices share all of the same features

corresponding to phase transitions in the adsorbed monolayer at identical pressures. There

are no new features in the conductance isotherms on bilayer graphene compared to trilayer

graphene for the noble gases studied on both types of devices (Ar, Kr, and Ne). In fact, the

isotherms between the bilayer and trilayer devices are similar enough that one would not be

able to distinguish on which type of device the isotherms were measured. A set of adsorption

isotherms of various gases measured on the bilayer devices are presented in Appendix B.2.2.

4.2.2.1 Comparison of effects on conductance between Bilayer Devices

Even though adsorption isotherms on all bilayer devices contain identical features related

to monolayer phase transitions identified with those occurring on bulk graphite, there are



79

significant differences in the magnitudes of the features between the three studied bilayer

devices. The magnitude of the features on each studied device was also strongly dependent on

the current anneal level after which the isotherm was measured. The differences in magnitude

of the effect of adsorption on conductance G(Vg) must arise as result of varying distributions

of surface contaminants on the devices. No systematic relation between the magnitude of

the effect of adsorption on conductance and the length of the suspended region of the devices

L has been observed.

The fractional change in conductance, δG1, upon the formation of a solid argon monolayer

on the three bilayer devices was smaller than on the trilayer device for all three devices

measured, and was highly variable among the three devices. After the highest levels of

current anneal performed on the devices, δG1 for argon was δG1 = 9.5 %, 2.5 %, and 1 %,

for devices #13, #18, and #28, respectively. The results are summarized in Table 4.1.

One might reasonably expect that the cleanest devices would have the highest sensitivities

of conductance G(Vg) to adsorption. On the contrary, the bilayer device with the smallest

effect of adsorption on conductance (device #28) had the highest field effect mobility µ >

5× 104 cm2/(V s) at 4 K out of the three devices studied and had the longest suspended

region. On bilayer device #13, δG1 had a nonmonotonic dependence on the level of current

annealing, with the highest magnitude of the effect of adsorption on conductance occurring

after the 1.6 V anneal. Note that the magnitude of δG1 decreased upon the subsequent 1.7 V

current anneal, see Table 4.1.

Even though the bilayer device #18 had similar two terminal conductance in vacuum

G0 compared to bilayer device #13, it required the application of a significantly higher

source drain bias during the current anneal process in order to recover the graphite-like

adsorption behavior. This might occur if device #18 had a significantly larger contact

resistance contributing to the total two terminal conductance of the device. Four terminal

conductance measurements are required for proper clarification of the effect of adsorption on

conductance of graphene. However, it was not possible to fabricate suspended devices with

a four terminal contact geometry using our fabrication methods.



80

4.2.2.2 Multilayer adsorption

Adsorbed multilayer formation on the surface of bilayer graphene devices had a significant

effect on conductance G just like in the case of adsorption on trilayer graphene. The mech-

anism through which the formation of multilayers affected the conductance of the devices is

unclear. Since each subsequent layer formed on the device is farther away from the graphene

surface, one would expect that the magnitude of the effect on conductance upon the forma-

tion of each subsequent adsorbed monolayer should be substantially reduced compared to

the magnitude of the effect of the formation of the previous layer. This is indeed the case

for adsorption on the trilayer device and bilayer device #13. On both of these devices the

ratio of effect on conductance of the formation of the second layer of argon compared to the

first was ∆G2/∆G1 ≈ 5 %. The effect on conductance of the formation of each subsequent

layer ∆Gn+1/∆Gn was reduced by approximately a factor of three to four, see Table 4.1.

The conductance of bilayer device #18 behaved quantitatively differently in the multi-

layer adsorption regime compared to the other bilayer and trilayer devices. As can be seen

from Fig. 4.10, the magnitude of the effect of multilayer formation on the conductance of

device #18 was significantly larger: ∆G2/∆G1 is approximately a factor of two larger than

for the other devices.

The effect of subsequent layer formation on conductance did not decrease in magnitude

up to the formation of the fifth layer. The effect on conductance of up to the eight individual

layer was resolved before the onset of saturated vapor pressure. This is quite a surprising

result and raises the question of whether the steps observed in the conductance isotherms

really correspond to multilayer formation. To prove this claim we compared the positions of

the steps as a function of pressure with multilayer condensation pressures measured on bulk

graphite using the ellipsometric isotherm technique [88]. A conductance isotherms of argon

on bilayer device #18 as a function of reduced pressure was plotted along with an ellipsometic

isotherms taken on HOPG graphite, Fig. 4.11. The pressures of the steps in our conductance

isotherms are in good agreement with the pressures of the multilayer condensation transitions
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on bulk graphite. This definitively proves that the changes in conductance originate from

the multilayer condensation on top of the suspended graphene. The mechanism of the long

range effect on conductance upon multilayer condensation is unclear and, in our opinion,

deserves theoretical considerations.
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Figure 4.10: Comparison of argon isotherms on two bilayer and a trilayer device at T = 60 K.

The conductance is normalized so that the change in conductance ∆G from vacuum to the

top of the melting transition is set to 1.
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Figure 4.11: The multilayer region of the conductance isotherms on bilayer device #18

(green curve) compared to ellipsometric data on single crystal graphite from [88] (black).

The isotherms are plotted as a function of reduced pressure P/P0, where the saturated

vapor pressure P0 at T = 60 K is P0 = 5.4 Torr. The steps in the ellipsometic isotherm

correspond to N -th layer formation and are numbered.



83

Anneal Level G0 δG1 δG2 δG3 δG4 ∆G2/∆G1 ∆G3/∆G1 ∆G4/∆G1

(V) (mS) (%) (%) (%) (%) (%) (%) (%)

Trilayer, Device 03

2.0 3.6 6.8 0.36 0.11 — 5.4 1.6 —

2.3 4.4 22.3 1.2 0.26 0.08 5.5 1.2 0.34

Bilayer, Device 13

1.3 4.6 1.0 — — — — — —

1.4 3.9 1.2 — — — — — —

1.5 3.7 4.3 0.23 0.1 — 5.4 2.4 —

1.6 3.4 15.0 0.66 0.24 0.09 4.4 1.6 0.59

1.7 3.8 9.5 0.55 0.22 0.17 5.8 2.4 1.8

Bilayer, Device 18

3.75 4.5 0.1 — — — — — —

4.0 4.2 0.5 0.04 — — 8.4 — —

4.4 4.1 0.9 0.06 0.06 0.06 7.2 7.1 6.6

4.6 4.2 2.5 0.28 0.20 0.16 11.1 7.9 6.3

Bilayer, Device 28

2.0 2.4 1.1 — — — — — —

Table 4.1: The effect of the adsorption of argon on the conductance of trilayer and bilayer

devices at various annealing levels.
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4.2.2.3 N2 on Bilayer Graphene

From numerous diffraction studies performed on bulk graphite it is known that adsorbed

monolayers of N2 and Kr form phases with identical structures on the surface of graphite, see,

e.g., review [51] and references therein. Due to the interaction with the graphite substrate,

the monolayers of both gases undergo a transition from a dense fluid into a commensurate
√

3×
√

3 solid phase, see section 1.3.1. In our work, we measured the effect on conductance

of the formation of the
√

3×
√

3 commensurate solid (CS) phase of both nitrogen N2 and

krypton Kr on bilayer graphene devices. The formation of the CS resulted in different effects

on conductance G for nitrogen and krypton: a reduction of the conductance of the devices

∆G < 0 for N2, and an increase in conductance ∆G > 0 for Kr. The details are presented

below.

The adsorption of nitrogen was measured on two separate bilayer devices, device #18

and device #28. The effect of nitrogen adsorption was similar between the two devices.

The conductance isotherms on the two devices had identical features resulting from phase

transition within the adsorbed monolayer. An isotherm of nitrogen on bilayer device #18 at

T = 60 K is shown in Fig. 4.12a. It is instructive to compare the conductance isotherms of

nitrogen and argon. This is because the two adsorbates have similar binding energies [81],

but argon does not form a commensurate solid phase. Both isotherms in Fig. 4.12a were

performed close together in time after an agressive Vsd = 4.4 V anneal, to insure that the

device surface would have very similar distributions of contaminants at the time that the

two isotherm were measured.

At pressures below the fluid-CS transition, as nitrogen was condensing into the fluid

phase the conductance of the device increased monotonically with coverage. The change in

conductance due to the formation of the fluid nitrogen phase ∆G was similar in magnitude

to the change in conductance upon the formation of the supercritical fluid argon phase.

The formation of the
√

3×
√

3 CS phase of nitrogen resulted in a decrease in conductance,

∆G < 0. The magnitude of the decrease compared to the conductance increase from the
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Figure 4.12: (a)Comparison between argon and nitrogen conductance isotherms on bilayer

device #18 at T = 60 K. For the purpose of visual representation the absolute value for

conductance of argon was offset. See text for discussion of the features. (b) Comparison

between N2 and Kr isotherms on the same device. The current anneal level is different

between isotherms in panel (a) and (b).

fluid formation was rather different between the two studied bilayer devices, see Fig. 4.13a.

Bilayer device #28 had a significantly larger relative decrease in conductance compared to

device #18.

A sharp, continuous dip in conductance is present in the isotherms of nitrogen on both

bilayer devices near the vicinity of the commensurate to incommensurate solid transition

(CS-ICS), Pg ≈ 2 Torr at T = 60 K, see Figs. 4.12a and 4.13a. In bulk graphite near the

CS-ICS transition there is a narrow region of the phase diagram in which the monolayer

is in a reentrant domain wall fluid phase [51]. We attribute the dip in conductance to the

formation of this domain wall fluid phase. A similar dip of conductance near the CS-ICS

transition of nitrogen occurs on all studied hBN backed monolayer graphene devices and
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approximately half of the studied freestanding monolayer graphene devices. On freestanding

monolayer graphene, an interesting hysteresis in conductance occurs with the onset near the

CS-ICS phase transition possibly due to commensurability effects of adsorbed monolayers

on opposite sides of the graphene sheet. This is discussed in detail in section 4.2.3.6. No

observable hysteresis in conductance of the two studied bilayer graphene devices is present.

A comparison of a nitrogen and krypton isotherm on device #18 is shown in Fig. 4.12b.

Both isotherms were performed after a Vsd = 4.6 V anneal of the device. In contrast with

the decrease of the conductance due to the formation of
√

3×
√

3 CS phase of nitrogen,

the formation of the
√

3×
√

3 CS phase of krypton resulted in an increase in conductance,

∆G > 0. On device #18 a very slight, barely observable decrease in conductance is present

near the CS-ICS phase transition of krypton. A similar feature is observed on the trilayer

graphene device. This feature is absent on the bilayer device #13 where the CS-ICS transition

resulted in a change in slope of the conductance isotherm, with no detectable decrease in

conductance at the phase transition, see Fig 4.13b. In all three devices there is very little

change in conductance at the CS-ICS phase transition of krypton. It is unclear what causes

the differences in the effects of conductance between nitrogen and krypton on bilayer devices.

Let us discuss the gate dependence of the effect on conductance due to the adsorption

of nitrogen. Three isotherms taken at T = 60 K at different gate voltages Vg on bilayer

device #28 are presented in Fig. 4.14a. Qualitatively, in all three isotherms the same features

corresponding to the phase transitions of the nitrogen monolayer are present at identical

pressures regardless of the applied gate voltage Vg. Quantitatively, the relative magnitudes

of the changes in conductance ∆G due to the formation of the various monolayer phases of

nitrogen vary with Vg. The largest difference between the isotherms is the magnitude of the

dip near the CS-ICS transition. The dip is approximately three times smaller in the isotherm

taken at Vg = −3.5 V than in the isotherm at Vg = 5 V.

More information about the effects of nitrogen adsorption on the device can be obtained

by measuring the conductance as a function of gate voltage G = G(Vg) at different pressures

Pg, while the adsorbed nitrogen monolayer is in different phases. Measurements of G(Vg) of
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Figure 4.13: Comparison of (a) N2 and (b) Kr isotherms on bilayer and trilayer devices. N2

adsorption was not measured on the trilayer device.

device #28 at several different pressures are shown in Fig. 4.14b. The applied gate voltage

range was conservatively restricted to |Vg| ≤ 5 V to prevent electrostatic force damage to the

device due to the potential difference between the gate electrode and the suspended bilayer

graphene. In vacuum, the charge neutrality point on the device was located at Vg ≈ −4 V.

The changes in conductance due to the formation of the various phases of nitrogen on

the device can be decomposed into several different effects. The formation of the fluid phase

results in an overall increase in conductance, ∆G > 0, as can be seen by tracking the

conductance at the charge neutrality point. Along with the overall increase in conductance,

there is a slight reduction in the slope dG/dVg of the G(Vg) dependence away from the charge

neutrality point upon the formation of the fluid nitrogen phase. The reduction of the slope of

G = G(Vg) can be attributed to a slight reduction of the field effect mobility. The formation

of the
√

3×
√

3 CS phase resulted in an overall reduction in conductance compared to the

fluid phase, independent of Vg: ∆G(Vg) ≈ const < 0. The conductance in the ICS phase was
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similar to the conductance in the fluid phase across the entire gate voltage range Vg. There

does not appear to be any significant shift of the charge neutrality point of the device upon

the formation of these three phases of nitrogen. The nitrogen monolayer at the bottom of

the “dip” near the CS-ICS transition produced a qualitatively different effect on G(Vg) from

the other phases. When the conductance is measured with the pressure fixed to the bottom

of the “dip” there is a shift of the neutrality point by ∆Vg ≈ +1 V compared to other phases

of nitrogen.
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Figure 4.14: Effect of N2 adsorption on device #28: (a) Adsorption isotherms at three

different gate voltages Vg and (b) Conductance as a function of gate voltage G(Vg) of the

device in the vacuum while the adsorbed monolayer is in several different phases. The

positions along the isotherm where the G(Vg) traces were measured are labeled by arrows in

(a)
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4.2.2.4 Neon on Bilayer Graphene

The adsorption of neon onto bilayer graphene resulted in a much larger change in conduc-

tance compared to all other studied gases. This is similar to the behavior observed on the

trilayer graphene device, Fig 4.15. In both the bilayer and trilayer devices the change in

conductance due to the adsorption of neon was dominated by an overall Vg insensitive con-

ductance increase, ∆G(Vg) ≈ const > 0. Apart from the much larger magnitude of the

increase, the response of G(Vg) is similar for neon and other noble gases studied. The mech-

anism responsible for this effect is not understood. Similar to trilayer graphene, there is a

small shift of neutrality point in the bilayer graphene due to the adsorption of neon. The

shift on the bilayer device #13 has the opposite sings to trilayer device, see Fig 4.15.
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Figure 4.15: Comparison of the effect of neon adsorption on conductance as a function of

gate voltage G(Vg) of (a) bilayer and (b) trilayer devices.
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4.2.3 Adsorption on Monolayer Graphene

We have performed adsorption measurements on two types of suspended monolayer graphene

devices, freestanding monolayer graphene and monolayer graphene backed with several nm

thick hBN, see section 2.1.3 for the fabrication procedure. It is known that bulk hBN has

binding energies quite similar to bulk graphite [53]. In our hBN backed monolayer graphene

devices (for short, monolayer + hBN devices) the lattice vectors of hBN are arbitrarily aligned

with respect to those of graphene, as the orientational alignment of the hBN flakes with

respect to the graphene lattice is not controlled. Nevertheless, the monolayer hBN devices

are expected to have adsorbate binding energies εb virtually identical to that of bulk graphite:

The hBN would produce the same attractive potential as subsequent layers of bulk graphite.

The spatial variation of the binding energy across the device surface (“corrugation” of the

potential) is also expected to be similar to bulk graphite, as it is mainly determined by

the top layer of the carbon atoms [66]. For these devices the formed monolayer phases are

therefore expected to be identical to those known to form on bulk graphite and the few

layer graphene devices studied by us. We can directly compare the positions of the phase

boundaries obtained from the conductance isotherm measurements with those on bilayer and

trilayer devices measured in our gas adsorption setup. This removes systematic uncertainties

in the pressure measurements between different adsorption apparatuses which arise when

comparing our results to those of other groups.

Freestanding monolayer graphene on the other hand is expected to have a binding energy

reduced by ∆εb/εb ≈ 10 % [66] compared to bulk graphite. This is due to the fact that in

the case of adsorption on bulk graphite the interaction is dominated by the Van der Waals

force of the top layer of carbon atoms, with the subsequent layers only weakly contributing

to the so called attractive C3 tail [66] of the interaction. The formation of two adsorbed

monolayers on opposite surfaces of the graphene layer are expected to produce an attractive

interaction, which leads to approximately a 5 % increase of the total binding energy εb [9].

This interaction is expected to favor AA stacking of solid monolayers on opposite sides of
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the graphene sheet.

From the results of our measurements we found that the positions of the phase boundaries

on hBN backed monolayer graphene are indeed very similar to bilayer and trilayer graphene

devices, although some new features are present in the conductance isotherms that are not

observable on the bilayer and trilayer devices, see appendix B.2.4. We find that the reduction

of the binding energy on freestanding monolayer graphene does not significantly affect the

phases of the adsorbed monolayers.

Most features present in the conductance isotherms on freestanding monolayer graphene

can be directly identified with the phase transitions known to occur on bulk graphite. The

main effect of the reduced binding energy εb is a shift of the pressures of the phase boundaries

towards slightly higher pressures. By comparing the adsorption behavior on freestanding

monolayer graphene devices versus monolayer graphene capped with hBN, we observed ef-

fects of interactions of two adsorbed monolayers on opposite sides of freestanding graphene

sheets only for monolayers that form the
√

3×
√

3 commensurate phase. Interaction effects

on freestanding graphene are not observable when the adsorbed monolayers are in phases not

commensurate with the graphene lattice. Even though the phases of adsorbed monolayers

formed on monolayer graphene devices were found to be quite similar to monolayer phases

formed on bilayer and trilayer devices, the effects on conductance G of the device were quite

different, see below.

4.2.3.1 Effects on conductance, non commensurate phases

As discussed in sections 4.2.1.1 and 4.2.2.1, the studied bilayer and trilayer graphene devices

had surprisingly large responses of conductance G to the adsorption of all studied noble

gases. For the four studied devices the main contribution to the change in two terminal

conductance ∆G upon the adsorption of noble gas monolayers was a practically gate voltage

Vg independent increase in the total conductance of the device: ∆G(Vg) ≈ const > 0. This

effect manifested itself as if only the effective contact resistance of the devices was modified

by the formation of the monolayer. The effect was quite large, up to δG ≈ 40 % for neon.
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The mechanisms responsible for this effect are currently unclear to us.

In contrast, for monolayer graphene devices the adsorption of gases into monolayers —

when the formed phases were not commensurate with respect to the graphene lattice —

resulted in relatively small changes in conductance δG. The main effect of the formation

of such adsorbed monolayer phases was a shift of the charge neutrality point (CNP). In

contrast with bilayer and trilayer devices, the Vg independent conductance increase is almost

completely absent on monolayer graphene devices.

The shift of the CNP is variable among the different studied gases and devices, but several

common trends were observed. On all monolayer devices, the adsorption of neon resulted in

the largest shift of the CNP. All other gases studied, which adsorb at higher temperatures

(all phases of Ar, O2, fluid and incommensurate solid N2, fluid and incommensurate Kr),

produced smaller shifts. The larger shift of the CNP for neon in conjunction with the

fact that monolayer graphene devices exhibited larger differential transconductance dG/dVg

at the neon adsorption temperatures (T ≈ 20 K) resulted in neon producing the largest

changes in conductance ∆G in adsorption isotherms out of all adsorbed gases that did not

form commensurate phases.

4.2.3.2 Neon on Monolayer Graphene

Neon isotherms have been measured on four monolayer graphene devices. An isotherm of

neon on freestanding monolayer device #14 compared with one taken on bilayer device #13

at the same temperature of T = 18 K are shown in Fig. 4.16. At this temperature on bulk

graphite, as the pressure is increased starting from vacuum, neon is known to first condense

into a supercritical 2D fluid phase. The monolayer then undergoes a transition into a 2D

incommensurate solid. As the pressure is further increased, the 2D incommensurate solid

compresses slightly. The incommensurate monolayer is known to be rotated by 17◦ with

respect to the
√

3×
√

3 lattice [12]. At higher pressures extra layers of neon condense on the

device. For temperatures below the critical point temperature of the second layer T < Tc ≈

19 K, the second layer condensation occurs through sharp first order phase transition.
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Figure 4.16: Neon adsorption isotherms on monolayer graphene device #14 compared to

bilayer graphene device #13. The conductance axis for the monolayer graphene isotherm is

increasing down the page. The isotherm is measured on the electron (n-doped) side of the

CNP. For the effect of neon adsorption on G(Vg) of monolayer device #14 see Fig. 4.17.

The conductance isotherms on both the monolayer and bilayer devices show similar fea-

tures that correspond to these transitions. As is expected, the pressures of the phase bound-

aries on the monolayer graphene device are located at slightly higher pressures than on the

bilayer device due to the small reduction of binding energy, εb. The major difference between

the conductance isotherms on monolayer graphene compared to the isotherms on bilayer and

trilayer graphene is the gradual change in conductance which starts while the adsorbed

neon monolayer is in the incommensurate solid phase. The gradual change in conductance

on monolayer graphene devices persists up to the saturated vapor pressure. This feature

is present for all studied monolayer graphene devices while it is completely absent in the

isotherm for all studied bilayer and trilayer devices. Neon conductance isotherms are very
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similar across all measured monolayer graphene devices, see the figures in Appendix B.2.3.
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Figure 4.17: The effect of a Neon fluid condensation on the G(Vg) of monolayer device #14.

(a) G(Vg) in vacuum and at Pg = 2.8 mTorr. At Pg = 2.8 mTorr the neon monolayer should

be in a dense supercritical fluid phase. The result of the fluid formation is a shift of the

neutrality point by ∆Vg = +50 mV. Conductance measured at Vg = 0.8 V decreases by

∆G = 0.32 mS. For the isotherm see Fig. 4.16. (b) The same G(Vg) curves as in (a), but

with the shift of the neutrality point of the Pg = 2.8 mTorr curve subtracted: G(Vg −∆Vg).

The adsorption of the neon fluid leaves n-doped branch is unaffected, while causing an

increase in conductance at the p-doped branch. The minimum of conductance at the charge

neutrality point is unaffected.

Even though the conductance isotherms of neon G(P, Vg=const) on monolayer graphene

appear similar to those on the bilayer and trilayer devices, the effect of adsorption on G(Vg)

is quite different. The G(Vg) of monolayer graphene device #14 measured in vacuum and

at a pressure of Pg = 2.8 mTorr, when the device is covered with a dense supercritical neon

fluid is shown in Fig. 4.17a. The formation of the neon fluid on the surface of the device
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produced a shift of the charge neutrality point by ∆Vg = +50 mV. Apart from the shift of

the CNP, the condensation of the neon fluid caused an increase in conductance G on the

hole (p-doped) side of the CNP, with the effect more pronounced at higher hole doping. The

conductance of the device at the CNP and on the electron (n-doped) side remained largely

unchanged, see Fig 4.17b. The change of G(Vg) due to adsorption of Ne on bilayer and

trilayer graphene devices is quite different as discussed in Sect. 4.2.2.4. For the change of

G(Vg) of bilayer and trilayer devices due to neon adsorption, see Fig. 4.15.
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Figure 4.18: (a) G(Vg) of monolayer device #16 in vacuum and at Pg = 18 mTorr with

a dense fluid neon. The condensation of the neon fluid resulted in a shift of the CNP by

∆Vg = +92 mV. (b) The same G(Vg) curves as in (a) with the shift of the CNP removed.

Apart from the shift of the CNP due to the adsorption of neon, the other changes in con-

ductance away from the CNP are not universal across different monolayer graphene devices.

The effect of fluid neon condensation on monolayer device #16 produced a shift of the CNP

by ∆Vg = +92 mV, Fig. 4.18. Almost all other changes in conductance apart from the shift

of the CNP in this device are absent, although a slight decrease in conductance away from
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the CNP does occur. Monolayer device #16 was fabricated over an identical trench structure

as device #14. Clearly the changes of G(Vg) upon neon adsorption must be affected by the

device surface homogeneity, as this is the main difference expected to be present between

the devices.

Monolayer device #14 was the highest mobility device studied by us. It was suspended

over an L = 1.75 µm trench and had a width W ≈ 8.5 µm. After the 1.7 V anneal the device

attained a field effect mobility of µFE ≈ 5× 105 cm2 V−1 s−1 at T = 4.2 K. The field effect

mobility was extracted using the equation

µFE =
L

W

1

Cg

dG

dVg
, (4.2)

where dG/dVg is taken at the steepest part of the G(Vg) curve, Cg is the gate capacitance per

unit area. This estimate of µFE ignores contact resistance and is thus a crude estimate. The

residual charge inhomogeneity on the device was estimated from the width of the dip of in

conductance G = G(Vg) near the CNP to be δn < 1× 109 cm−2. Device #16 had a field effect

mobility µFE ≈ 1.4× 105 cm2 V−1 s−1, i.e., four times lower than device #14. It is important

to note that both of the devices had a similar remnant doping of ∆n ≈ 1.3× 1010 cm−2

corresponding to VCNP ≈ 0.7 V. This can be attributed to charge transfer from the graphene

sheet to the platinum contacts due to a difference in work function [52, 35]. In this spirit,

the shift of the CNP due to the adsorption of neon can be attributed to charge transfer from

the adsorbed monolayer to the graphene sheet. Understanding the variability in the effect on

conductance of the monolayer graphene devices away from the CNP upon neon adsorption

requires theoretical considerations. It is important to note that even though the two devices

described were fabricated on identical trench structures, they had opposite e-h conductance

asymmetries.

The shift of the G(Vg) dependence during neon adsorption on the monolayer graphene

devices was nonmonotonic. For all studied monolayer devices the CNP shifted toward posi-

tive gate voltage ∆Vg > 0 upon the formation of the neon fluid, see Table 4.2. The gradual

change of conductance with increasing pressure that started when the neon monolayer is
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Dimensions Trench depth ∆Vg shift ∆n

(µm) (nm) (mV) (cm−2)

Device #14 8.5× 1.75 450 +50 6× 108

Device #15 13× 1.75 450 +190 2.3× 109

Device #16 15.5× 1.75 450 +90 1.1× 109

Device #27 15× 1 475 +60 7× 108

Table 4.2: Shift of the charge neutrality point CNP by ∆Vg of monolayer graphene devices

due to the formation of a dense Ne fluid.

expected to be in the incommensurate solid phase was a result of a shift of the CNP in the

opposite direction, towards negative gate voltage ∆Vg < 0. This gradual shift persisted as

the neon film experienced multilayer condensation transitions. The multilayer condensation

transitions produced a positive shift of the CNP, ∆Vg > 0. The G = G(Vg) curves taken at

several pressures along with a neon isotherm on monolayer graphene device #15 are shown

in Fig. 4.19. Near saturated vapor pressure the location of VCNP returned to almost the

same position as in vacuum. It is unclear if the nonmonotonic shift of VCNP is related to

pre-annealed adsorption behavior. The latter is observed in isotherms of the heavier gases

on all studied monolayer graphene devices, see next section.
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Figure 4.19: Conductance as a function of gate voltage G(Vg) of monolayer graphene de-

vice #15 at T = 17 K measured at several different neon pressures Pg. The inset shows a

conductance isotherm measured at Vg = 0.4 V; the vertical axis for the inset is the same as

for the main plot.

4.2.3.3 Heavier gases, incommensurate phases

We have performed adsorption measurements of heavier gases on monolayer graphene. For all

monolayer phases in which the structures do not form a commensurate phase, the main effect

on conductance was also a shift of the CNP by ∆Vg, similar to the case of Ne. Because of their

higher binding εb energy than Ne, the temperature at which the adsorption of heavier gases

is measured is significantly higher. The adsorption isotherms of Ar, O2, and N2 are measured

in our gas system at temperatures T ≥ 55 K, for Kr T ≥ 80 K. At these higher temperatures
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the suspended monolayer graphene hosts thermal excitations. Due to the interaction with

the flexural phonons the mobility µ decreases rapidly with temperature [14]. This leads

to a rapid reduction of dG/dVg with temperature in our devices and causes a reduction of

sensitivity to the shift of the CNP in the conductance isotherm measurements.

Due to the lower sensitivity of our measurements, the experimental results for the quan-

titative shifts of the CNP are not very accurate. Qualitatively, the adsorption of all the

heavier gases into non commensurate phases produced a shift of the CNP of the opposite

sign compared to Ne, ∆G < 0. The magnitudes of the shifts for O2, fluid N2 and fluid Kr

were approximately a factor of two to three smaller than for Ne. The effect of the lower

sensitivity precluded us from measuring high quality isotherms for Ar and O2.

Surprisingly, the shifts of the CNP due to the adsorption of Ar were much smaller than

for Ne on all studied monolayer graphene devices. On monolayer device #14 (the highest

mobility device, µFE ≈ 5× 105 cm2 V−1 s−1 at T ≈ 4 K after a Vsd = 1.7 V current anneal)

the condensation of a dense argon fluid at the supercritical L-V transition produced a shift

of only ∆Vg ≈ −5 mV. At the argon adsorption temperature T ≈ 60 K, the differential

transconductance was dG/dVg ≈ 2 mS/V, two times smaller than at the adsorption tem-

perature of of neon (4.5 mS/V at T ≈ 20 K). This resulted in the argon fluid formation

producing a ∆G of twenty times less compared to neon. This small effect on conductance

G for monolayer graphene devices contrasts sharply with the large effects on conductance of

Ar on the bilayer and trilayer devices. On the bilayer and trilayer graphene device ∆G for

Ar was approximately half compared to Ne, see section 4.2.2.

On monolayer graphene devices the pre-annealed adsorption behavior was still present

in the isotherms of the heavier gases even after the most aggressive current anneals. For the

heavier gases with incommensurate phases the pre-annealed adsorption behavior produced a

larger effect on conductance ∆G than the condensation onto the clean region of the device.

Isotherms of argon on monolayer device #14 after several levels of current anneal are shown

in Fig. 4.20. After the Vsd = 0.75 V anneal the change in conductance due to the Ar L-

V transition was completely absent. The only changes in conductance ∆G of the device
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Figure 4.20: Ar isotherms on monolayer device #14 after various levels of current anneal.

Only the “pre-annealed” adsorption behavior is present in the isotherm after the Vsd = 0.75 V

anneal. A step corresponding to the argon L-V phase transition appears in the isotherm after

the 1.6 V anneal. The “pre-annealed” adsorption behavior persists after the 1.7 V anneal.

The sharp decrease in conductance near saturation might be due to multilayer adsorption.

After the 1.7 V anneal the device had a high field effect mobility of µFE ≈ 5× 105 cm2 V−1 s−1

at T = 4.2 K, implying that a large fraction of the device surface should be contamination

free. For the G(Vg) of the device after various levels of anneal see Fig. 4.2.

are due to the pre-annealed adsorption behavior, Pg ≈ 0.2 Torr at T = 60 K. After the

most aggressive current anneal of the Vsd = 1.7 V the pre-annealed adsorption behavior is

still present on the device, in coexistence with the small step due to the Ar L-V transition.

After this level of current anneal the device attained µFE ≈ 5× 105 cm2 V−1 s−1 at T =

4 K indicating that the device surface is very clean. The pre-annealed adsorption must
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Figure 4.21: The conductance as a function of gate voltage G(Vg) of monolayer device #15

in the presence of various phases of Ar monolayer. The insets show two isotherms taken at

Vg = −0.2 V on the hole doped side and at Vg = 1 V on the electron doped side of the CNP.

The insets use the same conductance axes as the main figure.

be occurring near the device contacts due to residual contamination. This pre-annealed

adsorption behavior is present in all isotherms of heavier gases on all monolayer graphene

devices even after the most aggressive current anneals. The pre-annealed adsorption behavior

produces a further shift of the CNP toward negative gate voltage ∆Vg < 0 for all studied

heavy gases, both noble and diatomic. This shift is typically either comparable or several

times larger than the shift due to the adsorption onto the clean part of the device. The

effects on G(Vg) due to adsorption of Ar on monolayer device #15 is shown in Fig. 4.21.

The adsorption on the contaminated region of the device produces the dominant effect on
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conductance compared to the adsorption on the clean region even after the most aggressive

current anneals.

4.2.3.4 Commensurate
√

3×
√

3: N2

The
√

3×
√

3 commensurate solid (CS) structure is formed by several adsorbates in a wide

range of easily experimentally accessible temperatures and pressures: N2, CO, Kr, see sec-

tion 1.3 for the discussion of their phase diagrams on bulk graphite. H2 also forms the
√

3×
√

3 CS phase but at pressures too low to controllably access in our gas system.

In the CS
√

3×
√

3 structure the adatoms sit on top of the centers of every third graphene

hexagon. As discussed in section 1.2.0.1, the reciprocal lattice vectors of the
√

3×
√

3 super-

lattice on graphene couple the K and K ′ points. Thus, the formation of such a superlattice

produces inter-valley scattering. Zone folding due to the formation of the superlattice maps

the K and the K ′ points onto the Γ point of the new reciprocal lattice. In an ideal, disorder

free system it is expected that the formation of a
√

3×
√

3 CS super-lattice will open up a

gap in the graphene spectrum and give rise to a single particle mass [67, 31]. There are

no estimates in the literature for the magnitude of the gap for the gases studied by us. In

disordered samples at finite temperature, the effects on conductance of a small gap might be

expected to be obscured by disorder.

In our experiment, the formation of the
√

3×
√

3 CS structure in the adsorbed monolayer

of N2 leads to a dramatic reduction of the conductance G of our suspended graphene devices.

The conductance as a function of gate voltage G(Vg) of monolayer device #16 at T = 55 K

is shown in Fig. 4.22a. At this temperature the CS phase of N2 exists over a pressure range

of Pg ≈ 1× 10−3 Torr to 0.5 Torr. The G(Vg) measurements are taken at three different

pressures, when the device is in vacuum, in the presence of an adsorbed CS monolayer of

N2, and at higher pressure when the monolayer is in the incommensurate solid state. The

formation of the CS phase results in a reduction of conductance by as much as a factor of

three compared to the conductance of the device in vacuum. The reduction in conductance

only occurs when the adsorbed monolayer of N2 is in the CS phase. This effect is in sharp
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contrast with the effects on conductance of all the other phases of N2, which mainly produce

a shift of the CNP. At higher pressures when the monolayer is in the incommensurate solid

phase the conductance G recovers close to the vacuum conductivity level, with the main

effect being a shift of the CNP. The shift of the CNP is similar to the effect of other gases

on the device that do not form the CS phase, see 4.2.3.3.

A conductance isotherm of N2 on the same monolayer device #16 at T = 55 K is shown

in Fig. 4.22b. The isotherm was taken at Vg = 0 V. During the isotherm the pressure in the

cell was slowly increased starting from vacuum. The main feature present in the isotherm is

the decrease of conductance due to the formation of the CS N2 phase. Several other features

are also present in the isotherm.

At T = 55 K, N2 first condenses into a 2D fluid phase. From the accepted temperature-

coverage phase diagram of N2 [16, 74] it is known that above T > 45 K the fluid can reach

a relatively high maximum density before the transition into the CS phase. At T = 55 K

the maximum fluid density at the fluid-CS melting transition is ≈ 80 % of the CS density

(6.37 nm−2). The fluid-CS melting transition of N2 is known to be first order on graphite [51]

up to temperatures Ttr ≈ 85 K. In the isotherm in Fig. 4.22b the decrease in conductance is

indeed quasi-vertical on the pressure conductance measurement timescales.

At pressures around Pg ≈ 1× 10−3 Torr there is a slight, gradual decrease in conduc-

tance G present in the isotherm. We interpret that this decrease in G is due to the con-

densation of the N2 fluid. The decrease in conductance ∆G < 0 is a result of a shift of the

CNP by ∆Vg < 0. If the isotherm was measured on the electron (n-doped) side of the CNP

instead of the hole (p-doped) side, the conductance would have undergone a slight increase

(∆G > 0).

The conductance of the device while the N2 monolayer is in the CS phase does not remain

constant. There is a further decrease in G around Pg ≈ 0.1 Torr. We interpret this feature

to be the remnant of the pre-annealed adsorption behavior arising from adsorption near the

device source and drain contacts. This pre-annealed adsorption behavior produces a further

shift of the CNP of the device toward negative gate voltage ∆Vg < 0. A similar effect is
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present in other gases adsorbed at this temperature such as Ar and O2, see section 4.2.3.3.

At a pressures around Pg ≈ 0.5 Torr there is a gradual increase in conductance corre-

sponding to a phase transition from the CS phase to the ICS phase. On bulk graphite a

domain wall reentrant fluid phase is present in the vicinity of the CS-ICS transition [51]. On

approximately half of the suspended graphene devices there is an extra spike in conductance

present near this transition, see section 4.2.3.8. In the ICS phase at Vg = 0 V the conductance

is slightly lower than in vacuum. This is due to a shift of the CNP toward negative gate

voltage which arises from two contributions: the shift due to condensation of nitrogen mono-

layer onto the clean region of the device and due to the remnant pre-annealed adsorption

behavior. Finally at a pressure of Pg ≈ 4 Torr there is a further reduction in conductance

due to the condensation of the second layer of N2. The reduction of conductance G arises

due to a slight further shift of the CNP.

(a)

- 3 - 2 - 1 0 1 2 30 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

3 . 0

G 
(m

S)

V g  ( V )

M o n o l a y e r  
D e v i c e  # 1 6
N 2
T  =  5 5  K

V a c u u m

√3×√3  C S
P g  =  1 4  m T o r r

I C S
P g  =  1 3 . 4  T o r r

(b)

1 E - 4 1 E - 3 0 . 0 1 0 . 1 1 1 0

1 . 0

1 . 5

2 . 0

2 n d  l a y e r

I C S
p h a s e

P r e - a n n e a l e d
a d s o r p t i o n

F l u i d
p h a s e

√3×√3  C S  
p h a s e  

 G 
(m

S)

P g  ( T o r r )

M o n o l a y e r
D e v i c e  # 1 6
N 2
T  =  5 5  K
V g  =  0  V

Figure 4.22: N2 on freestanding monolayer device #16. (a) G(Vg) measurements while the

device is bare and with an adsorbed monolayer of N2 in the CS and ICS phase. (b) N2

conductance isotherm taken at Vg = 0 V.
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4.2.3.5 Effect of the
√

3×
√

3 N2 phase at low temperature

The reduction of the conductance of graphene due to the
√

3×
√

3 CS phase of N2 occurs

at high temperatures, up to the critical point of the CS phase, Tc ≈ 87 K, See Fig. 4.34

for the high temperature isotherms in the vicinity of the critical point. If the mechanism

responsible for the reduction of conductance is the opening of a band gap, the large magnitude

of the effect at high temperature implies that the created gap has to be fairly large. The

mechanism responsible for the reduction of conductance is unclear. To further elucidate

the mechanism through which the
√

3×
√

3 CS phase reduces the conductance on graphene

devices it is important to be able to measure the temperature dependence of the conductance

of monolayer graphene devices covered by a CS phase to low temperatures. Since the CS

phase forms in equilibrium with the 3D vapor, it was initially unclear if it is in principle

possible to cool the graphene devices down to the base temperature of our cryostat while

preserving the CS structure of the monolayer. Eventually a reproducible procedure was

developed to achieve this goal.

In literature bulk graphite samples cooled to low temperatures in the presence of adsorbed

monolayers of a particular gas are referred to as “plated graphite” [10]. When the samples

are cooled to low enough temperatures the 3D vapor pressure decreases to negligible values.

The adsorbed monolayers eventually come out of equilibrium with the vapor. Nevertheless

if there are no external perturbations of the graphite sample the monolayer can remain in a

phase with constant coverage. It is fairly easy to control the coverage of the monolayer on

exfoliated graphite samples during the cooldown process due to their large surface areas. In

a cryostat cell with a high surface area bulk graphite sample the system comprised of the

adsorbed monolayer in equilibrium with the 3D gas can be prepared in such a way that it is

dominated by the adsorbed monolayer on the surface of the bulk graphite. The 3D gas will

contain only a relatively small fraction of the gas molecules in the total system. If during

the sample cooling process the molecules from the gas phase adsorb onto the graphite the

coverage of the monolayer does not get significantly perturbed.
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In the case of our suspended graphene devices, the system is dominated by the molecules

present in the 3D vapor. To cool the device to low temperatures while preserving the CS

monolayer structure we can start at some arbitrarily chosen high temperature and pressure

at which the monolayer of N2 is in the CS phase and slowly cool the cryostat to base tem-

perature. As the cryostat cell cools, the 3D pressure inside the cell is going to be determined

by the equation of state of the gas, the relative volumes of the cold part of the cell inside

the cryostat compared to the volume of the external gas handling system which is at room

temperature, and by temperature gradients within the cell. While the 3D ambient pressure

inside the cell is high enough for the monolayer to be in equilibrium with the gas, the mono-

layer coverage is going to be determined by the relative 3D vapor pressure in the vicinity of

the sample.

Upon cooldown several outcomes can happen. Either the device cools while preserving

the CS phase, with the monolayer eventually coming out of equilibrium with the 3D vapor.

Or, if the relative 3D vapor pressure in the vicinity of the device increases past the CS-ICS

phase boundary the monolayer will end up with a higher coverage in the ICS phase. If

upon cooldown the 3D vapor pressure decreases and crosses the CS-F phase boundary the

CS phase will desorb from the device. This latter case typically occurs if there is a large

temperature gradient in the cell.

We can track the state of the adsorbed monolayer by measuring the conductance G of the

device at fixed Vg while we perform the cooldown. Any sudden increase in G would indicate

that the adsorbed monolayer underwent a phase transition from the CS phase into either

the F or the ICS phase. Since the CS-F phase transition is first order while the CS-ICS

transition is continuous we can use the sharpness of the change in G to tell which one of the

two transition occurred.

After some trial and error we determined that the monolayer of N2 can be preserved down

to the base temperature of our cryostat T = 4.2 K in the CS phase if we start the cooldown

process at T = 55 K and Pg ≈ 1× 10−3 Torr. The monolayer starts in the CS phase, close

to the F-CS phase boundary. To preserve the CS phase on the device the cooldown rate has
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to be slow, Ṫ ≈ 0.2 K/min, as faster cooldown rates lead to the desorption of the CS phase.

As the cell reaches a temperature of T < 25 K we can start pumping on the gas system as

the pressure of N2 is negligible at this temperature. At this point we can also increase the

temperature ramp rate of the cryostat to maximum as the monolayer is out of equilibrium

with the 3D gas, so temperature gradients in the cell should not affect the CS monolayer.

The monolayer of N2 is known to undergo a phase transition at T ≈ 28 K from an orienta-

tionally disordered
√

3×
√

3 CS phase at T > 28 K temperatures to an orientationally ordered
√

3×
√

3 CS phase at T < 28 K. In the orientationally ordered CS phase the backbones of

the N2 molecules form a herringbone structure with a doubled unit cell in one direction [51].

We do not see any discontinuous features in conductance G in our devices as we cool the

monolayer through this temperature range.

At some temperature below T < 30 K as the 3D N2 pressure becomes negligible, the

adsorbed CS monolayer should come out of equilibrium with the 3D vapor due to ever

longer monolayer arrival times (τ > 1 min at P < 1× 10−8 Torr). If any atoms desorb from

the CS monolayer on the surface of the device, they would never get replaced by the incoming

atoms from the 3D gas on the timescales of our measurement. This implies that over time if

significant desorption is occurring the monolayer will start to accumulate defects.

We check the stability of the adsorbed CS monolayer to structural changes by monitoring

the conductance of the device over multi hour time spans while holding it at low temperature.

As can be seen in Fig. 4.23 there are some slight changes in conductance G(Vg) over a

10 h time span at T = 20 K. Some slow changes must be occurring in the CS N2 at this

temperature over this timescale. At T = 20 K we expect the main residual gas present in

the cell to be H2 due to the low compression of light gases by the turbo pump. H2 does

not adsorb onto graphite at the low residual gas pressures at this temperature, thus our

interpretation is that the change in conductance is most likely due to a gradual desorption

process occurring from the N2 monolayer or possibly some rearrangement of domains within

the monolayer.

Since at low temperature the monolayer is out of equilibrium with the gas another way
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Figure 4.23: The stability of the N2 monolayer at T = 20 K over a 10 h timespan.

to verify that it is in a CS phase is to test the reproducibility of the conductance of the

device over multiple cooldown attempts starting form high temperatures. If the cooldown is

performed properly according to the procedure described above the G(Vg) of the device at a

given T down to T = 4.2 K is indeed reproducible between different cooldown runs.

The temperature dependence of the conductance as a function of gate voltage G(Vg) of

monolayer device #16 with a CS N2 phase adsorbed is shown in Fig. 4.24. A flat plateau

appears in the G(Vg) of the device around the location of the CNP. This plateau first be-

comes apparent at T = 30 K and gradually widens at lower temperature. There is minimal

temperature dependence of G(Vg) of the device below T < 20 K. The minimum conductance

at T = 4.2 K is reduced from 1.6 mS for bare graphene to 0.4 mS for CS N2 coated graphene.

The effect on conductance of the device of the adsorbed CS N2 monolayer does not seem

to be consistent with a simple interpretation of a band-gap opening as the only mechanism

responsible for the reduction of conductance (section 4.2.3.4). A more complicated effect

must be at work here.

It is important to note that we do not know what the actual structure of the
√

3×
√

3 CS
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Figure 4.24: Conductance as a function of gate voltage G(Vg) of monolayer device #16 in

the presence of an adsorbed CS N2 monolayer. The set of curves labeled I show the G(Vg)

of the bare device. The set of curves labeled II show the G(Vg) of the device in the presence

of the adsorbed CS N2 monolayer. The device was adsorbed with a CS N2 at T = 55 K and

cooled down to T = 4.2 K. The G(Vg) of the bare device at T = 4.2 K was obtained by

desorbing the N2 monolayer through ohmic heating.

N2 monolayer is at this temperature. In equilibrium, a network of domain walls is expected

to be permeating the monolayer, separating regions of the device surface which contain

different equivalent domains of the CS phase [51]. It is unclear what effect on conductance

such a network of domain walls will have. The network of domain walls is expected to be

highly sensitive to residual contaminants present on the surface of the device [59], and may

be pinned down.
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Figure 4.25: Conductance as a function of gate voltage G(Vg) of (a) monolayer graphene

device #25 and (b) monolayer device #26 at T = 4.2 K. Both devices are suspended over

a 1 µm trench. Red curves are in the presence of a CS N2 monolayer. Black curves are the

G(Vg) of the bare devices with no adsorbates present. The CS N2 monolayer was desorbed

through mild ohmic heating.

The conductance as a function of gate voltage G(Vg) of two other monolayer devices

plated with a CS N2 monolayer are shown in Fig. 4.25. Both devices are suspended over a

1 µm trench and show Fabry-Pérot (FP) oscillations in G(Vg) on the electron (n-doped) side

of the CNP at low T . The effect on G(Vg) of the CS N2 monolayer is quite different from

that on device #16. The Vg insensitive plateau is absent on these devices. On monolayer

device #26 the reduction of conductance at the charge neutrality point Gmin = G(VCNP) is

quite small, from 0.63 mS in vacuum to 0.54 mS in the presence of the CS N2 phase.

On these two devices the CS N2 monolayer strongly affects the FP oscillations. The

presence of a CS N2 monolayer strongly suppresses the FP oscillations at higher doping away

from the CNP. On monolayer device #25 (Fig. 4.25a) the periodicity of the FP oscillations is
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modified by as much as 40 %. In graphene the spacing of the FP oscillations depend on the

sample dimensions and the renormalized Fermi velocity vF [62, 37]. It is important to note

that the spacing of the FP oscillations on our suspended graphene devices does not show the

expected periodicity in gate voltage Vg as expected for modes in a simple rectangular cavity.

4.2.3.6 Hysteresis in N2 isotherms

During typical conductance isotherms the adsorbed monolayers on the surface of our graphene

devices are in equilibrium with the ambient 3D gas present in the cell of our cryostat. At

a fixed pressure Pg the monolayer is continuously exchanging molecules with the 3D gas on

timescales set by the monolayer arrival time, which at higher pressure, Pg > 1× 10−3 Torr is

fast (τ < 1 ms) compared to our conductance measurement times. Thus it is expected that

the structure of the monolayer only depends on T and Pg. When we measure a conductance

isotherm, the conductance of the device G(Pg, T =const) is expected be identical regardless

if we start from vacuum and slowly add gas into the system or if we start near saturation

and perform a pumpout. For gases that do not form the CS phase this indeed appears to

be the case: the conductance isotherms are completely reproducible upon gas adsorption

and desorption. Since it is significantly easier to control the pressure in our system during

a continuous pumpout (see section 2.2.2.1) most of the continuous conductance isotherms

presented in this thesis are “pumpout” isotherms.

The isotherms of N2 and CO on monolayer graphene devices on the other hand show

dramatic hysteresis behavior in G(Pg) when the adsorbed monolayer is in the CS phase. The

hysteresis behavior has an onset as the adsorbed monolayer undergoes the CS-ICS transition,

and occurs only on monolayer graphene devices where adsorption occurs on both sides of the

graphene sheet. Fig. 4.26a shows two isotherms of N2 on monolayer graphene device #16 at

T = 55 K. The isotherm in black color was performed starting from vacuum and ending at

a high pressure, Pg ≈ 14 Torr. At this point two layers of N2 were adsorbed on each side of

the device, with the first layer being in the ICS phase. The features present in this isotherm

are described in detail in section 4.2.3.4. As the adsorption isotherm is performed the N2
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Figure 4.26: (a) Hysteresis in N2 isotherms on monolayer device #16 at T = 55 K. The black

isotherm is measured with increasing pressure. The blue isotherm is a “pumpout” isotherm

measured with decreasing pressure. The pressure axes have been shifted to remove an offset

between the two isotherms due to pressure lag in our gas system, see section 2.2.2.1. (b) A

pumpout isotherm of N2 at T = 60 K at a different gate voltage Vg = 1 V. For the G(Vg)

of the device see Fig. 4.22a. A pumpout isotherm of Ar is included to show the effect on

conductance of an adsorbed monolayer in the absence of the CS phase.

monolayer first undergoes the F-CS transition, then the CS-ICS transition and finally the

2nd layer condensation transition. The other isotherm in blue is a “pumpout” (desorption)

isotherm, started from the high pressure (Pg ≈ 14 Torr) and ran until vacuum. During the

desorption isotherms the monolayer first undergoes a transition from the ICS phase into the

CS phase and then into the F phase. The conductance G of the device while the monolayer

is in the CS phase is rather different in the two isotherms, and shows the hysteretic behavior.

The difference in G(Pg) between the adsorption and desorption isotherms below the F-CS
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transition (Pg < 1× 10−3 Torr) is an artifact of the pressure lag in our gas system.

As the pressure is lowered through the CS-ICS transition, the conductance G(Pg) of

the device first follows the same conductance level as during pressure increase (adsorption),

but quickly begins to deviate from the conductance values of the adsorption isotherm. The

point of deviation is labeled by a dotted arrow in Fig. 4.26a. This point of deviation is

reproducible upon repeated isotherm measurements. At pressures Pg below this point the

conductance G(Pg) is higher than in the adsorption isotherm at the same pressure and slowly

tends towards the original conductance in the CS phase through a series of quasi-vertical

steps. These steps in conductance G(Pg) are non monotonic. Furthermore, the distribution

of the steps is variable upon repeated runs of the isotherm, see appendix B.2.3, Figs. B.10b,

B.9c, and B.14a. In most desorption isotherms the conductance G never reaches the original

minimum value in the CS phase (labeled Gmin in Fig. 4.26a) before the CS-F transition. To

recover the original conductance Gmin of the CS phase attained in the adsorption isotherm,

the N2 monolayer has to be cycled through the F-CS transition, into fluid phase and back

into the CS phase.

To investigate whether the hysteretic behavior in the CS phase is due to some long lived

metastable state of the N2 monolayer we measured the conductance of the device at a fixed

pressure Pg after the adsorbed monolayer has been cycled through the CS-ICS transition. No

gradual relaxation of the conductance of the device G(Pg = conts) towards the original CS

phase conductance Gmin (reached upon adsorption into CS phase) was observed, Fig. 4.27a.

Instead the conductance of the device stayed relatively constant over multi hour timespans.

Some nonmonotonic steps in G ware observed over this time period. This behavior implies

that monolayer is in a very stable state with any relaxation processes occurring on very long

timescales.

To investigate the onset of the hysteresis we measured how close we have to approach the

ICS phase at the CS-ICS transition to first see the hysteretic behavior. Since the CS-ICS

transition is fairly broad (Pg =0.49 to 0.65 Torr at T = 55 K) we could stop the gas adsorption

while the device was in the middle to the CS-ICS transition and start a gas pumpout. The
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Figure 4.27: (a) Conductance G of monolayer device #17 over time at fixed pressure Pg =

0.118 Torr. The device is covered with a CS N2 monolayer after it has been cycled through

the CS-ICS transition. The original conductance attained in the CS phase right after the

F-CS transition is labeled by Gmin. (b) Several pumpout isotherms of N2 showing hysteresis

behavior. The starting points for the pumpout isotherms are at different locations through

the CS-ICS transition and are labeled with arrows. The spread in pressure of the F-CS

transition is due to pressure lag in our gas system at varying pumpout rates.

hysteresis becomes observable as soon as the conductance of the device at the turnaround

point starts to increase from the CS level at the CS-ICS transition, see Fig. 4.27b. The

turnaround points where pumpout was started for the different isotherm runs are labeled

with arrows. It is interesting to note that in all of the pumpout isotherm runs there is a

small region of continuous conductance decrease before the onset of the hysteresis behavior.
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4.2.3.7 Interpretation of hysteresis behavior

The hysteretic behavior described in the previous section is only observed on freestanding

monolayer graphene devices. It is absent on monolayer graphene devices backed with hBN

or thicker graphene devices such as bilayer devices. On the devices on which hysteresis is

not observed, the interaction of the two adsorbed monolayers is expected to be absent either

because only one monolayer adsorbs on the device (in the case of graphene + hBN devices)

or because the two adsorbed monolayers are far apart (in the case of bilayer and thicker

graphene devices). This strongly suggests that the hysteretic behavior is a result of the

interactions of two CS monolayers across the graphene sheet. The
√

3×
√

3 CS monolayer on

graphite and on a single side of the graphene sheet can form three equivalent domains. In

the case of adsorption on freestanding graphene the CS monolayers can form in either the

AA or the AB stacking configuration, see Fig. 4.28. This increases the possible number of

domain configurations to six. In the case of AB stacked CS monolayers the structure is still a
√

3×
√

3 lattice, but with a different unit cell compared to the AA stacked case. It is unclear

if AA versus AB stacked CS monolayers should have a different effect on the conductance

of the graphene sheet. If this were to be the case, the conductance of the device would be

(a) (b)

Figure 4.28: (a) AA stacked
√

3×
√

3 CS monolayers. (b) AB stacked
√

3×
√

3 CS monolayers.



116

sensitive to the distribution of AA versus AB stacked domains.

The adsorbed monolayers on opposite surfaces of the graphene sheet are expected to

have a weak attractive interaction of ≈ 5 % of the total binding energy εb to the graphene

surface [9]. This attractive energy favors the AA stacking of solid monolayers across the

graphene sheets. Also, the extra energy of a domain is proportional to its area, therefore

the energy barrier for conversion of an AA into an AB stacked domain can be large. As the

adsorbed monolayers of N2 undergo the first order F-CS transition, the lower density mobile

2D fluid is in coexistence with patches of higher density CS phase. The patches of the CS

solid are expected to undergo edge grow out of their nucleation sites. It can be reasonably

expected that upon the completion of the F-CS phase transition the two adsorbed nitrogen

monolayers end up mostly in the more favorable lower energy AA stacked configuration.

At high pressures and large density, it is unclear whether the epitaxially rotated ICS N2

monolayers on opposite surfaces of the graphene device should still have a stacking that is

locked with respect to each other. During the phase transition from the ICS phase into the CS

phase the adsorbed monolayers might attain a different configuration of AA and AB stacking

domains. The relaxation processes at the coexistence of the ICS and CS phases (which are

both high density phases) should be significantly reduced compared to the processes at the

coexistence of the CS and 2D fluid phase [59]. In this scenario different effects on conductance

of AA versus AB stacked CS N2 domains might explain the difference in conductance of

the graphene device G as a function of pressure upon adsorption and desorption. In such

a scenario the observed jumps in conductance G during the desorption isotherms would

correspond to a conversion of a part of the graphene device surface from an AB to an AA

stacked N2 monolayer domain.

4.2.3.8 Spike in conductance at the CS-ICS transition

Nitrogen adsorption has been measured on a total of ten freestanding monolayer graphene

devices. On half of the studied devices the N2 conductance isotherms exhibit an extra spike

near the CS-ICS transition. This spike in the N2 isotherm on monolayer graphene device #25
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Figure 4.29: (a) Conductance isotherms of N2 on monolayer graphene device #25 at

T = 60 K. The isotherm contains the extra spike feature near the CS-ICS transition. The

adsorption isotherm pressure scale (top axis) has been shifted left to remove the effect of

pressure lag in the gas system. (b) G(Vg) measurements on the same device while the

N2 monolayer is in different phases. The arrows in the inset show the locations along the

isotherm where the G(Vg) traces were measured. The G(Vg) labeled A, B, E are taken in

vacuum (bare device), in the fluid phase, and in the ICS phase. The main difference between

them is a shift of the CNP which is difficult to discern in the scale of the figure. G(Vg) trace

labeled D is measured at bottom of the spike. G(Vg) trace F is measured after desorption

into the hysteretic region of the isotherm.

at T = 60 K is shown in Fig. 4.29a. It occurs in the region of the N2 phase diagram on bulk

graphite that is known to contain the reentrant hexagonal domain wall fluid phase [59, 10].

The adsorption isotherms of N2 exhibiting the spike on monolayer graphene devices ap-

pear quite similar to isotherms on bilayer graphene devices, see Fig. 4.13a, and to isotherms
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on the graphene + hBN devices, see Fig. 4.31. Since on both of those types of devices inter-

actions of adsorbed monolayers across the graphene sheet is absent, the spike in conductance

has to result from the formation of some phase or structure within one N2 monolayer on one

side of the devices only. It is unclear why only half of the freestanding monolayer devices

devices show this feature.
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Figure 4.30: Isotherms of N2 on monolayer graphene device #26 at T = 60 K showing the

onset of the hysteretic behavior near the CS-ICS transition. The blue trace is an adsorption

isotherm which is performed down to the bottom of the conductance spike. The black trace

is a pumpout isotherm starting from the ICS phase at Pg ≈ 20 Torr. The traces labeled

1 through 4 are pumpout isotherms started without going past the transition into the ICS

phase. The starting pressures are 1.47 Torr, 2.45 Torr, 2.59 Torr, and 2.92 Torr, respectively.

The bottom of the spike occurs at Pg ≈ 2.92 Torr. While the isotherm labeled 2 does not

show hysteretic behavior, isotherm 3 does.
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On freestanding monolayer graphene devices with the spike in the N2 isotherms, the

hysteretic behavior is slightly different than on devices that do not display the spike. The

conductance during the desorption isotherms in the hysteretic region is lower than the original

conductance attained during adsorption after the F-CS transition. The hysteretic behavior

has an onset at pressures where the conductance begins to decrease into the spike, see

Fig. 4.30. Just like in the case of desorption on devices without the spike, the conductance

G(Pg) tends towards the original conductance level attained right after the F-CS transition

upon adsorption but does not fully reach that level before the F-CS transition. The two

types of hysteretic behavior can be compared, see Fig. 4.30 and Fig. 4.27b.

4.2.3.9 N2 on hBN backed Monolayer Graphene

We have studied N2 adsorption on a total of three monolayer graphene devices backed with

few nanometer thick hexagonal boron nitride. For these devices the adsorption occurs only

on the bottom surface of the graphene sheet that is facing the trench, see section 2.1.3 for the

discussion of the device geometry and fabrication. The positions of the phase boundaries on

graphene + hBN devices are shifted to lower pressure compared to freestanding monolayer

graphene due to higher binding energy εb, see Fig. 4.35 for the N2 temperature-pressure phase

diagram on both types of devices.

Apart from the difference in binding energy, the isotherms on monolayer + hBN devices

appear similar to adsorption isotherms on freestanding monolayer graphene. The hysteretic

behavior in the CS phase is absent on all monolayer + hBN devices. On all three monolayer

+ hBN devices there was a spike in conductance in the vicinity of the CS-ICS transition. A

set of desorption isotherms on monolayer + hBN device #20 is shown in Fig. 4.31a.

Around the spike in the conductance at the CS-ICS transition the isotherms on all three

devices exhibited nonmonotonic features. Several adsorption and desorption isotherms mea-

sured through this spike on monolayer + hBN device #20 are shown in Fig. 4.31b. On

this device the fine features around the spike were reproducible upon adsorption and des-

orption. On device #19, on the other hand, the minimum in conductance attained at the
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Figure 4.31: (a) A set of desorption isotherms on an hBN backed monolayer graphene de-

vice #20. The device exhibits a spike in conductance at the CS-ICS transition. The hysteretic

behavior in the CS phase is absent. (b) several adsorption and desorption isotherms through

the spike at the CS-ICS transition. The nonmonotonic changes in conductance through

the spike appear to be reproducible. The slight shift of the adsorption isotherms to higher

pressure is due to a pressure lag in our gas system.

bottom of the spike varied between adsorption and desorption isotherms, see Fig. 4.32. The

fine features in the isotherms through the spike varied between adsorption and desorption

isotherms, but were reproducible between different runs of the adsorption isotherm, see the

red curves in Fig 4.32b.

Our suggested interpretation is that the above described behavior in the vicinity of the

CS-ICS transition is likely due to the pinning of domain walls on inhomogeneities present on

the graphene + hBN devices. During the fabrication process pockets of contamination are

known to form between the monolayer graphene sheet and the hBN. Along with these pockets

sharp folds or ridges form between these pockets, see section 2.1.3. Note that, at pressures

away from the domain wall region of the phase diagram, the conductance of the device G(Pg)
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is single valued upon both adsorption and desorption implying that the structure of the N2

monolayer is rather similar during both adsorption and desorption; this corroborates the

model of the relevance and presence of domain wall pinning.
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Figure 4.32: Two adsorption and desorption isotherms of N2 though the CS-ICS transition

on monolayer + hBN device #19 plotted (a) as a function of time and (b) as a function

of pressure. The shift of the adsorption isotherms to higher pressure is due to gas lag in

our system. The minimum in conductance at the CS-ICS transition is different between the

adsorption and desorption isotherms.

4.2.3.10 High temperature N2 adsorption behavior

Our gas system allows us to measure adsorption isotherms up to pressures of Pg = 1000 Torr

without damaging the suspended graphene devices. This allows us to perform isotherms

of N2 above the critical point of the
√

3×
√

3 CS phase (Tc ≈ 87 K, Pc ≈ 300 Torr). At

temperatures T > Tc the CS phase does not exist. At these temperatures, as the pressure is

increased, the 2D fluid is expected to continuously evolve into the ICS phase. In this section
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I will describe the high temperature behavior of the CS N2 phase on our suspended graphene

devices as observed in conductance isotherm measurements at T > 80 K and approaching Tc.

On freestanding monolayer graphene devices both the hysteretic behavior in the CS phase

and the spike at the CS-ICS transition gradually disappear as the temperature is increased

above T ≈ 80 K. The hysteresis in the isotherms disappears at a lower temperature than

the conductance spike. The magnitude of the hysteretic steps in the pumpout isotherms is

gradually reduced as the temperature is increased.

The temperature at which the hysteresis disappears is slightly variable among devices.

On monolayer graphene device #17 the hysteresis is still present at T = 80 K but is absent at

T = 82.5 K, see appendix Fig. B.12. A set of high temperature N2 conductance isotherms on

two other freestanding monolayer graphene devices, device #21 and device #26, are shown in

Fig. 4.33. These devices exhibit both the spike at the CS-ICS transition and the hysteretic

behavior in the CS phase. The hysteretic behavior is clearly present in the T = 82.5 K

pumpout isotherm on device #21. At T = 85 K the hysteretic behavior is absent on both

devices. The spike in conductance at the CS-ICS transition persisted at T = 85 K on both

devices, with a greatly reduced magnitude compared to lower temperatures.

On the studied hBN backed monolayer graphene devices the spike in conductance at

the CS-ICS phase transition disappeared at somewhat lower temperatures. On device #19

it is already absent in the T = 80 K isotherm, see Fig. 4.32a. On the other hand a very

slight trace of the conductance spike is still present in the isotherm on device #20 at this

temperature, but is absent in the T = 82.5 K isotherm, see Fig. 4.31a.

We performed a set of conductance isotherms on the monolayer + hBN device #19 in the

vicinity of Tc, see Fig. 4.34b. The large decrease in conductance due to the formation of the
√

3×
√

3 CS N2 phase is present all the way up to a temperature of T = 86.62 K above which

it begins to rapidly reduce in magnitude. At this temperature the jumps in conductance G

at the F-CS and the CS-ICS phase transitions begin to round out as a function of pressure.

A very slight trace of the reduction of G is still observable at T = 86.89 K. Above this

temperature the decrease in G is absent.
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Figure 4.33: High temperature N2 isotherms on (a) device #21 and (b) device #26. Both

devices exhibit a spike in conductance G(Pg) at the CS-ICS transition. Panel (a) shows only

desorption isotherms, while panel (b) shows both adsorption and desorption isotherms. The

hysteretic behavior in the isotherms disappears at lower T than the spike at the CS-ICS

transition.

According to the accepted phase diagram of N2 on bulk graphite [16, 51, 56], at high

temperature the F-CS phase transition stops being first order at a tricritical point Ttrc ≈

85 K. As the temperature of the tricritical point is approached, the density of the fluid and

the densities of the CS phase, which are in coexistence at the phase boundary, becomes

equal and the phase transition becomes second order. According to the accepted N2 phase

diagram, above Ttrc the density of the CS phase at the F-CS transition is significantly higher

(up to 15 %) than the density of a defect-free CS phase. The increase in density is proposed

to occur through the formation of heavy domain wall defects or promotion of extra molecules

into the second layer. The true average density and structure of the CS N2 monolayer in

this high T region of the phase diagram was difficult to determine experimentally on bulk
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graphite due to large uncertainties in the coverage scales; this is discussed in detail in the

review [51].

In our measurements at these high temperatures the conductance isotherm is still highly

sensitive to the formation of the
√

3×
√

3 CS phase. The persistence of the decrease in

conductance indicates that the local structure of the N2 monolayer is still mostly the
√

3×
√

3

CS phase: this CS phase has to cover a fairly large fraction of the device surface up to

T = 86.62 K to produce the decrease in conductance G.
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Figure 4.34: High temperature isotherms on an hBN backed monolayer graphene device #19.

(a) Desorption isotherm through the CS-ICS phase transition showing the gradual disappear-

ance of the conductance spike. (b) Isotherms in the vicinity of Tc. See text for details.

4.2.3.11 N2 P -T phase diagram

The temperature-pressure phase diagram of N2 as measured on our suspended graphene

devices is shown in Fig. 4.35a. The pressures have been thermomolecularly corrected ac-

cording to the empirical formula presented in reference [75]. The phase diagram shows phase
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boundaries on both a freestanding and an hBN backed monolayer devices. Apart form the

differences in pressures of the phase boundaries the two phase diagrams look quite similar.

Our measurements indicate that Tc of the CS N2 phase on the surface of freestanding mono-

layer graphene devices might be lower than on the hBN backed monolayer by at most 0.5 K.

The decrease of Tc is likely due to a slight difference in binding energy (≈ 3 %).

The black squares in the 2D fluid region of the phase diagram plotted in Fig. 4.35a

indicate the midpoints of the gradual change in conductance that occurs in the fluid phase

due to the shift of the CNP of the graphene device. The position of this feature on the phase

diagram appears to merge with the F-CS phase boundary at lower temperatures T < 52 K

and pressures too low to access in our adsorption apparatus, P < 1× 10−4 Torr. This

behavior is consistent with the feature resulting from the formation of the fluid phase; its

midpoint likely corresponding to an intermediate density of the fluid.

A comparison of N2 isotherms at T = 60 K on freestanding monolayer, monolayer + hBN

and bilayer graphene devices are presented in Fig. 4.35b. The features corresponding to the

phase boundaries plotted on the phase diagram are labeled with their respective symbols.

The differences in binding energies ∆ε between freestanding and hBN backed graphene

devices can be extracted from the shifts of the pressures of the phase boundaries according

to Eq. (4.1). At T = 60 K the F-CS transitions on freestanding monolayer and monolayer

+ hBN devices occur at pressures P = 4.9 mTorr and P = 2.8 mTorr, respectively. Both

of these pressure readings include a slight and comparable offsets due to a pressure lag in

our gas system. The CS-ICS transition on the two classes of devices occurs at pressures

of P = 2.90 Torr and P = 1.94 Torr, respectively. The extracted changes in energy are

approximately ∆ε ≈ 30 K. The single particle binding energy of N2 on bulk graphite is

εb = 1160 K [81]. The difference ∆ε/εb is only ≈ 3 %. The binding energy on graphene +

hBN devices is expected to be indistinguishable from bulk graphite.
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(a) N2 phase diagram
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Figure 4.35: (a) Temperature–Pressure phase diagram of N2 on monolayer graphene. Solid

symbols are phase boundaries on freestanding graphene. Open symbols indicate the phase

boundaries on an hBN backed monolayer. (b) Desorption isotherms of N2 at T = 60 K. The

features corresponding to the phase boundaries are labeled with their respective symbols.
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The single particle binding energy of monolayer graphene is expected to be reduced by

∆εb/εb ≈ 10 % compared to bulk graphite [66]. The above described difference in energies ∆ε

at the phase boundaries is smaller. This can be explained by the extra attractive interaction

of the second monolayer of N2 on the opposite surface of the freestanding monolayer graphene

device. The extra attractive interaction partially compensates the decrease in single particle

binding energy. It is expected to be approximately 5 % of the total binding energy [9].

4.2.3.12 Kr on Monolayer Graphene

On bulk graphite Kr, N2, and CO are all known to have an almost identical phase dia-

gram [10]. As discussed in previous sections, on our suspended monolayer graphene devices

the formation of the
√

3×
√

3 CS phase of both N2 and CO produces a large reduction in

conductance G. The
√

3×
√

3 CS phase of Kr, however, produces a significantly smaller

reduction of conductance.

A comparison of several Kr isotherms at T = 85 K on suspended graphene devices is

shown in Fig. 4.36. On graphene + hBN devices the formation of the Kr CS phase produced

a reduction in conductance that appears qualitatively similar to the effect of the N2 CS

phase. There are however some major differences: first, the magnitude of the the reduction

of conductance ∆G for Kr is approximately one order of magnitude smaller than for CO and

N2. Furthermore, there is no spike present near the CS-ICS transition on any of the studied

graphene + hBN devices. Surprisingly, the conductance of the devices is still highly sensitive

to multilayer formation, see appendix Fig. B.17. Up to thirteen extra steps were observable

near saturation on monolayer + hBN device #19.

On freestanding monolayer graphene devices the effect on conductance of the CS Kr phase

was approximately one order of magnitude smaller than for both CO and N2 CS phase. There

was no observable hysteresis present between the adsorption and desorption isotherms. On

freestanding monolayer graphene devices the conductance G did not remain constant in the

CS phase, but experienced a gradual increase with pressure, as it was increased towards

the CS-ICS transition. Instead of a fairly abrupt (as a function of pressure) increase in
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conductance G at the CS-ICS transition, the devices only exhibited an inflection point (kink),

see Fig 4.36. Furthermore, none of the studied devices exhibited a spike in the vicinity the

CS-ICS transition. It is possible that the gradual increase in conductance while the Kr

monolayer is in the CS phase is due to formation of the same proposed domain structures

within the adsorbed monolayer which give rise to the hysteretic behavior of N2 and CO

on freestanding devices. In this case these domain structures are proposed to form upon

adsorption, while the monolayer is in the CS phase. It is important to note that we do

not observe any vertical steps in the isotherms while the Kr monolayer is in the CS phase,

possibly due to the smaller effect of Kr on conductance.
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Figure 4.36: Kr isotherms at T = 85 K on suspended graphene devices. The pressures have

been thermomolecularly corrected. The vertical dotted lines show the F-CS, the CS-ICS

and the second layer condensation transitions on monolayer + hBN devices. The phase

transitions on freestanding monolayer graphene occur at higher pressures relative to devices

with more layers due to a reduced binding energy εb. The monolayer + hBN devices exhibit

an extra step (labeled with question mark) in the isotherms when the monolayer is expected

to be in the CS phase. This step does not correspond to any known phase transition of Kr

on bulk graphite.
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Appendix A

EFFECTS OF ADSORBED MONOLAYER FORMATION ON
THE CONDUCTANCE OF NANOTUBE DEVICES

This appendix contains the measured charge transfers from adsorbed monolayers of var-

ious gases to several nanotube devices. The charge transfer is obtained from Eq. (3.7). For

a discussion see section 3.4. The presented data is from a publication of our group [29].

Device CB spacing Shift ∆Vg Charge transfer

(mV) (mV) (e)

N2

YB14 34 −13 −0.4

YB27 34 −7 −0.2

YB30 120 +20 0.2

CO

YB27 34 −35 −1

YB30 120 +30 +0.25

O2

YB24 54 +27 +0.5

Table A.1: Charge transfer to nanotube devices due to the formation of a dense monolayer

of diatomic molecules N2, CO, and O2.
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Device CB spacing Shift ∆Vg Charge transfer

(mV) (mV) (e)

Ar

YB11 11 +10 +0.9

YB14 34 +24 +0.7

YB24 54 +38 +0.7

YB27 34 +21 +0.6

YB30 120 +32 +0.25

Kr

YB11 34 −12 −0.35

YB14 54 +69 +1.3

Xe

YB14 34 −65 −1.9

He

YB14 34 +23 +0.7

Table A.2: Charge transfer to nanotube devices due to the formation of a dense monolayer

of noble gases.



142

- 0 . 4 0 . 0 0 . 4 0 . 8
0

5

1 0

- 2 - 1 0 1 2 3
0

1 0

2 0

3 0

- 3 - 2 - 1 0 1 2 3
0

1 0

2 0

- 4 - 2 0 2 4
0

5

1 0

- 2 - 1 0 1 2
0

5

1 0

- 0 . 4 - 0 . 2 0 . 0 0 . 2 0 . 4 0 . 6
0

1 0

2 0

 V g  ( V )

 G 
(µS

)

Y B 1 1 ,  A r
T  =  5 6  K
V a c u u m
6 1 2  m T o r r

 G 
(µS

)
 V g  ( V )

Y B 1 4 ,  A r
T  =  5 2  K
V a c u u m
1 . 5  m T o r r

 G 
(µS

)

 V g  ( V )

Y B 2 7 ,  A r
T  =  4 0  K
V a c u u m
1 . 7  m T o r r

 G 
(µS

)

 V g  ( V )

Y B 3 0 ,  A r
T  =  6 0  K
V a c u u m
4 . 9  T o r r

 G 
(µS

)

 V g  ( V )

Y B 2 4 ,  A r
T  =  5 5  K
V a c u u m
1 . 1  T o r r

Y B 1 8 ,  A r
T  =  5 6  K
V a c u u m
1 1 2  m T o r r

 G 
(µS

)

 V g  ( V )

Figure A.1: The effect of a monolayer of Ar on the G(Vg) of suspended nanotube devices.
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Figure A.2: The effect of a monolayer of Ar on the G(Vg) of suspended nanotube devices.
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Appendix B

GRAPHENE ADSORPTION ISOTHERMS

This appendix contains a set of adsorption isotherms measured on the suspended graphene

devices.

B.1 Pre-annealed conductance isotherms

Pre-annealed isotherms are measured after devices have been cooled down to cryogenic tem-

perature without current annealing prior to adsorption measurements. We propose that the

changes in conductance G are not due to the adsorption onto the surface of graphene, but

onto a uniform layer of contaminants. See section 4.1 for discussion.
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Figure B.1: Pre-annealed conductance isotherms of noble gases on an hBN capped mono-

layer graphene device #1. The device has been furnace annealed at 450 ◦C in an Ar/H2

atmosphere prior to cooldown in order to remove polycarbonate residue from fabrication

process. All isotherms show one main broad step feature. The isotherms of Ne exhibit a

second step feature at higher pressures. For both Ar and Kr the conductance of the device

increased sharply at pressures near 3D saturation. We interpret this behavior to be a result

of multilayer condensation on the surface of the device.
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Figure B.2: Pre-annealed conductance isotherms of diatomic gases on an hBN capped mono-

layer graphene device #1.
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Figure B.3: Pre-annealed adsorption isotherms of Ar and Kr on bilayer graphene device #2.
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Figure B.4: Pre-annealed conduction isotherms of Ar on trilayer graphene device #3. Two

broad steps are visible. The slope of the main step dG/d(lnP ) does not appear to increase at

lower temperature. The behavior is reminiscent of Class II nanotubes discussed in section 3.2.
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B.2 Post-annealed conductance isotherms

B.2.1 Isotherms on Trilayer Graphene
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Figure B.5: Isotherms of noble gases Ar, Kr, Xe, and Ne on trilayer graphene device #3.
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B.2.2 Isotherms on Bilayer Graphene
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Figure B.6: Conductance isotherms of noble gases Ar, Kr, Ne on bilayer graphene device #13.

The isotherms appear similar to those measured on the other bilayer and trilayer devices.
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Figure B.7: Isotherms on bilayer graphene device #18. In panel (c) the positions of the

F-CS and CS-ICS phase transitions at T ≥ 70 K are labeled with black arrows.
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Figure B.8: Isotherms of N2 and Ar on bilayer graphene device #28.

B.2.3 Isotherms on freestanding Monolayer Graphene

Compared to bilayer and trilayer graphene, the studied monolayer devices exhibited smaller

changes in conductance upon the adsorption of gases into 2D phases not in commensuration

with the graphene lattice.

All monolayer graphene devices showed a large reduction of conductance G upon the

formation of a CS phase of N2 and CO. In comparison the effect on G due to the formation

of a CS phase of Kr was small.
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Figure B.9: Isotherms of Kr, CO, and N2 on monolayer graphene device #16.
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Figure B.10: Isotherms of Kr, N2 and O2 on monolayer graphene device #15. The pumpout

isotherms of N2 are repeated several times for a given temperature T . The isotherms at

different T show similar distributions of step patterns which might be related to domain

pinning on contamination present on the device. The isotherms of N2 can be compared to

those of O2. The binding energies of the two gases are very similar, but O2 does not form a

CS solid phase and so produces a completely different effect on conductance G than N2.
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Figure B.11: Isotherms of O2 and Ne on monolayer graphene device #16.
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Figure B.12: High temperature isotherms of N2 on freestanding monolayer graphene de-

vice #17. At T = 87.5 K the CS phase does not exist, so the drop in G is absent.
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Figure B.13: Isotherms of N2, CO, Kr, and Ar on monolayer graphene device #17. The

isotherms of CO and N2 appear qualitatively similar, but CO produces a larger reduction

of G upon the formation of CS phase.
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Figure B.14: Isotherms of N2 and Kr on monolayer graphene device #26.
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Figure B.15: Isotherms of Ne on monolayer graphene device #27. Panel (b) shows a zoom

on the 2nd layer L-V transition, which has a critical point at Tc = 19.5 K [87].
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B.2.4 Isotherms on hBN backed Monolayer Graphene

Isotherms of N2 and Kr on two hBN backed monolayer graphene devices, device #19 and

device #20, are presented in this section. Gas adsorption on these devices occurs only on

one side of the graphene sheet, the side that is facing into the trench, see section 2.1.3 for

device fabrication details. The formation of the CS phases of N2 and Kr produces a sharp

decrease of conductance at the phase boundaries.

For Kr, on both devices, there is an extra step feature present in the conductance

isotherms while the monolayer is expected to be in the CS phase. The appears to inter-

sect with the F-CS phase boundary around T ≈ 105 K, see Fig B.19b. The feature changes

from being discontinuous to continuous (as a function of pressure) at T between 80 and 85 K.

It is unclear what phase transition this feature corresponds to as it does not occur in Kr

monolayers on graphite.
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Figure B.16: Isotherms of Kr on monolayer + hBN device #20. A reproducible step in

conductance (labeled by green arrow) occurs where on graphite the adsorbed monolayer is

known to be in the CS phase.
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Figure B.17: High coverage regions of Kr isotherms on monolayer + hBN device #19. More

than thirteen steps in conductance are discernible. At high T the steps are continuous, while

they become vertical at low T . The steps correspond multilayer phase transitions [18].
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Figure B.18: Pumpout isotherms of N2 on monolayer + hBN device #19. The hysteretic

behavior in the CS phase is absent.



160

(a) Pumpout isotherms of Kr on monolayer + hBN device #19.
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(b) Phase diagram of Kr on monolayer + hBN device #19.
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Figure B.19: The formation of the Kr CS phase results in a decrease of conductance G

similar to the effect of N2. In Kr isotherms the spike at the CS-ICS transition is absent. A

step in conductance (labeled by arrow) is present while the monolayer is expected to be in

the CS phase. The feature does not match the known phase transitions of the Kr monolayer

on bulk graphite. At T = 80 K the step is vertical, while it is continuous at T = 85 K. The

position of the feature is plotted on a P -T phase digram in panel (b).
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Appendix C

JOULE HEATING OF SUSPENDED GRAPHENE

We can raise the temperature of our suspended graphene devices through Joule heat-

ing while they are in the presence of gas at a pressure Pcell. During the Joule heating

measurement, a DC source-drain bias Vsd is applied to the device, which causes the device

temperature Tdevice to increase above the temperature of the cell Tcell. The total dissipated

power in the device is P = IVsd, but the actual location where the power dissipation occurs

is unknown. The power should be dissipated in the regions of the potential drop which are

not well known: the resistance of our devices is in series with the contact resistance [89]. The

suspended graphene sheets are cooled as heat is conducted through their source and drain

contacts. At low power it is unclear if the temperature of our suspended devices should be

uniform.

As we apply a DC source-drain bias across the device we can measure the differential

conductance Gdiff = dI/dV by applying a small AC source drain bias in conjunction with

Vsd. The circuit used to perform the measurement is shown in Fig. C.1.

Employing the Joule heating technique we can either take vertical or quasi-horizontal cuts

through the P -T phase diagram. First, we can measure isotherms on the device starting

at a fixed cell temperature Tcell while applying a fixed DC bias Vsd to the device. The

temperature of the device is higher than the cell temperature: Tdevice > Tcell. The device is

exposed to a flux of gas molecules that are in equilibrium with the cell, thus they are at a

lower temperature than the device surface. The effective pressure experienced by the device

is then slightly higher than the cell pressure

Peffective = (Tdevice/Tcell)
1/2 × Pcell (C.1)

Several isotherms of Argon on a trilayer graphene device #3 with varying levels of applied
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Figure C.1: The electrical circuit used for measuring Joule heating of the suspended devices.

The DC voltage Vsd used to heat the device is supplied by a National Instruments DAC card.

The AC voltage VAC is produced by a lock-in amplifier. The current through the device is

measured using an Ithaco 1211 current preamp.

Vsd are shown in Fig C.2. At low bias Vsd < 25 mV the shapes of the features present in the

isotherms appear quite similar to our standard conductance isotherms (measured without any

DC bias) but with their positions shifted to higher pressures due to the elevated temperature

of the device. At higher Vsd the shapes of the features in the isotherms quickly changes: the

differential conductance Gdiff decreases at the phase transitions. The reason behind this

change in behavior is unclear.

As can be seen from Fig. C.2 the feature corresponding to the Ar supercritical fluid

condensation phase transition significantly broadens in the high bias isotherms. This is

expected as at high temperatures the pressure range over which the fluid condenses also

broadens. The features corresponding to the fluid-solid melting transition and the second

layer condensation still remain sharp as a function of pressure in the high bias isotherms.

This indicates that the temperature of the device Tdevice is uniform during Joule heating.

Instead of performing isotherms on the suspended device at fixed bias Vsd = const, we
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Figure C.2: Differential conductance isotherms of Argon on trilayer graphene device #3 with

different levels of applied DC bias Vsd. The temperature of the device increases as higher

values of Vsd are applied. At low bias Vsd < 25 mV the features present appear similar to

those in conductance isotherms but shifted to higher pressure.

can sweep Vsd at fixed pressure Pcell = const. As the device heats up due to Joule heating

an almost horizontal path is taken through the P -T phase diagram. The measurement path

is not a true isobar as the effective pressure at the device surface changes according to

Eq. (C.1). Such an isobar measurement performed in vacuum corresponds to the differential

I-V measurement of the suspended device. Several such measurements performed at T =

60 K on the trilayer device #3 in the presence of Ar are shown in Fig. C.3. Dips in the isobar

measurements correspond to the known phase transitions within the Ar monolayer.

The temperature of the device can be extracted by matching the phase transitions with
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Figure C.3: Differential conductance measurements of trilayer graphene device #3 at several

pressures of Ar at T = 60 K. At high pressures and low bias Vsd the device is covered with

an adsorbed Ar monolayer. As Vsd is ramped up the temperature of the device increases.

The Ar monolayer undergoes phase transitions and finally desorbs. The features (dips) in

the differential I-V curves correspond to phase transitions within the adsorbed monolayer.

The dip labeled 1 is due to the supercritical L-V transition. The dip labeled 2 is the incom-

mensurate solid melting transition. The dip labeled 3 in the Pg = 2.75 Torr differential I-V

measurement is due to the desorption of the second layer.

the know positions of the phase boundaries on the P -T phase diagram. In the simplest model

the temperature of the device should increase proportionally with power

Tdevice = Tcell + C × I V (C.2)
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Even though the thermal conductivity of suspended graphene is known to be highly

temperature dependent in the relevant temperature range [40, 64, 69], the above relation

might be justified if the heating at low power is expected to occur mainly in the device

contacts. By matching the nonlinear I-V isobar measurements across several different start-

ing cell temperates, we extract constant C to be C = 185 K/mW for the trilayer graphene

device #3.

Figure C.4: A phase diagram of Ar on trilayer graphene device #3 obtained using the Joule

heating technique. The temperature of the device is obtained from the total dissipated power

using Eq. (C.2).
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The Joule heating isobar measurements allow us to continuously map out an entire phase

diagram of a particular gas, see Fig. C.4. This is done by continuously pumping gas out of

the cell at the same time as isobar Vsd sweeps are continuously measured. The time scales for

the pressure pumpout have to be much slower compared to one isobar measurement time.

During the measurement shown in Fig. C.4 each isobar sweep from Vsd = 0 V to Vsd = 0.3 V

to was performed over the course of approximately two minutes, while the entire pressure

pumpout starting from Pg ≈ 5 Torr and ending at Pg ≈ 1× 10−4 Torr was performed over

approximately 10 h.
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