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Chapter 1

Introduction

Since its discovery in 1911 by Kamerlingh Onnes [11], superconduc-
tivity has been a very intriguing topic in physics. The advent of the
Bardeen-Cooper-Schliefer (BCS) theory in 1957 made it possible to
explain the basic mechanisms of superconductivity. The theory states
that the electrons of the system undergo a bosonic transition, behav-
ing as a single quantum mechanical wave function. The related order
parameter is ψ = ψ0e

iφ, where the amplitude of the wave function ψ0
determines several key properties such as the energy gap ∆ and tran-
sition temperature Tc. The highest Tc perceived to be possible (∼30
K [22]) was reached with the compound Nb3Ge in 1979 with a Tc of
23.2 K [33], which was surpassed in 1986 with the discovery of high-Tc
superconductivity in the cuprate compound of La2-xBaxCuO4 with a
Tc of 35 K. The subsequent discovery of many new cuprates culmi-
nated in critical temperatures as high as 150 K in HgBa2Ca2Cu3O8+δ
only 6 years later [44]. Theoretically, it was clear that the original BCS
framework was not adequate in describing this new class of compounds
[22], and to this day there is no scientific consensus on the origins of
some of the basic phenomenology of high-Tc superconductivity, e.g.
the so-called pseudogap and the giant proximity effect. It seems that
a general, BCS analog for the cuprate superconductors is even fur-
ther away. Nevertheless, there is a renewed interest in the field due
to improved growth techniques [55–77] and novel electrostatic charge
induction mechanisms which use ionic liquids [88–1111].

Among all the enigmatic issues regarding high-Tc superconductiv-
ity, this thesis aims to clarify the origins of the giant proximity effect
(GPE) found in some systems where two superconductors are coupled
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Chapter 1. Introduction

by a weak link, also called Josephson junctions. Hence, addressing the
GPE would first involve the concept of the standard proximity effect
found between a superconductor (S) and a normal metal (N ). The
theory concerning this issue was developed in the 1960s [1212], stat-
ing that when Cooper pairs leak from S to N , the order parameter
amplitude of the Cooper pairs decays exponentially away from the su-
perconductor over a characteristic length ξ, also called the coherence
length, leading to a mutual altering of the properties of both mate-
rials. For Josephson junctions, where two interfaces are present, the
results are analogous to the aforementioned case of a single interface.
The supercurrent between both superconducting leads with a critical
temperature Tc in such SNS junctions is given by [1212]

Ic = π

2eRn
|∆0|2

kBTc

d

ξn
e−d/ξn , (1.1)

where Rn is the normal resistance of the metal, ∆0 is the supercon-
ducting gap in the bulk of the superconductor, d is the thickness of
the normal metal, and ξn is the superconducting coherence length in
the normal region. Here, ξn decreases with temperature T as 1/T
(clean limit: ξn � ln) or 1/

√
T (dirty limit: ξn � ln), with ln the

mean free path in N .

1.1 Giant proximity effect

Not all Josephson junctions behave according to this relationship.
One of the first mentions of an anomalous proximity effect in high-Tc
superconductors was made in 1991 regarding co-planar junctions of
the cuprates HoBa2Cu3O7-x/La1.5Ba1.5Cu3O7-δ/HoBa2Cu3O7-δ [1313].
Here, supercurrents were detected spanning over distances reaching
500 nm, two orders of magnitude larger than the theoretical value
of the coherence length [1414]. Other reports include co-planar Nb-
BiSb-Nb junctions [1515] for distances reaching 1000 nm. Others, see
Ref.1616, used laser light with a specific energy to photoinduce lo-
cal free holes in the CuO2 planes of YBa2Cu3O7-δ. In doing so,
Josephson junctions of varying separations could be made. Long
range proximity effects could be seen in junctions with separations
of up to 100 nm, while the coherence length is only 15 nm. In
Ref.1717 oxygen ion-irradiated junctions of YBa2Cu3O7-δ could lead
to Josephson coupling over large distances (up to 880 nm) between

2



1.1. Giant proximity effect

undamaged superconducting leads. Furthermore, in Ref.1818, uncon-
ventional Josephson coupling was present in ramp-edge junctions of
Pr1.85Ce0.15CuO4/Pr2-xCexCuO4/Pr1.85Ce0.15CuO4, which are elec-
tron-doped cuprates. The coupling is independent of the concentra-
tion x of Ce+ per unit cell and persists for barrier widths of up to
40 nm, approximately three times larger than the nominal coherence
length. The same is not true for ramp-edge junctions of La2-xSrxCuO4
with a 50 nm thick barrier of La1.95Sr0.05CuO4 stacked between its
optimally doped electrodes [1919].

The issue with the aforementioned co-planar geometric junctions
is that it usually involves an ex-situ process of ion milling/damaging.
This leads to a badly defined interface in terms of cation or oxygen
stoichiometry, as argon ion milling tends to be a destructive process
and involves oxygen vacancy production. Hence, in all of these ab-axis
(i.e., in-plane directions, parallel to the a and b axes of the unit cell)
reports, it is not clear whether the effect is intrinsic to the junction
or is caused by the deficiencies in the method of preparation such as
impurities by ion implantation, or interfacial effects due to improper
growth techniques.

In c-axis geometry junctions (i.e., out-of-plane direction, parallel
to the c axis of the unit cell), it is crucial that there are no super-
conducting shorts between the electrodes due to suboptimal growth
of the barrier material. This can be caused either by superconduct-
ing shorts related to surface roughness being larger than the bar-
rier thickness, or secondary-phase precipitates. These strict require-
ments were met using molecular beam epitaxy (MBE) methods. Us-
ing MBE, Bozovic et al. have been able to grow superlattices of
Bi2Sr2CuO6/Bi2Sr2CaCu2O8 [55] and La2CuO4+δ/La1.85Sr0.15CuO4
[66]. In both cases a supercurrent was found between the electrodes
over distances of 102 times the corresponding coherence lengths along
the c-axis in the temperature range of Tc′ < T < Tc, with Tc′ and
Tc being the critical temperatures of the barrier (S′) and electrode
(S), respectively. The observation has been coined the giant prox-
imity effect (GPE). These reports showed that the GPE is indeed
intrinsic. Similar results were found in pulsed laser deposited (PLD)
YBa2Cu3O7-δ/La2-xSrxCuO4 superlattices [2020].

Giant and anomalous proximity effects were also reported for metal
superconductors [2121, 2222], indicating that the effect is not solely re-
stricted to cuprate high-Tc materials, but seems to be more of a generic
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Chapter 1. Introduction

Material ξnominal L Explanation Ref.
(nm) (nm) given

LSCO/LSCO(Sr=0.35) 2− 3 10 Phase stiff-
ness

[2323]

LSCO(x =0.15)/LCO(4+δ)/ 0.1− 0.2 20 Resonant
tunneling

[66]

LSCO(x =0.15)

LSCO(x =0.16)/LSCO(x =0.06)/ < 2.5 46 Resonant
tunneling,

[77]

LSCO(x =0.16) phase pin-
ning

YBCO/YBCO(6+δ)/YBCO 2 800 Resonant
tunneling

[1717]

YBCO(6+δ)/YBCO/YBCO(6+δ) 9 100 - [1616]

YBCO(6+δ)/LSCO/YBCO(6+δ) < 1 20 Phase fluctu-
ations

[2020]

BSCO/BSCCO/BSCO 0.1− 0.3 7.4 - [55]

PCCO(x =0.15)/PCCO(x =0.05)/ 4.5 35 - [1818]
PCCO(x =0.15)

HBCO/LBCO/HBCO 0.75 100 - [1313]

Pb+Pb/Si(111) - > 100 de Gennes [2121]

Nb/BiSb/Nb - 1000 - [1515]

Table 1.1: List of long range proximity effect literature references, along with ξnominal,
L (maximal width of the barrier that still shows a Josephson coupling) and the explana-
tions given. Here, LSCO, YBCO, BSCO, BSCCO, PCCO, HBCO and LBCO are abbre-
viations for La2-xSrxCuO4, YBa2Cu3O7, Ba2Sr2CuO6, Ba2Sr2CaCuO8, P2-xCexCuO4,
HoBa2Cu3O6+δ and La1.5Ba1.5Cu3O6+δ, respectively. If applicable, the doping levels
of the respective cuprates are enclosed within parentheses.

effect of junction materials at temperatures in between both Tc’s. A
more comprehensive list of various literature references to the anoma-
lous proximity effect can be seen in Table 1.11.1.

1.2 Schools of thought

It is important to note that until now there is no consensus on the
origins of the GPE, and it is possible that different explanations ap-
ply for different systems. Some make use of conventional theoreti-
cal frameworks to explain the effect. In short, these make use of de
Gennes’ theory. The second type relates to the debated pseudogap
physics, and several theories regarding superconducting puddles and
phase pinning exist in this context. Others have come up with new
mechanisms of Bose-Einstein condensation of real-space pairs [2424],
chiral d-density waves generated superconductivity [2525], and type-II
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1.2. Schools of thought

Bose-Mott insulators.

1.2.1 Conventional de Gennes theory

Some explanations given for the GPE in the literature were given in
terms of conventional de Gennes theory, as used for SN interfaces.
According to Cherkez et al., de Gennes already discussed the prox-
imity effects between two superconductors with different critical tem-
peratures and energy gaps [1212], albeit qualitatively [2121]. According
to the authors, the local density of states of superconductors S and
S′ should be modified considerably in the sense that a local order is
induced due to some attractive pairing interaction. The authors use
the Usadel equations to quantify superconducting parameters at the
interface, and find that the induced order parameter should decay ex-
ponentially as a function of the distance x from the interface, similar
to de Gennes’ theory:

∆ ∝ e−x/L∆(T ). (1.2)

Here, L∆(T ) is the temperature dependent decay length, which di-
verges near the Tc′ along de Gennes’ theory as L∆ ∼ 1/

√
T − Tc′ .

The authors of Ref.2626 are of the opinion that also the results for
YBa2Cu3O7-δ can be explained with de Gennes’ theory. They have
put forward the idea that in most cases the SS′S junctions concern
one and the same material with different doping, as is the case in
Ref.1616. Due to this, they argue, the coupling constants of both the S
and S′ parts [2727] of the junction are rather similar, leading to seem-
ingly long range proximity effects. However, their suggestion does not
account for the anomalous proximity effects seen in stacks of different
materials, such as YBa2Cu3O7-δ and La2-xSrxCuO4 [2020].

1.2.2 Pseudogap phenomenon

When Cooper pairs are formed with a pairing energy ∆ per electron,
an energy gap opens in the density of states of the material, coupled to
an increase of the electronic states just at the edges of the gap, which is
confirmed by scanning tunneling spectroscopy [2828] and other methods
[2929]. For high-Tc superconductors, the energy gap, however, does
not disappear for temperatures higher than the critical temperature,
when the material has a non-zero resistance, giving it an anomalous
property, coined as the pseudogap. The exact physical origins of the
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Chapter 1. Introduction

pseudogap are still unknown, but it is most apparent in underdoped
cuprates (see Fig. 1.11.1).

0.1
Doping (x)

0.30.2

SC

0

50

100

AF

pseudogap
Te

m
pe

ra
tu

re
 (K

) T*

Tc

Figure 1.1: The typical phase diagram of hole-doped cuprates. Between the antifer-
romagnetic (AF) insulator and superconducting (SC) phases, a pseudogap is present at
temperatures below T ∗>Tc, primarily in the underdoped regime.

According to some, the pseudogap represents a mixture of phases
combined with the superconducting phase [3030]. Others view the pseu-
dogap as signifying preformed pairs as a precursor to superconductiv-
ity, which acquires global phase coherence only below Tc [3131].

The latter is derived from the idea that amplitude and phase are
the main parameters that describe the order parameter. The forma-
tion of Cooper pairs is not sufficient to induce superconductivity, as
the pairs need to condense into a phase coherent quantum mechanical
state [3232]. Hence, this picture makes use of the competition between
amplitude (i.e. pairing) and phase to account for the large pseudo-
gap in underdoped cuprates. According to this view [3232], pairing may
dominate at low doping levels where the system is homogeneous. The
large energy scale of pairing in the underdoped cuprates leads to a
high pairing temperature Tp (see Fig. 1.21.2), which gets reflected in the
pseudogap. Electronically, the material is spatially inhomogeneous
and this inhomogeneity is followed by the order parameter, leading to
a non-zero resistance. In particular, the phase stiffness of the order
parameter is weakened and becomes susceptible to fluctuations. The
phase fluctuations tend to decrease the phase ordering temperature
Tθ [3333], while the system transforms to a phase ordering regime when

6



1.2. Schools of thought

increasing the inhomogeneity through doping, leading to an increase
(decrease) in Tθ (Tp). Hence, optimal Tc is found at intermediate
doping levels.

T

x

Tp Tθ

Figure 1.2: Phase diagram belonging to the physics of preformed pairs. The interplay
between the pairing (Tp) and phase ordering (Tθ) temperatures as a function of doping x
leads to an optimal critical temperature Tc at intermediate doping levels [3232].

With this picture in mind, introducing phase stiffness in an un-
derdoped cuprate provides the necessary ingredient to optimization
of Tc. The necessary phase coherence can be provided by supercon-
ducting metals [3434], or cuprates with large phase stiffness, present in
either the superconducting regime [77] or the overdoped regime [2323].
Consequently, Yuli et al. [2323] reported substantial increases in Tc for
underdoped La2-xSrxCuO4 films in the range of x = 0.05−0.125 when
an overdoped layer of La1.65Sr0.35CuO4 is grown as a capping layer.
The authors mention that the effect is not attributable to strain effects
or intermixing of Sr cations or oxygen within the layers. Rather, they
suggest that the overdoped La2-xSrxCuO4 quenches the phase fluc-
tuations present in the underdoped material, leading to larger phase
stiffness and hence an enhancement of Tc in overdoped-underdoped
multilayers. This approach is capable of explaining phase coherence
effects in more generic systems which include non-cuprate supercon-
ductors as well, such as granular Pb films covered by a layer of Ag

7
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[2222].
The same argument can be used to explain the giant proximity

effect in SS′S junctions [3535]. The critical current dependence on the
temperature and barrier width is found to be qualitatively different
than in the standard SNS case. More specifically, the effective Tc of
the junction is predicted to behave as

T eff ∼= Tc

[
1−

(
1− Tc′

Tc

)
ln(d/ξ)
ln(L/ξ)

]
. (1.3)

Here, d, ξ and L stand for the barrier width, the coherence length
and length of the superconducting leads, respectively. Tc and Tc′ rep-
resent the critical temperature of the S and S′ layers, respectively.
These are proportional to their nominal critical temperatures. Ac-
cording to Ref.3535, the giant proximity effect is visible for length scales
smaller than the magnetic penetration depth λ. In light of the theory
proposed, this should coincide with a ratio of ln(d/ξ)/ln(κ) that is
sufficiently small, preferably below unity. Here, κ = λ/ξ, which for
cuprates in the order of 102 - 104.

1.2.3 Superconducting puddles

Some theoretical works have made attempts to explain the giant prox-
imity effect in light of inhomogeneous barriers [3636, 3737], in which the
barrier material is considered to contain pockets of superconductivity.
This concept is rooted in the preformed pairs picture of the pseudogap
phase. Covaci et al. proposed that this is due to interstitial oxygen
dopants, which enhance the pairing interaction locally [3838]. Hence,
these superconducting clusters will be linked through the proximity
effect, leading to a current through the percolative paths, coupling the
superconducting electrodes [3939]. This is comparable to statements in
Ref.3636, in which a theoretical framework of the giant proximity ef-
fect was made by assuming an inhomogeneous nature of the barrier
material. Here, superconducting islands are imbedded in a metallic
matrix. This allows Cooper pairs to tunnel resonantly through a se-
ries of superconducting islands, comparable to what is stated in the
works of Bozovic et al. [66]. The percolation-like interpretation should
lead to the typical critical order parameter seen in percolation-driven
conduction. Hence, the critical current Ic measured between the su-
perconducting leads, is predicted to behave accordingly as [3636]

Ic ∝ (T/Tc − 1)ν , (1.4)
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1.3. Novel theoretical explanations

where ν is the well-known critical index value of 4/3 in percolation
theory.

1.3 Novel theoretical explanations

1.3.1 Mott insulators

The concept of Mott insulators was introduced in 1949 [4040], which
stated that some materials that should be metallic according to stan-
dard band theory are insulating due to strong Coulombic electron-
electron repulsive interactions. These effects are reported to become
prominent in systems where the dimensionality of the system is re-
duced, such as one-dimensional GaAs wires, or undoped two-dimension-
al high-Tc superconductors [4141]. The basic electronic characteristics of
the cuprates is described using the archetypical cuprate La2-xSrxCuO4,
the crystal structure of which is seen in Fig. 1.31.3a. Here, the CuO2
planes are separated by charged reservoir layers. The insertion of Sr
into the charged reservoir layers changes the charge carrier density
of the planes. The Cu 3d or O 2p bands of the CuO2 planes are
the lowest in energy, hence responsible for the macroscopic electronic
properties such as high-Tc superconductivity.

Cu
O
La/Sr

a b

0.1
Doping (x)

0.30.2

SC

0

50

100

AF

pseudogap

Te
m

pe
ra

tu
re

 (K
)

Figure 1.3: (a) The body-centered tetragonal structure of La2-xSrxCuO4 and (b)
its phsase diagram. Different phases (antiferromagnetic (AF), superconducting (SC) and
pseudogap) are present, depending on the temperature and doping.

The undoped compound La2CuO4 has an odd number number
of electrons per unit cell, which under band theory conditions would
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Chapter 1. Introduction

be metallic. This is clearly not the case, as the compound is an
antiferromagnetic (AF) insulator. This is due to the on-site electron
repulsion U dominating over the hopping energy t, leading to a split
in the conduction band. This scenario applicable is for x = 0 in
the phase diagram of Fig. 1.31.3b. Introducing a certain concentration
x of Sr2+ per unit cell as substitute for La3+ in the charge reservoir
layers leads to holes in the CuO2 planes of the material. This destroys
the AF phase of the material until the pseudogap state is reached at
high enough x. Increasing x further leads to superconductivity and
eventually to a Fermi liquid-like phase.

1.3.2 Type-II Bose-Mott insulators

The phase of interest in this case is the superconducting one. Its
main signatures are zero resistivity and the so-called Meissner state.
In the latter state, the external magnetic field is expelled from the
material completely. However, this is only valid for superconductors
of type I, conventional superconductors such as Al, Hg and Pb. Type
II superconductivity includes nearly all compound superconductors
and behaves similarly to its type I counterpart only up to a critical
magnetic field Hc1, after which the magnetic field penetrates the ma-
terial, albeit in the form of magnetic flux quanta of Φ0 =2.07×10−15

Tm2 ordered in a vortex lattice. Only above a critical field Hc2 > Hc1
does the superconductivity disappear (see Fig. 1.41.4a).

Making use of the concept of duality, Beekman and co-workers
developed a stand-alone theory for the investigation of Bose-Mott in-
sulators. Surprisingly, the theory offered new opportunities for inter-
preting the GPE [4242]. Simply put, superconductors expel the external
magnetic field, while insulators expel electrical currents. Supercon-
ductors of type II above a certain critical magnetic field Hc1 allow for
the penetration of the magnetic field in magnetic flux quanta Φ0, lead-
ing to Abrokosov vortices. On grounds of duality, something similar
should happen in its type II insulating analog, but now for the elec-
trical current. Above a critical current, the insulator should allow for
the penetration of this current, in the form of quantized supercurrent
filaments (see Fig. 1.41.4b).

According to this theory, the main parameter which determines
the phase transitions is the quantum disorder, expressed as U/J with
J = 4t2/U , the hopping parameter in the Bose-Hubbard Hamiltonian.
At one end of the U/J spectrum, i.e. U/J →∞ the on-site repulsion
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1.3. Novel theoretical explanations

dominates and the insulating phase shows up (see Fig. 1.41.4c), albeit
of Type I. Lowering U/J to intermediate values induces a change to
a Type-II Bose-Mott insulator. A further decrease leads to crossing
over the quantum critical (QC) point and eventually to the familiar
superconducting regimes.

a b c

Figure 1.4: (a) Phase diagram of a typical type-II superconductor. For H < Hc1 the
Meissner effect is present, while for Hc1 < H < Hc2 the external magnetic field penetrates
the material in magnetic flux quanta, leading to vortices. The superconducting state is
cancelled for H > Hc2. The insulating analog of the type-II superconductor is the type-II
Bose-Mott insulator, the phase diagram of which is shown in (b). For I < Ic1 no external
current is present in the material, which is not the case for Ic1 < I < Ic2, where the current
penetrates in quanta. (c) Phase diagram of the proposed type-II Bose-Mott insulator as
a function of temperature, quantum disorder U/J and applied field and current. Adapted
from [4242].

The charge carriers in the material described by Beekman and
Zaanen are bosons, similar to the Cooper pairs in superconductors,
except that these experience a large amount of on-site, Mott-like re-
pulsion. Hence, these materials are called type-II Bose-Mott insula-
tors at intermediate U/J levels, or as U/J is controlled by doping,
at intermediate doping levels as well. This suggests that the type-II
Bose-Mott insulator could be found in the pseudogap phase where
both the bosonic attraction and the electrostatic repulsion of elec-
trons play a role, which can be found at approximately x = 0.05 for
La2-xSrxCuO4.

Some crude estimates can be made regarding the quantum of cur-
rent. It should be noted that while Φ0 is a universal constant, the
same cannot be said about the current quantum I0. It is dependent
on material properties such as phase velocity cph and the lattice pa-
rameter a. Its precise formulation is given by

I0 = 4πecph
a

. (1.5)

11



Chapter 1. Introduction

Here, e is the electron charge. Approximating cph by the Fermi
velocity (equal to 2.7×105 m/s) and using a = 3.9 Å results in
I0 = 1.4×10−3 A. These current quanta of I0 are carried in filamen-
tary structures and have a width given by the so-called Mott proximity
depth,

λM = λL

(
cphµ0e

2

h̄Φ2
∞

)1/2

, (1.6)

where λL is the London penetration depth. µ0 is the magnetic perme-
ability of free space and Φ∞ is a dimensionless constant in the order
of unity. Estimations have shown that this is up to two orders of
magnitude smaller than λL [1919].

If we take the aforementioned current quantum along with a typi-
cal critical current density of 1×109A/m2 in La2-xSrxCuO4, the width
of the filament would have to be at least ∼1 µm wide, which requires
λL to be very large. This would only be possible when this parameter
starts to diverge near the superconducting phase transition.

The energy cost of the formation of a supercurrent filament would
be linear in length. Therefore, the authors argue, the current can be
carried across a significant length scale, and may offer an alternative
explanation for the giant proximity effect.

1.4 Outline of the thesis

The theory developed by Beekman and Zaanen offers the possibility of
an interesting new phase of matter that has not yet been discovered.
A first possible area to search for such a new phase is in the pseudogap
region of doping of high-Tc superconductors, which formed the initial
starting point of the research project of this thesis.

The present theoretical framework offered by the authors provides
a partial guide since it has a number of crucial unknowns, prime exam-
ples of which include the effects of finite temperatures on the current
filaments. Furthermore, the theory assumes that the current quan-
tum filaments enter into the type-II Bose-Mott insulator isotropically,
while the distribution of charge carrier density in cuprates such as
La2-xSrxCuO4 is concentrated at the copper-oxide layers and is hence
very much two-dimensional. In addition, the finite thickness of the
films might lead to difficulties in the hypothetical formation of the
filaments in the ab-axis, as λM is in the order of 10 nm. Therefore we
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1.4. Outline of the thesis

took the pseudogap phase as our starting point and focused on the
interpretation of the mechanism for giant proximity effect.

Material-wise, a material is needed with an accessible phase dia-
gram. For this requirement the cuprate La2-xSrxCuO4 is preferred.
This has to do with the uniqueness of the La2-xSrxCuO4 system in
that by simply changing the Sr concentration (albeit with some small
oxygen non-stoichiometric possibilities), the whole of the phase dia-
gram can be traversed. Furthermore, its crystal structure is the sim-
plest among its cuprate counterparts with single CuO2 layers [4343]. In
view of the sensitivity of the giant proximity effect to various growth
inhomogeneities and imperfections, the material should be grown ho-
mogeneously and single-crystalline. Again, La2-xSrxCuO4 fits per-
fectly in this picture, as this has already been demonstrated by Bo-
zovic and co-workers [66].

Based on the enhancement in the order of 102 of the distance
over which Josephson coupling can be obtained in the c-axis in the
experiments of Bozovic, the proximized effects should be observable
for distances up to 400 nm in the ab-axis, as the coherence length is
3.2 nm.

In order to clarify the nature of the giant proximity effect, a num-
ber of experiments can be set up to differentiate between the appli-
cability of the theories. This would mean that the behavior of three
main junction parameters Tc′ , Ic and ξ would have to be investigated
qualitatively, and if possible, quantitatively as a function of barrier
properties such as length L and temperature T .

Hence, in order to investigate the giant proximity effect in the
ab-axis, a junction area has to be in its pseudogap phase, connected
to superconducting leads. To pursue this, a number of methods are
proposed and applied. The first proposal, as is described Chapter 88,
makes use of ionic liquid gating on an initially superconducting film
with a low Tc, indicated as S in (Fig. 1.51.5a). With this method, the
gating is not applied everywhere on the film as an artificial junction
area is made as the gating effect on top of this area is blocked by
means of a barrier. The increased carrier density on the gated areas
leads to a higher Tc, indicated as S′. Hence, the junction area at
some point in temperature is in its pseudogap phase while the leads
are still superconductors. The great advantage of this approach is
that it allows creating a junction in a film that is structurally ho-
mogeneous. As this is a rather novel technique, the fundamentals of
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Chapter 1. Introduction

ionic liquid gating based on a thorough literature study is discussed in
Chapter. 22. On the experimental side, the goal of mastering the ionic
liquid gating technique lead us to perform experiments on various ox-
ide materials such as SrTiO3 (Chapter 44), Nd2-xCexCuO4 (Chapter 55)
and La2-xSrxCuO4 (Chapter 66).

S’
S

substrate
4

Etch

Au Au

current

4

measurement

S’
substrate

4

Au Au AlOx

4

barrier

4

ionic liquid

S SS’
gating

a

b

Figure 1.5: A schematic of two used methods of obtaining an ab-axis Josephson
junction. (a) Ionic liquid gating-based Josephson junction. Here, the gating elevates the
initial Tc. The barrier blocks the gating in the junction area. (b) The etched bilayer-
based Josephson junction. The etched bilayer ensures that the flow of electrons between
both S leads goes through the S′ layer.

The second method makes use of etched bilayers, and is described
in detail in Chapter 77. In short, this method involves the deposition of
a film of low Tc′ (denoted as S′), followed by one of high Tc (denoted as
S), see Fig. 1.51.5b. Etching away the top layer ensures that the flow of
electrons between both S is through the S′ area. The main advantage
of this method is that the ∆ Tc can be much higher than in the
former method, as the top layer can be freely chosen. Furthermore,
any electrochemical effect induced by the ionic liquid gating in the
first method is circumvented in the etched bilayers. A disadvantage,
however, is that the etched depth is not constant, as the top layer
and interfacial layer between the top and bottom layers have some
roughness. Hence, the etched depth needs to be increased to ensure
that the top layer is completely etched away over the entire width
of the junction area. Furthermore, the etching process leaves some
disorder in the etched layer. For most hole-doped cuprates, this leads
to a non-superconducting layer, the thickness of which is typically in
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1.4. Outline of the thesis

the order of a few nm. A more important note is that the coherence
length in cuprates is anisotropic, with the c-axis component usually
smaller by an order of magnitude or more. Hence, if the etching depth
is too much, this can annul any potential proximity effect between the
superconducting leads.

The thesis is finalized with an outlook on the origins of the GPE
based on key measurements made with both methods in Chapter 99.
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Chapter 2

Ionic Liquids

For their importance in this thesis as a whole, a separate chapter is dedicated to the
many aspects of ionic liquid (IL) gating. Gating by means of ILs covers only a small
fraction of the total amount of research involving ionic liquids, the total research area
of which has relevance in electrochemistry, photo chemistry, catalysis, electronics, and
even clean energy [4444, 4545]. In terms of electrochemical aspects, ILs offer interesting
research into memresistive devices. As an example, IL-induced memresistive properties
have been shown in WOx [4646], TaOx [4747], TiOx [4848], SrTiO3 [4949]and ZnO [5050], the
crux of which is the ability to attain controllable switching by means of structural or
chemical defects. More relevant to the work done in this thesis is the importance of
ionic liquid gating in the field of electronics, where the ability to large charge carrier
densities is key. In this field, a large amount of research has been done on a host of
materials including topological insulators [5151], dichalocogenides [5252–5454], graphene [5555],
nickelates [5656], manganites [5757, 5858], cuprates [1010, 5959–6666] and other oxides [1111, 6767–7373].
The oxide class of materials is the most relevant to this thesis, and hence the review
below is dedicated specifically to ionic liquid gating experiments on these materials. For
its importance in this thesis as whole, this chapter is dedicated to a literature discussion
on charge carrier density induction using ionic liquids.
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Chapter 2. Ionic Liquids

2.1 Controlling the surface charge carrier den-
sity

ILs are molten salts having melting points below 373 K [4444]. ILs are
composed of organic or inorganic ions and differ from aqueous elec-
trolytes in the absence of a solvent. Although the first IL was synthe-
sized in 1914 [7474], it took a long time before its first application for
electrochemical studies, which started in 1980s. Since then, over 106

possible ILs have been proposed to exist [7575]. The main cations that
are used in IL applications are alkyls (CnH2n+1) bonded to pyridinium
(C5H5NH), imidazolium (C3N2H4), phosphonium (PH4), ammonium
(NH4), etc. These are combined with anions such as BF –

4 , PF –
6 ,

NO –
3 , Cl– , CH3COO– , CF3SO –

3 and (CF3SO2)2N– [4444].
The charged and solvent-free nature of ILs tends to lead to com-

plex molecular organization and structure such as ion pairing or ion
aggregation, governed by Coulombic, van der Waals, dipole-dipole in-
teractions, hydrogen-bonding, and solvophobic forces. [7676]. Hence,
the properties of ILs are too complex to be described by classical the-
ories for aqueous electrolytes [7777]. By playing with the ionic species
or length of cations and anions, the intrinsic cohesive and repulsive
interaction profile of the ions changes, allowing one to change proper-
ties such as hydrophobicity, electrical conductivity, viscosity, melting
point, and the electrochemical window.

The interfacial physics of ionic liquids is equally complex. In the
most simple description, developed in 1853 by Helmholtz [7878], two
plates are assumed to be connected via an ionic liquid. A potential
difference between these plates will drive a layer of cations (anions)
to the surface by the electric field of the electrode plane at negative
(positive) potential. Due to the fact that an ionic liquid is a good
conductor the potential drop in the bulk of the liquid at the end
of the process is zero. Screening of the electric field thus needs to
happen at the interface with the plates. In short, the interfaces will
form charged layers, or so-called electric double layers (EDLs), in
essence a nanoscopic version of the macroscopic capacitor. The entire
potential drop happens between these charged layers. The potential
drop depends on the choice of model and the level of approximation,
but in Fig. 2.12.1a we assume the profile to be linear.

In standard oxide dielectric field effect transistors (FETs), the
drop in the potential happens over a distance which is up to two
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Figure 2.1: (a) Schematic overview of the gate/IL/channel system. A gate voltage Vg
is applied between gate and source and the electric field is screened at the electrode and
channel interfaces with EDLs. The potential difference V is maximized at the interfaces,
approximated as a linear functions, with no potential difference in the IL. The electric
field E, therefore, is maximized at the EDLs. (b) In a standard oxide dielectric field effect
transistor, the drop in potential is distributed over distances that are up to two orders
of magnitude larger than the EDL separation distance, leading to a substantially limited
induced electric field.

19



Chapter 2. Ionic Liquids

orders of magnitude larger than in the case of EDLs (Fig. 2.12.1b) [7979].
The induced polarization σ at a gate voltage Vg across a dielectric of
thickness d and dielectric constant εr follows from Coloumb′s law as
σ = ε0εrVg/d. Hence, the implications of a larger thickness to the
induced polarization can, in principle, be compensated by applying a
larger gate voltage. However, oxides tend to break down when a very
high electric field E is applied across them, such that Vg has to be kept
below Ebd, with Eb the breakdown field. The much-used SiO2 in con-
ventional Si FETs, for example, has a breakdown field of 10 MV/cm
[8080]. Together with a dielectric constant of εr = 3.9, this leads to max-
imum polarization of 3.5 µC/cm2 (or 2×1013 charges/cm2), which is
relatively small compared to polarization levels attainable with ionic
liquids, typically in the order of 10− 100 µC/cm2 [8080].

The penetration of the electric field into a conducting film is coun-
teracted by electrostatic screening, essentially limiting the field effect.
The amount of screening depends on a variety of factors, as is formu-
lated by the Thomas-Fermi model: the electric field in the conduc-
tor decays exponentially with a decay constant λTF. In the high-Tc
cuprate superconductor La2-xSrxCuO4, n0 ∼ 1.6× 1021/cm3 at opti-
mal doping x = 0.15, while εr is about 30 [8181], resulting in a screening
length of approximately 11 Å, i.e. slightly less than the c-axis lattice
parameter of the unit cell. The superconducting properties at the
surface are only fully tunable by the external, transverse electric field
when λTF dominates the coherence length in the same direction, ξz.
In the case of La2-xSrxCuO4, ξz is 2.2 Å [8282], which is sufficiently
small.

The field-induced surface charge carrier density induced by the IL
gating can be written as [8383]

∆n = 1
d

∫ d

0

ε0εILE

eλTF
e−z/λTFdz = ε0εILE

ed
(1− e−d/λTF). (2.1)

Here, e is the electron charge, while εIL is the dielectric constant of the
IL of 14.5 [8484] of, in this case, N,N -diethyl-N -(2-methoxyethyl)-N -
methylammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI).
Furthermore, d is the EDL distance of typically 1 nm. Assuming
d � λTF, the equation simplifies to ∆n = ε0εILE

ed . Hence, to turn the
surface layer of the material of interest, the cuprate Mott-insulator
La2CuO4 into its optimally doped state, a gate voltage of -2.0 V is
needed.
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2.2. Deviations from the ideal Helmholtz scenario

In the experimental literature of La2-xSrxCuO4, we find that the
effect is achieved at Vg = −4.5 V for the same IL and active film thick-
ness, i.e. 1 UC [1010]. For other materials, even smaller charge carrier
densities have been reported. For La0.8Sr0.2MnO3 [5757], SrIrO4 [8585]
and VO2 [6969], it has been found that gating hardly produces any
effect electrostatically. These findings indicate that there are some
factors that cause some degree of deviation from the ideal Helmholtz
scenario, and that the complete process of gating is far from under-
stood.

2.2 Deviations from the ideal Helmholtz sce-
nario

The microstructure and capacitance of the electrical double layers
(EDLs) at the IL/electrode interface play an essential role in deter-
mining IL-induced transport phenomena in oxides. To gain a certain
degree of apprehension of these phenomena, a more detailed picture
of the ionic liquid/oxide interface is needed, as there are some fac-
tors that contribute to the non-ideal Helmholtz scenarios. Although
some experiments suggest that the IL/electrode interface is one ion
layer thick (typically 3 to 5 Å) [8686], the ideal Helmholtz layer picture
negates the role of entropy. Thermal disorder leads to a diffuse EDL,
where not all counterions are gathered in one layer [8787]. Others have
shown that alternating layers of cations and anions are formed and
that the layering persists for many monolayers, as has been experi-
mentally verified using X-ray reflectivity techniques [8888]. As molecular
shapes are often complex, with charges typically delocalized among
many atoms, the layering and diffusivity and hence the capacitance of
the EDL will also be dependent on these factors. The size of the an-
ions and cations further influence the capacitance, as this will change
the spacing between the charged double layers. A smaller ion size, for
example results in a larger EDL capacitance, capable of inducing a
higher interfacial charge carrier density.

Randomness of the charge order in the ionic liquid at the interface
gives rise to a rapidly varying electrostatic potential which results in
an exceptionally large decrease in mobility of the charge carriers in
materials that are known to have highly mobile charge carrier densi-
ties, as experiments done by Petach et al. in Ref.8989 have shown. In
compensation for this effect, some have used a separator layer such
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as hexagonal boron nitride to limit the effects of the Coulomb scat-
tering on the mobility [7171]. However, the increased electric double
layer distance has a negative influence on the polarization. Hence,
one can expect an optimum in the induced conductivity as a function
of separator layer thickness for gated materials in general, depending
on the cation/anion species and the homogeneity of the anion/cation
layer [9090]. Theoretical studies have shown similar conclusions of inho-
mogeneity induced by IL in two-dimensional electronic systems based
on specific features of the resistivity versus temperature [9191], such as
the width of the superconducting transition. Inhomogeneity in doping
can also be caused by the suboptimal crystallinity and roughness of
the surface. It was shown in Ref.9292 that FeSe interfaces containing
pits, the pits served as electron traps when gated with an IL.

The packing density is another intrinsic property of the EDL
which has to be considered. This quantity is influenced by the in-
trinsic electron structure of the anion or cation. For example, ILs
with coordinating imidazolium cations 1-ethyl-3-methylimidazolium
(EMIM+) and 1-hexyl-3-methylimidazolium (HMIM+) are delocal-
ized π-electron systems, which tend to have stabilizing stacking inter-
action between themselves, leading to a denser packing of the cations
at the surface [9393, 9494]. Noncoordinating ammonium-based cations
such as N,N -diethyl-N -(2-methoxyethyl)-N -methylammonium
(DEME+) do not have a delocalized π-electron imidazolium ring, lead-
ing to lower packing densities. The capacitance of the EDL is further
dependent on the cation polarizability, and the preferred cation or
anion orientation under the applied electric field [4444, 8686], for this de-
termines the double layer thickness.

2.2.1 Surface electrochemistry

Since the start of IL gating for FET purposes in 1955 [9595], there has
been a massive amount of research in this field, with the number of
published articles on this subject in the order of 104, and the number
of gated materials in the order of 102. However, there seems to be
no single, universal IL gating mechanism that applies to all of them
[9696], and only a fraction of those materials are behaving purely elec-
trostatically when gated. The rest of the materials show some kind of
electrochemical behavior.

But how do we distinguish electrochemical processes from electro-
static ones in the context of IL gating of oxides? Many electrochemical

22



2.2. Deviations from the ideal Helmholtz scenario

processes like oxygen vacancy production or ion intercalation are char-
acterized by a large pseudocapacitance [9797], which, through Faradeic
charge transfer processes, accumulates charges in a slow way. Hence,
such processes typically have large time constants [9898], often leading
to hysteresis effects [9999]. However, a process with a long time constant
is not a unique characteristic for electrochemistry, as there are some
electrostatic cases where the interaction between the large electric field
in the EDL and the oxygen electric dipole moments in cuprates such
as YBa2Cu3O7-δ [100100] and La2-xSrxCuO4+δ [6464] leads to a rearrange-
ment of oxygen vacancies. In turn, this causes a change in the doping
of the CuO2 planes over time scales of minutes [8383], comparable to
typical electrostatic processes of hydrogenation and oxygen vacancy
production [6262, 6363, 6767]. Other characteristics of electrochemical re-
actions include irreversibility [101101] and irreproducibility [5252], though
there are some oxygen vacancy processes in VO2, TiO2 and SrTiO3
that are known to be reversible and reproducible as well [9999].

In other words, electrochemical gating is not always distinguish-
able from electrostatic gating by means of reversibility, reproducibility
and time scales. Although these criteria can still be used, additional
measures need to be taken to obtain a complete picture. As charge
transfer processes tend to be activated by the gate voltage and temper-
ature, one can turn to the cyclic voltammetry as a tool to distinguish
electrochemistry from electrostatics. Any charge transfer process in-
creases the current between the gate and oxide electrodes, leading to a
so-called charge transfer peak at the oxidation or reduction potential
of the reaction. In case of electrostatics, no peaks are to be expected,
and the integrated current should scale as a function of the applied
gate voltage, Vg as Q = CVg, with C the capacitance of the EDL
interface with the oxide channel. In terms of temperature, the rate of
activated processes scales exponentially via I ∝ e−Ea/kBT , with I, kB,
T and Ea the current of the activated process, Boltzmann constant,
temperature, and activation energy, respectively. The integrated gate
current in such a case should follow an exponential behavior as a
function of temperature as well.

What factors induce electrochemistry on the surface? If we start
with ideal circumstances, the oxide channel is impermeable to ions,
and the charge carrier accumulation or depletion happens electro-
statically (see Fig. 2.22.2a). There are factors, however, that promote
permeation of ion species to and from the oxide in the form of electron
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Figure 2.2: (a) IL-induced electrostatic gating: the charged interfaces are formed
while no ion intercalation takes place, neither are there other processes that lead to stoi-
chiometric changes in the channel. (b) In the electrochemical case, the stoichiometry of
the channel is changed, in this case by means of ion intercalation.

transfer processes or diffusion of electroactive species (see Fig. 2.22.2b)
[4444]. These factors are the chemical affinity of the IL and the oxide
surface, the crystal structure and crystalline quality of the oxide, the
size and charge of the ions in the IL, or the magnitude and direction
of the electric field induced in the EDL, the presence of impurities,
the density of step-edges, etc. All of the different factors that could
influence the electrochemistry are considered below.

2.2.2 Gate voltage and gate temperature related factors

Electric field-induced electrochemical processes can be independent of
the IL-specific electrochemical window (EW) of the ionic liquid, de-
fined as the voltage range in which the ionic liquid neither oxidizes or
is reduced, i.e. stays electrochemically inert. The EW is determined
by the range of potential differences for which the cation (anion) re-
sists reduction (oxidation), with typical EWs ranging from 2.0-6.0 V
at room temperature. Depending on the composition and structure
of the ionic liquid and oxide material, there exists a voltage threshold
above which electron transfer takes place between the surface and the
ions in the liquid. The charge transfer leads to ion diffusion, because
the ions converted at the interface need to be replaced, either from the
liquid or solid side. The authors of Ref.4949 show a bias dependence
of oxygen vacancy production in SrTiO3, whereby irreversible oxy-
gen vacancy production is induced at Vg ≥ 3.75 V, leading to surface
degradation of several micrometers deep. Irreversible changes were
also seen in nickelates, such as NdNiO3 at Vg ≤ −2.5 V [5656]. For
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2.2. Deviations from the ideal Helmholtz scenario

YaBa2Cu3O7-δ, gate voltages as small as 0.9 V [6363] or 1.0 V [102102]
can lead to electrochemical effects related to a change of the oxygen
content of the film. Furthermore, electrochemical reactions often are
found at only one voltage polarity [103103–106106]. As an example, NdNiO3
as reported by Ref.107107 shows electrochemical reactions for a specific
regime of positive gate voltages, while for negative gate voltages no
electrochemistry is observed.

When the gating is performed at a relatively high temperature,
electrochemistry is induced at a larger rate, even at modest gate volt-
ages. For example, gating experiments on La1/3Sr2/3FeO3 leads to
irreversible chemical reactions involving Fe and La migration into the
IL, even before applying any gate potential [108108]. The authors at-
tribute the observed exchange of ions at the interface to the high
gating temperature, related to the melting point of 60 C and to a
higher reactivity of the IL used.

The fact that electrochemical processes are activated can be ex-
ploited to avoid breakdown at Vg above the EW. Hence, decreasing
the temperature reduces the rate of the electrochemical reaction and
hence effectively widens the EW. As an example, an EW of 2.7 V is
found at room temperature for the IL gating of ZnO with DEME-
TFSI [109109]. The electrochemical window could be expanded up to 6.0
V simply by reducing the gating temperature to 220 K.

Furthermore, the direction of the field (i.e. polarity of the gate
voltage) influences which type of anions or cations are taking place
in the reaction. For positive gate voltages, oxygen vacancies can be
induced, or cations (e.g. H+) can be intercalated [6969, 9696, 102102], which is
not possible for negative voltages because of the Coulombic repulsive
action. For negative gate voltages, oxygenation [6363] can be induced,
or negative ions can be intercalated [108108].

In nickelates, for example, hydroxide ions produced by water elec-
trolysis can react with Ni and degrade the film, as has been shown for
LaNiO3 [110110]. Similar effects of degradation were observed in SmNiO3
with experiments performed with unbaked IL having water contam-
ination [103103]. Furthermore, irreversible behavior is found at other
materials, such as the ferromagnetic semiconductor La0.8Ca0.2MnO3
at Vg = −3 V due to water contamination of the IL. Other examples
include oxygen vacancy production at positive gate voltages in some
materials, e.g. La0.8Sr0.2MnO3 [5757]. In other cases, e.g. Sr2IrO4, it
can lead to oxygenation at negative voltages by means of a hydroxila-
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tion reaction, i.e. Sr2IrOx+2δOH− −→ SrIrOx+δ+δH2O+2δe− [8585].

2.2.3 IL-related factors

IL gating on oxides adds an additional complication in the layering of
the EDL, related to the binding affinity of the ions to the oxide surface.
It is known that some cations or anions have acidic groups, and the
acidic H atom of the imidazolium ring, for example, has a relatively
strong coordinative hydrogen bond with the O atoms of an oxide sur-
face, as is the case with TiO2 [9999]. The chemical bonding with the
surface tends to be reversible, and increases the packing density and
therefore increases the charge carrier density. However, these prop-
erties often lead to hysteresis effects and chemical modification [5050].
Therefore, noncoordinating cations and an absence of acidic groups
in cations is preferred when gating oxides, which is true for DEME+.
Similarly, in Ref.111111 it was found that replacing the acidic H-atom
of the imidazolium cation increases the stability of ZnO devices in
ambient conditions. In La1/3Sr2/3FeO3 an intermixing region even
without bias application across the EMIM-PF6/oxide interface leads
to a surface reaction with the IL and involving Fe and La cations.
This might be caused by the PF –

6 anion reactivity with the surface,
or the intrinsic instability of La1/3Sr2/3FeO3 to ionic interfaces.

2.2.4 Packing-related factors

Apart from the properties of the IL, other factors that influence the
chemical activity of the oxide surface with the IL is the surface energy
of the crystalline facet facing the IL. As an example, it has been shown
in TiO2 that the facets with the highest surface energy tend to form
more oxygen vacancies, which act as n-type dopants, and hence lead to
a higher charge carrier density. This might be of relevance for gating
on SrTiO3, as TiO2 is one of the terminations of the unit cell, and IL
induced oxygen vacancy formation is also reported for this material.

The crystal structure of the oxide electrode interface is equally
important influencing the doping mechanism of gating. Oxides with
open unit cell structures with a high ionic mobility of oxygen and ten-
dency to form oxygen vacancies, such as VO2 [6767] and SrTiO3 [4949],
are prime examples of oxides susceptible to oxygen electromigration.
Other oxides are relatively stable against oxygen vacancies, but have
vacant sites in their unit cells. If these are surrounded by negatively
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2.2. Deviations from the ideal Helmholtz scenario

charged ions, such as O2– , these materials would have the tendency
to be more sensitive to H+ ion intercalation, such as the case with
WO3. And since H+ is a ubiquitous impurity ion, this kind of elec-
trochemistry would be easily detectible in materials that are prone to
cation intercalation [9696]. Other forms of intercalation are also possi-
ble in such materials involving K+ and Na+, for example when using
a polyethylene oxide/KClO4 [112112] or polyethylene glycol/NaF [113113]
mixtures, respectively. Other oxides that have more compact crystal
structures[113113] are not sensitive to intercalation or oxygen electromi-
gration, and hence perform purely electrostatically when gated with
ILs, an example of which is indium tin oxide. Similarly, it was found
that the high chemical stability of the ferromagnetic semiconductor
Ti0.9Co0.1O2 prevented the films from degrading, even at gate volt-
ages of up to 3.8 V [114114].

While the above applies for bulk samples, IL gating of thin films is
accompanied by extra complications. The lattice mismatch between
the film and substrate and other growth conditions can lead to crys-
talline defects such as grain boundaries and this has been shown to
affect the mechanism of gating. As an example, thin films of epitaxi-
ally grown VO2 on TiO2 show reversible gating, while those grown on
the lattice mismatched hexagonal Al2O3 lead to irreversible electro-
chemical reactions when gated [115115]. Stoichiometry can also play a
role, as is known from Ref.116116 for the spinel ZnxFe3-xO4 as the mech-
anism of gating changed depending on the Zn doping. The appendix
provides the reader with a more comprehensive overview of the IL
gating experiments.

2.2.5 Water as electroactive species

Water absorption in ILs is a key issue in IL gating, as it can reduce
the EW and alter the device performance through electrochemistry
[5050, 6262]. The presence of water dopes the IL with a weak Brønsted
acid, because of which the IL becomes protic. This is accompanied
by the formation of a proton and a hydroxyl ion, i.e. H+ and OH−.
Compared to the typically large organic ions present in an IL, these
dissociation products are smaller in size. Hence, at a given gate po-
tential, one of the two species forms a physisorbed inner Helmholtz
layer for which the separation distance with the interface is smaller
as well, leading to significantly higher electrostatically accumulated
charge carrier densities.
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As our field of interest involves correlated oxide materials, the elec-
trostatic picture of physisorption is susceptible to change, especially
when using a multitude of (correlated) oxide materials having charged
atomic layers in the unit cell. Stacking different oxide materials can
lead to polar build-up of the electric field, the best example of which
is LaAlO3 on TiO2-terminated SrTiO3 [117117]. The polarized termina-
tion in oxides, which is accompanied by a large surface energy, makes
the surface more sensitive to charged ions [118118], even more so to elec-
troactive species such as H+ or OH−. When a certain termination
has a higher affinity to one of the two species, applying the correct
polarity of the gate voltage can lead to a charge transfer processes
of hydroxilation or hydrogenation, representing OH− or H+ surface
chemisorption, respectively. In such scenario, the electron transfer
from and to the drain electrode dominates the induced changes in
conductivity of the material, as opposed to the electrostatic effect of
the EDL, as has been shown for different ZnO surface terminations
[5050].

More generally, the electroactive nature of H2O shifts the cathodic
(anodic) limiting potential of the sample towards the positive (nega-
tive) potential [119119], essentially limiting the electrochemical window
(EW) of the IL. The shift in the potential depends on the concen-
tration of water in the IL. It has been shown, for example, that a 3
%wt H2O contamination can diminish the EW by as much as 2.0 V
[120120]. Effects of unwanted electroactivity have been shown to exist
even down to a level of tens of ppm [119119]. In the cuprate class of
materials relevant for this thesis, it was found in Ref.6060 that simply
applying the IL (DEME-TFSI) on the channel of a LaCuO4+δ film
even before applying any gate potential leads to the reduction of its
conductivity and Tc of close to 20 K. Similar effects were found at
the moment of application of the IL on a YBa2Cu3O7-δ channel[6262].
This is likely due to damage by the water contained in the liquid, as
pumping eliminated the decrease in conduction.

Ionic liquids are also expected to have traces of halides, acids,
residual solvents and other residuals which originate from the fabrica-
tion process, which, in principle, can act as dopants of the IL, similar
to water. Likewise, similar electrochemical effects could be expected
of these dopants if present in sufficiently large concentrations.
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2.3 Conclusions
Ideally, we would like the electrochemical component of IL gating to
be minimized, as some of the electrochemistry is irreversible and can
affect the experiments in a negative way.

For this, we prefer the noncoordinating DEME+ ion as this has a
weak bond with oxygen atoms of the oxide material, as discussed in
Section 2.22.2.

Furthermore, the IL should be kept free from any water as much as
possible, as this is an electroactive species. One way of achieving this
requirement is by selecting a hydrophobic IL [119119], for example those
with a bis(trifluoromethylsulfonyl)imide (TFSI) cation [121121], widely
used in IL gating experiments [88, 1010, 4949, 9898, 122122]. Furthermore, the
partial pressure of these molecules has to be minimized. The reader
is referred to Section 3.63.6 for a more specific description of the IL
treatment.

Other considerations include the temperature, which has to be
kept as low as possible while charging the ionic liquid, as the acti-
vated processes of electrochemistry are exponentially dependent on
the temperature, as discussed in Section 2.2.22.2.2. Hence, to effectively
maximize the EW, the experimental gate temperature needs to be
minimized. To facilitate this, an IL needs to be chosen with a mini-
mal melting temperature. DEME-TFSI has one of the lowest melting
temperatures available for ILs of 183 K. Hence, together with the pre-
vious considerations in mind, we have decided to use DEME-TFSI for
the IL gating experiments presented in this thesis.
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Chapter 2. Ionic Liquids

2.4 Appendix
Here, the IL gating mechanism on a number of oxide materials, along
with some its key parameters, are listed.
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Chapter 3

Methods of fabrication of
ab-axis Josephson
junctions

The giant proximity effect in cuprate ab-axis Josephson junctions is investigated utilizing
a number of methods, namely the gating by means of ionic liquids and etched bilayers. In
this chapter, these methods are described along with the pulsed laser deposition technique
used for thin film growth.
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3.1 Pulsed laser deposition
As described in Chapter 11, in order to investigate the giant proximity
effect in the ab-axis properly, an SS′S junction needs to be made. In
other words, a lower critical temperature (Tc′) of an S′ area connected
to higher Tc S leads. Furthermore, crucial to the making of Josephson
junctions is the precise control of growth conditions of the thin cuprate
films. For this, we have decided to use pulsed laser deposition (PLD).
With the emergence of the laser era in the 1960s, several groups sought
to investigate the excitation of atoms and laser-vaporization from solid
surfaces [137137]. Soon after, attempts were made to flash evaporate
ma- terial using the laser as a heat source [138138]. Early attempts
in 1970s eventually culminated in stoichiometric deposition of multi-
component films, such as YBa2Cu3O7 films [139139], and has since then
been successfully utilized to fabricate high quality (epitaxial) ceramic
films, ranging from superconductors to ferromagnetic materials.

Although PLD involves a lot of complex physics such as collisional,
thermal and electronic excitation, exfoliation and hydrodynamics, in
its core, it is a simple technique, using laser pulses to remove ma-
terial from a target. The absorbed beam energy is converted into
thermal, chemical and mechanical energy, which results in electronic
excitation of the target surface atoms, and eventually in the ablation
of the surface. The ablated material is contained in the form of a
highly directional plume, which contains a collection of species, in-
cluding ions, (clusters of) atoms, microscopic particulates. Once in
contact with the surface of the substrate, the adatom essentially feels
a hill-valley potential surface along both coordinates parallel to the
surface. Initially, the single bond of the adatom with the substrate
surface is usually weak, and allows the adatom to change adsorp-
tion sites, corresponding to the valleys of the potential surface (see
Fig. 3.13.1). At some point, it can attach itself to another diffusing
adatom, forming an island group. The saddle-like potential landscape
of the step edges form natural pathways for adatom diffusion, facilitat-
ing a growth front of the adatom island. Detachment from the island
group is also possible, or even from the surface of the substrate itself.
In other cases, adatoms land on the surface of an adatom island, and,
similarly to surface diffusion, can diffuse on the island surface. For
sufficient diffusion lengths, the adatom can diffuse to the lower layer,
called interlayer diffusion.

The deposition parameters are crucial in the nucleation process.
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surface di�usion step di�usion

interlayer
di�usion

substrate

Figure 3.1: A simplified view of adatom dynamics at the substrate surface. Once
attached to the surface, the adatom interacts with hill-valey potential landscape of the
substrate surface, and can diffuse accordingly if this is energetically favorable. Adatoms
can also form islands, the step edges of which form energetically favorable pathways for
diffusion, called step diffusion, which facilitates the growth front of the island. Interlayer
diffusion is also possible, which is caused by adatomic diffusion to a lower layer of the
island.

In view of the vast growth parameter space, however, there is usually
no unique set of growth conditions for a specific growth mode of the
cuprate. For example, parameters involving the incoming energy of
the ablated species, such as the laser fluency and background gas pres-
sure play a role in the crystallinity of the film and the type of growth
[140140, 141141]. Specifically, a higher (lower) laser fluency leads to a higher
(lower) nucleation density of adatoms, while increasing (decreasing)
the back- ground gas pressure decreases (increases) the landing en-
ergy of the ablated material, leading to the other growth modes. Fur-
thermore, the substrate temperature strongly influences the diffusion
constant of the adatoms, and therefore the diffusion length scales of
adatoms. The temperature should be high enough to ensure adequate
atomistic surface mobility at the film growth front. For this reason,
an increase in temperature tends to decrease nucleation density and
hence influence the growth mode. Parameters relating to the sub-
strate surface, such as termination, miscut angle and roughness also
influence the type of growth mode. For cuprate high-Tc superconduc-
tors, there is an additional parameter involving the oxygen pressure
during deposition, as oxygen is crucial for stoichiometric mass transfer
from target to substrate. A too low oxygen pressure can lead to the
wrong oxygen stoichiometry and hence charge carrier doping of the
film, or can even lead to the decay of the film.
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3.1.1 Reflection high energy electron diffraction

Reflection High Energy Electron Diffraction (RHEED) is a tool that
is used to in-situ monitor the type of growth mode of crystals. A
high energy electron beam at a glancing angle is directed at a sample
(see Fig. 3.23.2). The electrons are diffracted at the surface and then
reach the detector, where a diffraction pattern is formed. The spot
distribution information is used to analyze the surface morphology
of the grown film. As a first step in understanding RHEED, we use
the Ewald construction. Starting from a row of atoms along one
spatial coordinate, the Fourier transform in k space of this row will
be equidistant planes perpendicular to the row [142142]. If a sphere is
drawn in k space centered on the tip of the incident wave vector k0,
while ignoring the loss of energy and multiple scattering events in the
sample surface, there will be some (e.g. k1 and k2 ) diffracted wave
vectors having the same magnitude as k0, satisfying both the elastic
scattering and diffraction conditions, which lie on the intersection of
the reciprocal lattice planes and the Ewald sphere, i.e. circles. In
such a case, there is reflection from the family of direct lattice planes
perpendicular to those reciprocal lattice vectors.

If we take the case of a two-dimensional, square lattice surface,
the two rows of atoms are rotated 90 degrees from each other. Hence,
its Fourier transform is an intersection of planes rotated 90 degrees
from each other as well, resulting in reciprocal rods. The intersec-
tion of these rods and the Ewald sphere appears as diffraction spots
on the fluorescence screen on the circles, known as Laue zones (see
Fig. 3.33.3a). However, diffraction on real samples differs from the ideal,
2D diffraction case. For example, the 2D surface of the substrate is
inclined 0.05-0.3 degrees. Furthermore, the growth of cuprates such
as La2-xSrxCuO4, Nd2-xCexCuO4 and YBa2Cu3O7-δ additionally suf-
fers from surface roughness, finite size domains, and 3D islands, all
of which can lead to modifications of the RHEED patterns. In the
case of the film having finite-sized domains, the reciprocal rods are
widened by an amount which is inversely proportional to the average
size of the domains. The intersections of these widened rods with the
Ewald sphere are ellipses, leading to a streaked diffraction pattern
(see Fig. 3.33.3b). When the surface is roughened with 3D islands, its
reciprocal lattice is the same as that of a 3D crystal, which is a 3D
array of reciprocal points. This will give an array of equidistant points
in the RHEED pattern (see Fig. 3.33.3c).
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Figure 3.2: (a) An array of atoms, when Fourier transformed, gives rise to a series
of equidistant planes, or reciprocal lattice planes (b). An incoming beam of electrons
of wave vector k0 gives a diffraction pattern, based on the intersection of the reciprocal
lattice planes of the 1D array with the Ewald sphere having a radius of |k0|. These
intersections are circles, and the wave vectors from the center of the Ewald sphere to the
circles correspond to the wave vectors of the diffracted electrons, in this case k1 and k2.
(c) The circles appear in real space as so-called Laue zones L0, L1, L2, ... when depicted
on a fluorescent screen.

3.1.2 Growth modes

As described above, the spatial change of the diffraction pattern can
tell something about the surface morphology of the grown film. We
can also use the time-dependent change of the RHEED signal to de-
termine what kind of growth modes are present during deposition.
The principle behind this is based on diffraction of the electron waves
from the surface of the sample. And as is the case for every kind of
diffraction phenomenon, the path difference of different electron waves
diffracted from the surface can lead to destructive or constructive in-
terference, leading to changes in the intensity of the beam, which is
monitored as a function of time. Hence, the time-dependent RHEED
signal can be used to distinguish between an atomically flat surface
and a stepped surface by measuring the intensity of the specular spot,
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Figure 3.3: (a) The Fourier transform of a flat, crystalline surface, is the intersection
of the reciprocal planes rotated 90◦ with respect to each other, i.e. reciprocal rods. The
intersection of these rods with the Ewald sphere is a series of points on the 0th Laue zone.
(b) When some anomaly is introduced in the form of domains, the reciprocal rods are
broadened, giving rise to ellipses when intersected with the Ewald sphere, visible as clear
strokes on the fluorescent screen. Finally, in the case the surface is coarsened considerably,
the diffraction pattern becomes spotty, similar to the 3D array of points in k-space of a
bulk crystal (c).

and can thus give an indication of the kind of growth mode present
during deposition of the film material. The initial substrate surface
is assumed to be flat, as seen in Fig. 3.43.4a. The incoming beam and
the reflected, specular beam at a certain glancing and exit angle θ,
are thus reflected from the same atomic plane. The two paths shown
always have constructive interference, since there is no path difference
between them, enhancing the intensity of the specular spot. Hence,
there is an initial maximum in the spot intensity.

During the initial stages of deposition, some 2D islands of de-
posited material start to form. This introduce a height difference on
the initial, flat surface (see Fig. 3.43.4b), meaning that a part of the
specular beam is reflected from the substrate surface, while another
is reflected from the 2D island, leading to a path difference between
both parts of the beam. At a certain incident angle θ, this can result
in destructive interference, leading to a decrease in specular beam
intensity. The intensity reaches a minimum when there is a maxi-
mum destructive interference due to maximum surface roughness, i.e.
when the fractional coverage of monolayers (ML) is 0.5. A contin-
uation in deposition completes the first layer, and hence leads to a
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Figure 3.4: (a) The two paths of an incoming electron beam at an angle θ are reflected
from the same atomic plane of the film. The distances traveled between points A-D and
B-C are the same, leading to constructive interference in the specular beam, and hence an
enhanced intensity of the specular spot. (b) If there is a some surface height difference
is introduced by means of deposition, for example, the distances A-D and B-C are not
equal anymore. If θ is chosen accordingly, this leads to the specular beam interfering
destructively, leading to an decrease in intensity of the specular spot.

maximum in intensity. If we assume this growth mode to be cyclic,
in which the next monolayer (ML) is initiated only after the previous
layer is fully covered, oscillatory behavior in RHEED intensity is to
be expected, with the period of oscillation corresponding to the de-
position time needed to complete 1 ML, and more specifically to the
time needed to satisfy charge neutrality of the unit cell (UC) [143143].
In case of La2-xSrxCuO4, for example, this corresponds to 2 periods
of oscillation. This type of growth is called layer-by-layer (Frenk-Van
der Merve) growth. Layer-by-layer growth mode is stimulated in con-
ditions of relatively high temperature and low oxygen pressure. In
such conditions, the nucleation on top of a 2D island is minimized,
such that adatoms can migrate to the step edges of 2D islands, and
nucleation takes place on fully completed layers, i.e. when both the
interlayer diffusion and mobility of adatoms are maximized. Another
factor which stimulates layer-by-layer growth mode is minimizing the
lattice mismatch between substrate and film.

Changing the experimental growth conditions or increasing the
lat- tice mismatch can induce changes in this mode of growth to a 3D
island growth mode. A low substrate temperature and high oxygen
pressure pressure, diminish the interlayer diffusion and adatom mo-
bility, leading to nucleation also on top of 2D islands. Hence, surface
features will become 3D-like, leading to the absence of oscillatory be-
havior in the RHEED signal after the initial drop in intensity, and
giving rise to the aforementioned, spotty RHEED patterns. Most
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Chapter 3. Methods of fabrication of ab-axis Josephson junctions

growth patterns, however, are a combination of both layer-by-layer
and island growth, called (Stranski- Krastanov mode). In such a
case, the interlayer diffusion is limited due to limitations in surface
mobility, resulting in nucleation on top of 2D islands before a UC is
completed. During growth, the nucleation and insertion of adatoms
at step edges happens at an increasing number of UCs, represented by
an exponential dampening of the RHEED oscillations [144144] (Fig. 3.53.5).
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Figure 3.5: (a) Layer-by-layer (Frenk-Van der Merve) growth: cyclic process in which
the growth of the next layer only starts when the layer before is completed. The RHEED
intensity follows a similar behavior, i.e. the maximum intensity appears only when the
new layer initiates. The increased adatom density leads to an increased roughness, and
hence a decrease in specular beam intensity. The beam intensity recovers when the layer
starts to fill up, coupled to a decrease in roughness. (b) 3D island growth: process in
which rapid coarsening of the surface takes place, leading to the absence of oscillatory
behavior in the RHEED intensity. The intensity also drops, coupled to an increased
roughness of the surface, enhancing the destructive interference in the specular beam.
(c)Stranski-Krastanov growth: a process in which the film grows both layer-by-layer and
3D island-like, leading to a dampening in the amplitude of the RHEED oscillations.

3.1.3 Pulsed laser interval deposition

The problem of coarsened surfaces presented by the Stranski-Krastanov
growth mode could be easily circumvented by lowering the oxygen
background pressure or increasing the deposition temperature. For
cuprates, however, these parameters have to be fixed to ensure phase
stability. Consequenty, other methods have been tried to manipulate
growth. One such method is the Pulsed Laser interval Deposition
(PLiD) [144144], whereby the interlayer diffusion is optimized due to a
decrease of the average island size. This, in turn is connected to in-
creasing the number of nucleation sites by drastically increasing the
ablation frequency to accommodate for the exact amount of mate-
rial needed to complete a UC in a time interval comparable to the
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3.2. Pulsed laser deposition setup

relaxation time. This is typically < 1 s at the typical deposition tem-
peratures used for La2-xSrxCuO4, Nd2-xCexCuO4 and YBa2Cu3O7-δ.
The short-lived interval of deposition is followed by an interval of re-
laxation for the purpose of recrystallization. This is coupled to the
rearrangement of the material, leading to a flatter surface, which in
turn provides a more suitable surface for the layer-by-layer growth of
the sequential UCs (Fig. 3.63.6). For the work done in this thesis, the
PLiD technique has been used to stimulate 2D layer growth.
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Figure 3.6: (a) Pulsed laser interval deposition makes use of the principle of growth
interruption. At non-optimal deposition parameters, the growth of a certain amount of
material deposition leads to some roughening of the surface (1), which is accompanied
by a decrease of the RHEED signal (b). The growth is then interrupted to allow for
recrystallization of the film material (2). Eventually, the surface becomes less rough,
corresponding to an increased RHEED signal (3). The flatter surface makes a suitable
substrate for the next deposition session.

3.2 Pulsed laser deposition setup

All thin films were fabricated in the Thin Film Laboratory at the
University of Twente, The Netherlands, using the PLD system. The
laser source is KrF excimer-based (Lambdaphysik LPX 210), and has
a wavelength of 248 nm, which lies in the range of wavelengths where
most metaloxides have their maximum in absorption.The width of
the laser pulse is 25 ns. A mask is used to select the middle part of
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the laser beam, which is then focused on the target substrate with a
lens. The focused beam goes into to the main chamber of the PLD
system and ablates the target, which serves as the evaporation source.
Both the target and the heater (on which the substrate is glued) are
brought in the main chamber via the load lock. Any misalignment
is compen- sated by the wobble stick. The heater x, y, z, rotation
and azimuth are used to move the heater to its correct position in
the chamber. Before deposition starts, the top surface layers of the
target material is ablated to remove contaminations. The ablated
material hits a shutter instead of the substrate. After this process, the
substrate is heated to the deposition temperature, while being in the
desired deposition pressure of either Ar, O2 or O3. While depositing,
the RHEED gun (electron energy of 35 keV) is aimed at the surface
with an incident angle of 1 degree. The refracted electron beams
are picked up by a fluorescent phosphor screen near the substrate,
and is shielded from ablation plumes to reduce contamination. The
heater can be rotated in order to adjust the angle of incidence of the
electron beam on the substrate. The azimuthal angle can be changed
by additional rotation of the heater. A CCD camera monitors the
diffraction pattern (Fig. 3.73.7).

3.3 Growth of thin cuprate films
There are several requirements for achieving a giant proximity effect
(GPE) in the ab-axis through ionic liquid (IL) gating. As GPE in-
volves pseudogap physics, the first requirement is that the junction
area in the ab-plane is in its pseudogap phase, while the leads have
to be in the superconducting phase. In other words, ∆Tc has to be
as high as possible. To achieve this, the junction area Tc′ has to be
as low as possible, while the lead area Tc should be maximized. The
former Tc′ is to be adjusted by means of the Sr and oxygen doping of
the film, substrate-film interlayer coupling, and film thickness. The
latter Tc is maximized by means of IL gating. We use a solid barrier
to separate both the junction and lead areas from IL gating.

3.3.1 Certain considerations for lowering the Tc

In this section, the factors involving lowering the junction Tc′ are
treated. An obvious factor in influencing the Tc′ of the junction area is
the chemical doping of Sr and oxygen of La2-xSrxCuO4+δ. As the bulk
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Figure 3.7: The PLD-RHEED system at the Thin Film Laboratory at the University
of Twente.

Mott-insulator parent compound is doped, the La3+ is replaced by the
less positively charged Sr2+. To counteract for this, holes are formed.
From x = 0 to x = 0.05, the properties of an antiferromagnetic Mott-
insulator are present. For 0.05 < x < 0.25 superconductivity appears,
with a maximum bulk value of Tc = 40 K. For x > 0.25, a Fermi liquid
behavior is seen [145145]. Similar to Sr doping, oxygen overdoping (δ >
0) leads to additional O2− in the UC, which effectively hole dopes the
cuprate, and can lead to superconductivity even in the parent com-
pound La2CuO4 [146146]. Oxygen underdoping (δ < 0) has the opposite
effect of effective electron doping and can induce antiferromagnetism
in nominally superconducting La2-xSrxCuO4+δ films [147147].

Another factor that one can make use of is the fundamental role
of interlayer coupling between substrate and film, as it is known that
interlayer coupling can play a similar, if not a stronger role in applying
an in-plane pressure on the CuO2 planes [148148]. ‘Epitaxial pressure’
has been successfully applied at HgBa2Ca2Cu3O8+δ [149149], raising the
Tc from 133 K to 164 K. In the case of H2S, hydrostatic pressures of
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155 GPa were used to reach a Tc of 203 K, the highest ever reached as
of yet [150150]. In the case of La2-xSrxCuO4, interlayer coupling through
compressive strain leads to a Tc as high as 49 K [148148]. In our case,
however, the goal is not to achieve a maximum Tc but a Tc that is as
low as possible while still remaining in the pseudogap phase.

For heteroepitaxial growth of films, the UCs nearest to the inter-
face are strained to accommodate to the lattice mismatch present. As
the film thickness is increased, the strain is relaxed as the film thick-
ness increases. The number of UCs that are needed to achieve this
state depends on the substrate used. Hence, the film thickness depen-
dence of the in-plane pressure induced by the lattice mismatch can
be used to change the Tc of the film. In the case of La1.85Sr0.15CuO4
(a = 3.78 Å), films grown on LaSrAlO4 (a = 3.76 Å) have shown that
a thickness of 500 Å is enough to achieve the same Tc as the bulk value
[151151], while for those grown on SrTiO3 (a = 3.91 Å), thicknesses in
the order of 3000 - 4000 Å are required to maximize the Tc [152152]. For
our purposes of lowering Tc, superconductivity is reported for thin
films (2 UC, 26 Å, or more) of La1.85Sr0.15CuO4 grown on LaSrAlO4
[153153], while the growth of La1.85Sr0.15CuO4 on SrTiO3 is reported to
have superconductivity for films having a thickness of 30 UC, 400 Å,
or more [152152]. Another important note to be made is that changing
the Sr or oxygen doping of the film can change the minimum thickness
needed to achieve superconductivity considerably [152152].

3.3.2 Substrate choice

La2-xSrxCuO4+δ has a pseudotetragonal structure with an in-plane
lattice constant of 3.78 Å. For epitaxial film growth, its substrate
coun- terpart should be having a comparable lattice constant as well.
There are several possibilities, such as (LaAlO3)0.3(Sr2AlTaO6)0.7
(+2.4 %), LaSrAlO4 (-0.5 %), and SrTiO3 (+3.4 %). Using the lat-
ter substrates leads to tensile strain in the grown films. The for-
mer substrate would lead to compressive strain. Although SrTiO3
has been used as a substrate for La2-xSrxCuO4 growth [8181], it can
easily become conducting during processing, such as argon ion etch-
ing. For this reason, this substrate is not preferred. The substrate
(LaAlO3)0.3(Sr2AlTaO6)0.7 does not become conducting after etching
processes, and is hence usable. An added benefit is that the Czochral-
ski growth of the source crystals of (LaAlO3)0.3(Sr2AlTaO6)0.7 gen-
erally yields a cleaner material with less defects than the flame fusion
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3.3. Growth of thin cuprate films

(Verneuil) growth of SrTiO3. The substrate material LaSrAlO4 is the
most suitable for layer-by-layer growth and maximizing the Tc of due
to compressive strain induced in La2-xSrxCuO4 [152152, 154154]. The effect
of mismatch in lattice parameters can be seen in the specular beam
intensity characteristics (Fig. 3.83.8a). The growth of La2-xSrxCuO4
on LaSrAlO4 compared to that on (LaAlO3)0.3(Sr2AlTaO6)0.7 shows
that RHEED oscillation amplitude is conserved for a longer time, until
the 30th UC. For (LaAlO3)0.3(Sr2AlTaO6)0.7, however, the transition
to a 3D growth mode typically happens at around the 10th UC.

The (LaAlO3)0.3(Sr2AlTaO6)0.7(001) substrate is annealed at a
temperature of 1050 C for 10 h under an O2 flow of 150 ml/min. This
results in clear steps on the surface, the average terrace width of which
coincides with the miscut angle of the surface. The height difference
between nearest neighbour terraces is 3.4 Å, which corresponds to the
cubic UC parameter of (LaAlO3)0.3(Sr2AlTaO6)0.7. This is an indi-
cation that the surface is mainly single terminated, as is confirmed in
other reports which mention that more than 90 % of the surface be-
longs to the AlO2-δ/TaO2-δ termination after an annealing procedure
[155155] (Fig. 3.83.8c). In the case of LaSrAlO4(001) , an annealing treat-
ment is not essential in achieving 2D layer growth [1010, 156156], while some
reports do mention annealing treatments for the growth of SrRuO3
[157157] or YBa2Cu3O7 films [158158]. It must be noted that most of our
LaSrAlO4 have not been annealed, while those that were, were ex-
posed to an annealing procedure at 1050 C for 10 h under an O2 flow
of 50 ml/min. Such an annealing procedure gives rise to a surface of
double termi- nation, as is seen in (Fig. 3.83.8c). This is evident from
the step heights equaling half the c axis lattice parameter (6.3 Å) of
LaSrAlO4.

The smaller in-plane lattice parameter of LaSrAlO4 also has an
effect on the superconducting properties of the film. As expected, the
compressive strain leads to the film being on the verge of supercon-
ductivity for x = 0.05. For (LaAlO3)0.3(Sr2AlTaO6)0.7, the doping
has to be increased to 0.07 to get the same characteristics (Fig. 3.83.8b)
due to substrate-film interlayer stress.

3.3.3 La2-xSrxCuO4+δ growth

La2-xSrxCuO4 films are grown at 740 C by means of pulsed laser depo-
sition with an energy density of 1.3 - 1.65 J/cm2, spot size of 1.36 mm2,
and a repetition rate of 1-4 Hz in an O2 atmosphere (pO2

≈1.3×10−1
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Figure 3.8: (a) Normalized RHEED signal vs. time for La1.95Sr0.05CuO4 growth
on LaSrAlO4 (LSAO) and (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT). The RHEED oscillation
amplitude in the former case is preserved over a substantially larger amount of oscillations
than in the latter case. (b,top) ρ(T ) characteristics for different levels of Sr doping of a 30
UC film grown on LaSrAlO4. For x = 0.05 the film is on the verge of being a superconduct-
ing at 4 K. Increasing the doping to x = 0.07 induces a superconducting transition, with
a Tc,mid of 20 K. When grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 (b,bottom), former two
doping levels are insufficient to induce a superconducting transition, for which a doping of
x = 0.09 is needed. (c,top) Atomic force microscopy (AFM) scan of an annealed surface
of LaSrAlO4, which has double termination. Inset: the steps indicate that the height
difference between the next-neighbour terraces is equal to 1

2×c-axis lattice parameter of
LaSrAlO4, namely 6.3 Å. Annealed (LaAlO3)0.3(Sr2AlTaO6)0.7 (c,bottom) typically
shows full UC steps of 3.4 Å.

mbar). The target-substrate distance is kept at 47 mm, at which on
average 95 pulses were needed to complete one UC, comparable to pre-
vious reports [8181], as is monitored by means of RHEED (see Fig. 3.93.9).
After deposition, the sample is kept at the deposition temperature
and pressure for 15 minutes. Then, the O2 pressure in the chamber
is increased to 1 bar. This atmosphere is used to anneal the sample
for 15 minutes at 600 C and 30 minutes at 450 C, while maintaining a
cooldown rate of 10 K/min. The oxygen annealing are meant to give
the La2-xSrxCuO4 films the correct oxygen stoichiometry, i.e. δ =0.
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3.3. Growth of thin cuprate films

By adjusting the annealing times, one can either overdope (δ > 0) or
underdope (δ < 0) the film. We have hence used oxygen doping, along
with Sr doping, as means of influencing the Tc of the film [8181, 147147].
Table 3.13.1 lists some of the film properties and deposition parameters
for samples with a finite Tc.

Sample number Substrate x d t at 600 C t at 450 C Tc(R = 0)
(UC) (min.) (min.) (K)

LSCO45 LSAO 0.07 13 15 30 5.7
LSCO47 LSAO 0.07 10 15 20 1.5
LSCO48 LSAO 0.07 10 15 20 3.9
LSCO57 LSAT 0.09 30 15 30 3.5
LSCO58 LSAT 0.09 30 15 30 1.0
LSCO61 LSAT 0.09 30 15 30 3.5
LSCO62 LSAT 0.09 30 15 30 2.9
LSCO64 LSAT 0.09 30 15 30 4.0
LSCO66 LSAT 0.09 30 15 30 2.0
LSCO69 LSAT 0.09 30 15 30 5.5
LSCO74 LSAT 0.09 30 15 30 1.0
LSCO80 LSAT 0.09 30 15 30 5.1

Table 3.1: List of samples having an initial Tc used for the purpose of investigating the
giant proximity effect by means of IL gating. Other parameters include the substrate type
(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) or LaSrAlO4 (LSAO), film thickness d, annealing
times t at 600 and 450 C.

3.3.4 Growing highly crystalline La2-xSrxCuO4 films

The crystallinity of the surface is key in acquiring the optimal electro-
static charge transfer in the film, as was found in IL gated FeSe films
[9292]. The layer-by-layer growth of La2-xSrxCuO4 can be optimized
using a metallic buffer layer, based on the recipe used by Bozovic et
al. [1010, 6464]. The advantage of this metallic buffer layer is the intrin-
sic offset in lattice parameters of LaSrAlO4 and La2-xSrxCuO4 and a
difference in thermal expansion coefficients (α = 8.5 × 10−6K−1 for
La2-xSrxCuO4 and α = 10.5 × 10−6K−1for LaSrAlO4) that lead to
a crossover of lattice constants at typical growth temperatures hap-
pens at a doping level of x = 0.40-0.45 [148148]. The perfect match in
the lattice constants of both the LaSrAlO4 substrate and buffer film
in turn provides excellent growth conditions for subsequent layers, as
has been shown before in Ref.1010.

The unbuffered film follows the double termination of the LaSrAlO4
substrate surface (fig. 3.103.10a), which results in the formation of grain
boundaries at the terraces (fig. 3.103.10b). This is confirmed by the broad-
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Figure 3.9: (a) RHEED signal vs. time for La1.95Sr0.05CuO4 layer-by-layer growth
on a non-annealed LaSrAlO4 substrate, showing clear RHEED oscillations of half UC
monolayers until the end of the deposition. The arrow indicates a manual increase in the
beam intensity. The left and right insets show the RHEED patterns of the LaSrAlO4
substrate, and of the resulting film, respectively. The final RHEED pattern appears to
have extra spots next to the clear two-dimensional spots, indicating surface roughening
and a transition to 3D growth. (b) AFM image of a 10 UC thick layer-by-layer grown
La1.95Sr0.05CuO4 film on LaSrAlO4. The inset shows a step height of 6.7 Å, which is half
the c axis lattice parameter of the substrate LaSrAlO4, indicating layer-by-layer growth.
The surface roughness is comparable to the initial substrate roughness, 4.0 Å.

ened 2D RHEED patterns, indicative of a domained surface, as is
discussed in Section 3.1.23.1.2. In contrast, the insertion of a x = 0.30
buffer layer (due to a lack of target availability of a higher Sr doping)
leads to atomically flat terraces, not containing grain boundaries and
hence are not influenced by the double termination (fig. 3.103.10). After
growth, the 2D RHEED spots are still clearly visible, indicating a crys-
talline, 2D surface. The crystalline quality of the films resemble the
molecular beam epitaxy grown La2-xSrxCuO4 of Bozovic et al. [1010].
Another observation is that the amount of pulses (i.e. 90) typically
needed to complete the first UC of the x = 0.30 buffer layer is signifi-
cantly higher than the pulses (i.e. 81) needed in the subsequent layers.
Combined with the previous observation of flat terraces, it could be
assumed that the mixed termination at the surface of LaSrAlO4 con-
taining AlO2/(Sr,La)O, is not equally distributed at the terrace, but
is dominant (∼70-80%/20-30%) in one of the two terminations. We
hence suspect that the initial extra pulses needed for the completion
of the metallic buffer layer involves the filling up of the non-dominant
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Figure 3.10: (a) Shows a typical AFM image of a double-terminated LaSrAlO4
(LSAO) surface. The terminations of AlO2 and (Sr,La)O are not equally distributed, but
is dominant (∼70-80%/20-30%) in one of the two terminations. (b) The AFM images
of an unbuffered and buffered La2-xSrxCuO4 (LSCO, x = 0.09) film. Here, the buffered
film is grown on a metallic x = 0.30 layer of 1 UC thick. Both films have the same
total thickness, in this case 7 UC. The morphology of the unbuffered films follow the
double-termination of the substrate, and is hence characterized by a domained surface.
This is in line with the typical broadening observed in the 2D RHEED spots, which,
as discussed in Section 3.1.23.1.2, is an indication of a domained surface. In contrast, the
enhanced crystalline quality of the buffered films is accompanied by the absence of grain
boundaries and a domained surface, as is accompanied by clear 2D RHEED spots.

termination.
The transport properties of the layers grown with and without a

metallic buffer layer tend to be different as well. Without a metallic
buffer layer, the strain effects result in a semiconducting behavior,
as is seen for the films of 7 UC (fig. 3.113.11a). Insertion of a mere
1 UC buffer layer changes the transport properties completely and
superconducting transition temperatures higher than those for bulk
can be observed (fig. 3.113.11a and b).

It is unlikely that the high Tc is caused by an overdoping of oxygen
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Figure 3.11: (a) R(T ) curves of various doping levels of La2-xSrxCuO4 (LSCO) of a
total thickness of 7 UC. The unbuffered film shows the expected semiconducting behavior,
while the insertion of a buffer layer of 0.30 leads to superconductivity. The doping levels
are parenthesized. (b) The Tc values induced in the buffered films are much higher than
attainable in the non-buffered films, or bulk material.

in the buffered films, as the recipe used during deposition is meant for
optimal stoichiometric oxygen content. In theory, cation intermixing
could occur [159159] over distances of at most 1 UC and would give a
maximum Tc for the La1.7Sr0.3CuO4/La2CuO4, as the interface would
then be optimally doped. This, however, is not observed.

One likely scenario is that of strain, based on the observation that
a films of 3 UC or less do not become superconducting. At the same
time, this shows that the large Tc cannot be caused by the x = 0.30
layer itself.

Another scenario deals with the preformed pairs interpretation of
the pseudogap phase. In this picture, the electron pairing in the x =
0.09 layer cannot lead to superconductivity due to a lack of phase
coherence, as the superfluid density is too low [3232]. The proximity of
the x = 0.09 layer to the phase coherent, metallic x = 0.30 layer then
should effectively lead to a phase coherence in the x = 0.09 layer as
well, leading to an increase in Tc. Interestingly, similar observations
have been made with experiments concerning similar metallic and
underdoped La2-xSrxCuO4 bilayers [2323]. A future study would be
needed for a more thorough investigation of these Tc raising effects in
bilayers, and their relationship to the giant proximity effect.
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3.4 Nd2-xCexCuO4-δ growth

The electron doped cuprate Nd2-xCexCuO4-δ is part of the family of
electron-doped superconductors of the 214-system Re2-xCexCuO4-δ
with Re = Nd, Pr, La, Sm, Eu, or Gd. Just like its hole-doped coun-
terpart La2-xSrxCuO4+δ, the superconductivity depends on both its
second rare-earth element, Ce(x), and oxygen content. The maxi-
mum Tc appears at Ce = 0.15 and δ = 0.04, pointing to the fact
that Nd2-xCexCuO4 has to be oxygen reduced. For this, an in-situ
post-annealing treatment in vacuum is done at 750 C for 8 minutes
at a pressure of 1×10−7 mbar. Nd2-xCexCuO4 has an in-plane lattice
parameter of 3.95 Å, for which SrTiO3 (+0.9 %) as a substrate would
be most suitable for heteroepitaxial growth. However, because of the
possibility of inducing oxygen vacancies during processing, we decided
to use the larger mismatched annealed (LaAlO3)0.3(Sr2AlTaO6)0.7
as a substrate (+2.0 %). To compensate for the stress induced by
the larger mismatch of the (LaAlO3)0.3(Sr2AlTaO6)0.7 substrate, un-
doped buffer layers have been used to release stress in the doped top
layers, similar to bilayer concepts used in other works [1010, 8181, 154154].
During deposition, the oxygen background pressure is 0.25 mbar, the
sample temperature is 820 C, while the target-substrate distance is
held at 52 mm. Furthermore, the laser fluence is 1.2 J/cm2 while
maintaining a repetition rate of typically 1-4 Hz. Occasionally, growth
interruption was applied to stimulate layer-by-layer growth. When
monitored with RHEED, only a few oscillations are observable ini-
tially, suggesting a limited 2D growth mode, quickly followed by 3D
island growth, as is suggestive by the spotty RHEED patterns. When
checked by AFM, the surface suggests island growth (Fig. 3.123.12), as
has been seen before in Nd2-xCexCuO4/SrTiO3 films [160160] and het-
eroepitaxial growth of other cuprates, such as YBa2Cu3O7-δ [161161].

3.5 Contact resistance and barrier character-
ization

The contact resistance I(V ) characteristics show non-linearity in the
case Ti is sputtered ex-situ on La1.95Sr0.05CuO4 (20 UC) as a wet-
ting layer before Au deposition, indicating a non-Ohmic contact (see
Fig. 3.133.13). The interface between a metal and a p-type semiconduc-
tor can form a Schottky-type barrier if the work function of the metal
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Figure 3.12: (a) RHEED signal vs. time for Nd1.95Ce0.05CuO4 growth on an an-
nealed (LaAlO3)0.3(Sr2AlTaO6)0.7 surface. The black and red arrows represent man-
ual augmentation of the beam intensity, and growth interruption, respectively. The
RHEED data in between the arrows show slight oscillatory behavior, typical of the island-
like growth exhibited by Nd1.95Ce0.05CuO4. The initial substrate surface of annealed
(LaAlO3)0.3(Sr2AlTaO6)0.7 shows clear two-dimensional spots, while the spotty behavior
of the RHEED pattern after growth is another indication of the presence 3D islands. (b)
The AFM image of a 30 UC thick Nd1.95Ce0.05CuO4film on (LaAlO3)0.3(Sr2AlTaO6)0.7,
the surface of which is island-like. The inset shows height steps corresponding with half
the c axis lattice parameter of Nd1.95Ce0.05CuO4, 6.5 Å.

is larger than that of the semiconductor. Since La2-xSrxCuO4 is a
p-type conductor and has a relatively large work function (5.06 eV
for Sr 0.05 doping) [162162], most metals like Ti (4.33 eV) do not form
an Ohmic contact with the cuprate. The contact is worsened by the
fact that Ti can draw away oxygen from the cuprate, as it is prone to
form TiO2. Oxygen-deficient La2-xSrxCuO4 can lose its superconduc-
tive properties, hence rendering such a sample unusable. Exposure to
air during transport from the PLD setup to the sputtering setup can
either cause an adsorbate layer to form on the cuprate, or can cause
the CO2 and H2O in the air to react with the top layer [163163], causing
a so-called dead layer. The I(V ) curve can be fitted using a polyno-
mial of the form I(V ) = αV + γV 3 , based on Simmons model for
metal/insulator/metal junctions for low voltages [164164]. Here, J is the
current density α = A

(
e
h

)2 √2meφ
d e−β

√
φ, and γ

α = (βe)2

96φ −
βe2

32
√
φ
. Here,

A, e, h,me represent the metal/insulator/metal junction contact area,
the electron charge, Planck constant and the electron mass. Further-
more, φ is the average barrier height across the barrier thickness d,
while β = 4πA

√
2med/h. The fitparameters d and φ correspond to 1.1
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nm and 0.61 eV. These numbers roughly correspond to the thickness
of the Ti adhesion layer (1-2 nm), and the difference in work function
of Ti and La2-xSrxCuO4 (0.73 eV).
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Figure 3.13: Two-point I(V ) curves for La1.95Sr0.05CuO4 (20 UC) for which the
contacts were applied by means of ex-situ Ti/Au (blue) and in-situ Au (purple) deposition.
Inset: log|I| plot for the Ti/Au contacts. The fitparameters are based the Simmons model,
corrected for the junction contact area of Ti to La2-xSrxCuO4 (approx. 1 mm2)

The barrier has an insulating behavior when cooled down to low
temperatures, and typically rendered the sample unmeasurable below
100 K. To counter this problem, we have tried sputtering without Ti
adhesion layer, as Au has a work function that is sufficiently high
(5.1 eV) [165165]. However, the adsorbate layer formed during ex-situ
transporta- tion makes it difficult for Au to adsorb at the surface of
the cuprate, resulting in the removal of the sputtered Au during the
lift-off process. We solve this by depositing Au in-situ by means of
PLD, following the cuprate deposition. As the Au covers the whole
substrate, structuring the sample to expose the La2-xSrxCuO4 surface
for ionic liquid gating should involve removing the parts of the Au.
This can be done by Ar ion etching, as is done by [1010]. This is cumber-
some, and can risk damaging the cuprate layer, and removing oxygen
from its lattice structure, rendering it non-superconducting. Using a
KI/H2O/I2 solution in 4:1:40 mass ratio induces a ionization reaction
of Au, which subsequently dissolves in the solution, but leaving the
La2-xSrxCuO4 layer intact. Compared with the non-linear I(V ) char-
acteristic of ex-situ deposited Ti/Au, the typical I(V ) characteristic of
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samples prepared with in-situ Au deposition is nearly perfectly linear
and metallic.

3.6 Methods related to ionic liquid gating

As described in Chapter 22, the electric double layer concept of IL
gating has major advantages when compared to standard oxide field
effect transistors. However, ILs can be contaminated quickly, as im-
purities from the air such as H2O and O2 easily dissolve in the IL,
even in hydrophobic ones. These molecules are electroactive and af-
fect gating performance, and their removal from the IL is essential
before any voltammetric measurement. The electroactive nature of
H2O and O2 shift the cathodic (anodic) limiting potential of the sam-
ple towards the positive (negative) potential, essentially limiting the
electrochemical window (EW) of the IL.

Hence, the partial pressure of these molecules has to be minimized.
For this, in our experiments we developed the practice that the bottle
in which the IL is kept, is stored in a N2 atmosphere of a glove box,
while the IL interaction time with ambient air is kept at a minimum,
typically a minute or so. Furthermore, with the sample in place the
IL is vacuum dried at pressures varying between 1×10−5 and ×10−6

mbar for 15 minutes or more, making pO2
and pH2O in the order of

×10−7 mbar.
Yet another way of optimizing IL gating of a material is to have

its surface free of contaminations as much as possible. If the surface
is contaminated with residuals from structuring processes, a barrier
between the IL and the material surface is formed, effectively increas-
ing the electric double layer distance, and hence the field effect in-
duced. Before any gating experiments, the surface of the material
is cleaned by an alcohol wetted lens tissue or by means of irradia-
tion with UV light from a mercury lamp under air. The 184.9 nm
wavelength generated by the lamp is adsorbed by oxygen, leading
to generation of ozone, while the 253.7 nm wavelength is adsorbed
by ozone. Hence, ozone is continually formed and destroyed, an in-
termediate product of which is atomic oxygen. Atomic oxygen is a
strong oxidizing agent, which reacts with the molecules that originate
from any process residuals, such as PMMA or photoresist. This pro-
cess, can give clean surfaces without affecting the oxygen doping of
the cuprate itself. We have observed no changes in superconducting
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properties of La2-xSrxCuO4 films for illumination times as long as 90
minutes. Although the oxygen concentration in the La2-xSrxCuO4
films can also be modified by the ozone exposure, this requires the
treatment to be done at elevated temperatures [113113].

3.7 Introducing an ab-axis Josephson junction

To prevent the junction area from being gated along with the lead
areas, a barrier is necessary. The barrier needs to fulfill a number of
requirements. Firstly, the barrier should be insulating, so no paral-
lel conduction path is formed. Secondly, IL gating across the barrier
should not influence the layer below it electrostatically. For this, the
induced charge carrier density in the layer beneath has to be mini-
mized, defined as

σ =
∫ Vg

0

ε0εI(V )
d

dV (3.1)

Here, ε0 is the dielectric constant of free space, εI is the dielectric
constant of the insulator, d is the thickness of the insulator, and Vg
is the gate voltage. To minimize σ, the main parameter that can be
tweaked is d, which has to be maximized. As the electric double layer
separation in IL gating experiments is typically 1 nm [122122], if the bar-
rier thickness is added to this separation, the field effect can quickly
become negligibly low. In contrast, Vg in theory should be kept at a
minimum, but is typically is not kept at a minimum. Furthermore, εI
is preferably kept as low as possible, while not much flexibility exists
in this parameter space, as typical oxide insulator materials such as
SrTiO3, TiO2, (LaAlO3)0.3(Sr2AlTaO6)0.7, LaAlO3 and Al2O3 have
a relatively large dielectric constant (310, 170, 22.7, 23.5, ∼9, respec-
tively, at room temperature).

Thirdly, the barrier should be electrochemically neutral towards
the junction area. In many cases of off-stoichiometric growth of the
barrier material, the unbalance is compensated by diffusion of certain
species from the junction area to the barrier. As an example, some
oxide and nitride barriers such as SiO2 [8181] and SiN3 tend to influence
the oxygen doping of the material when not grown stoichiometrically,
leading to unintentional changes in the Tc of La2-xSrxCuO4, as the
Tc of La2-xSrxCuO4 is dependent on its oxygen content. This process
is usually a very slow one, making the junction unmeasurable in a
time period of an order of a week. Lastly, the barrier should be
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impermeable to ions, such as oxygen, but also the anions and cations
of the ionic liquid. For example, the oxide material PbBa2Cu3O7 as
a barrier has been proven to facilitate oxygen migration between the
cuprate YBa2Cu3O7 and ionic liquid [6363].

Taking all of these considerations into account, we have chosen to
primarily work with Al2O3, although, as we will see in Chapters 88 and
99, there are still some issues which make it problematic as a barrier
material. Although this material has a large dielectric constant as
is mentioned before, the reports of its impermeability to oxygen ion
diffusion [6363] made it an attractive material to work with. Some re-
ports mention oxygen diffusion from the La2-xSrxCuO4 when Al2O3 is
grown at elevated temperatures (300 C) in combination with a cooling
procedure in 1 bar of O2 [8181]. To limit any such interaction between
oxygen in the Al2O3 and La2-xSrxCuO4, the deposition of AlOx is
done at room temperature.

Depending on the kinetic energy of the ablated species, pulsed
laser deposition growth of AlOx can lead to a number of morphological
phases of AlOx (see Fig. 3.143.14a), expressed in √pd in Ref. 166166, where
p is the oxygen background pressure and d is the target-substrate
distance. Provided the kinetic energy is low (high O2 background
pressure, large target-substrate distance, and small laser fluence), the
grown AlOx is open and porous, for which x is close to the stoichio-
metric value of 1.5. When deposited at 2×10−1 mbar of O2 pressure,
d = 60 mm and E = 1.5 J/cm2, √pd becomes 0.33 Pa0.5m, which is a
transitional regime between both ends of the morphology spectrum.
As expected, the typical film morphology is relatively coarsened and
possibly porous, as shown in the AFM image (see Fig. 3.143.14b,i). As
shown in Fig. 3.143.14c, the AlOx layer has little influence on the Tc and
general R(T ) characteristics of the La2-xSrxCuO4 film. However, be-
cause of its possible porous character, it is not recommended for IL
gating experiments.

Lowering the background pressure to 1×10−2 mbar and minimiz-
ing d to 42 mm leads to a substantial increase of the kinetic energy
of the incoming species. In this case √pd = 0.03 Pa0.5 m, which
is sufficiently low for dense film growth (see Fig. 3.143.14). The dense
film surface shows the same roughness as the substrate on which it is
grown when scanned by AFM, suggestive of a very flat film, to such
an extent that the film morphology follows the terrace steps of the
(LaAlO3)0.3(Sr2AlTaO6)0.7 substrate (see Fig. 3.143.14b,ii). Although

56



3.8. Attaining SS′S junctions by means of etched bilayers

the dense film has a stoichiometric value close to 1 [166166], it has little
influence on the R(T ) characteristics of the La2-xSrxCuO4 film, sug-
gestive of limited oxygen diffusion out of the film. Hence, the inherent
dense film properties and its limited influence on La2-xSrxCuO4 make
it an ideal barrier material for IL gating.

AlOx capping layer
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Figure 3.14: (a) Film density vs. √pd for different morphological regimes of AlOx,
based on Ref.166166. For high kinetic energy of the incoming particles, the film is dense,
whereas an open and porous film is obtained for low kinetic energies. (b) AFM images
of AlOx layers I and II grown in the intermediate and dense regime, respectively. Layer I
shows a coarsened surface, while layer II shows a flat surface. Both layers I (c,top) and
II (c,bottom) do not affect the La2-xSrxCuO4 substantially in Tc.

3.8 Attaining SS ′S junctions by means of etched
bilayers

As is mentioned in Section 1.41.4, obtaining a giant proximity effect
through etched bilayers requires a few conditions to be met. Firstly, a
Tc′ should be present in the bottom film, which preferably should be
as low as possible. Secondly, the Tc of the top layer should be as high
as possible. These requirements are similar to those of the IL-induced
giant proximity effect, except that in this case, the Tc difference is
already present and is exploited by means of an etched structure.
This method allows the top layer to be different than the bottom
layer. Hence, bilayers have been made by (1) making use of different
Sr levels of La2-xSrxCuO4 and (2) making use of YBa2Cu3O7-δ as the
top layer, while maintaining La2-xSrxCuO4 as the bottom layer. The
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first type of bilayer is grown as described in Section 3.3.33.3.3, and leads to
limited ∆Tc. We concentrated most of our efforts in the second type
of bilayer, as YBa2Cu3O7-δ is known to have a substantially higher
Tc than La2-xSrxCuO4 (bulk values of 93 K [133133]), with which ∆Tc
can be maximized. An etched bilayer sample is made by first growing
the bilayer by means of PLD, followed by a electron beam lithography
process to define the areas which are to be etched.

The bilayers are grown on LaSrAlO4 substrates to facilitate layer-
by-layer growth of the initial, La2-xSrxCuO4 layer (see Fig. 3.153.15a(top)).
The deposition parameters of La2-xSrxCuO4 are the same as those de-
scribed in Section 3.3.33.3.3. The growth of La2-xSrxCuO4 is followed by
that of YBa2Cu3O7-δ at a slightly higher temperature and oxygen
background pressure, 780 C and 2.0×10−1 mbar, respectively. Grow-
ing YBa2Cu3O7-δ at a slightly lower temperature of 720 C stimulates
a-axis growth of YBa2Cu3O7-δ, which is unwanted. The laser fluence
is 1.3 J/cm2 with a repetition rate of 1 Hz, while the target-substrate
distance is held at 50 mm. As can be seen in Fig. 3.153.15a(top), the
clear oscillations facilitated by a 2D growth mode is dampened con-
siderably with the growth of YBa2Cu3O7-δ, suggesting a 3D growth
mode. RHEED oscillations are typically unobservable after the com-
pletion of the 4th UC, accompanied by a spotty RHEED pattern. The
3D growth is likely to be formed by limited mobility of the ablated
material on arrival at the substrate surface [167167].

To maintain 2D growth for a maximum amount of time, growth
interruption in most bilayers is used after the completion of every UC,
as is shown in Fig. 3.153.15a(bottom). This allows for recrystallization
and reversing the coarsening of the surface. With this method, up
to the 30th UC can be observed by RHEED. At each laser pulse, the
intensity of the specular beam drops, accompanied by the increased
disorder on the surface. This is immediately followed by an exponen-
tial rise due to recrystallization of the initially disordered material
(see Fig. 3.153.15c). The characteristic time of this process, τ , is the de-
cay time of the adatom density on the terraces, as is determined from
the recovery of the RHEED intensity. If we take the diffusion length
to be limited by the average terrace size of the used substrate (100
nm for a typical miscut angle of 0.2 degrees), the maximum limit of
the diffusion constant D ≈ l2t /τ = 2.9×10−12 cm2s, as τ is approxi-
mately 35 s. This value is in line with known values for YBa2Cu3O7-δ
growth on SrTiO3(001) substrates [168168]. The RHEED patterns typ-
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Figure 3.15: (a) RHEED vs. time of YBa2Cu3O7-δ growth using growth interruption
after the completion of every UC. After every pulse of the laser, the increased disorder
induces a drop in the RHEED intensity, which recovers according to an exponential be-
havior, representing surface crystallization. The time delay connected to this process is
35 s, which is typical of cuprate films grown at this temperature. (b) The initial RHEED
pattern of the substrate surface changes and becomes spotty after the growth of 30 UCs of
YBa2Cu3O7-δ. (c) A typical AFM image of a YBa2Cu3O7-δ film. The film is coarsened,
with individual islands locally showing step heights corresponding to the YBa2Cu3O7-δ
c axis lattice parameter, 11.7 Å.

ically show 3D spots on 2D streaks (see Fig. 3.153.15a). Although the
YBa2Cu3O7-δ surface is coarsened (the typical roughness is around
1.4 nm, whereas the substrate roughness is 0.3 nm), it is possible to
see UC step heights on the surface of the 3D islands (see Fig. 3.153.15b).

The main parameter with which the Tc of the YBa2Cu3O7-δ layer
is tweaked is the oxygen annealing time at 600 and 450 C, which can
vary from 15 to 30 minutes at both annealing temperatures. Table 3.23.2
gives a summary of the range of thicknesses and Tc’s of all bilayers
that were used.

The first four YBa2Cu3O7-δ/La2-xSrxCuO4 bilayers show a low
Tc of the YBa2Cu3O7-δ layer, the bulk value of which is 93 K. These
were subjected to a 15 min oxygen annealing at both 600 and 450 C.
To test whether this is an inherent growth problem, we grew a single
YBa2Cu3O7-δ layer film of 30 UC on an LaSrAlO4 substrate which
was annealed for 30 minutes at both temperatures. The Tc of this
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Top layer (2)/Bottom layer (1) (Sample number) t1 (UC) t2 (UC) Tc,1 (K) Tc,2 (K) ∆Tc
LSCO(0.15)/LSCO(0.07) (1) 40 7 5 18 13

YBCO/LSCO(0.15) (2) 20 20 28 38 10
YBCO/LSCO(0.15) (3) 20 30 28 35 7
YBCO/LSCO(0.15) (5) 25 31 21 31 10
YBCO/LSCO(0.15) (6) 25 31 17 59 42
YBCO/LSCO(0.07) (8) 30 30 10 78 68

Table 3.2: List of bilayer parameters: sample number and bilayer composition, thick-
ness, Tc of the top and bottom layers, and the corresponding ∆Tc. The doping levels of
La2-xSrxCuO4 (LSCO) are parenthesized. Here, YBCO stands for YBa2Cu3O7-δ.

+

film was 86 K, which is close to the bulk value. Hence, the low Tc is
interpreted as the consequence of non-optimal δ in the YBa2Cu3O7-δ
film, presumably caused by an insufficient time for oxygen to diffuse
into the film. Hence, the final YBa2Cu3O7-δ/La2-xSrxCuO4 bilayer
is annealed for 30 minutes at both temperatures, and shows an im-
proved Tc , albeit still lower than optimal, but sufficiently high Tc for
giant proximity effect studies. As a note, a suppression in Tc of the
YBa2Cu3O7-δ layer can also be caused by interfacial strain effects, as
100 nm thick YBa2Cu3O7-δ/La2-xSrxCuO4 bilayers show a Tc of 90
K in previous reports [2020].

Finally, after fabrication of a resist mask by e-beam lithography,
Ar ion bombardment at an acceleration voltage of 350 - 500 V is used
to etch away a trench in the top layer at a rate of 6 - 7 nm/min.
For this, the PMMA layer used for writing the areas that are to be
Ar etched needs to be relatively thick (240 nm). PMMA which has
been exposed to Ar ion bombardment tends to change in its properties
and is much harder to remove with standard lift-off in acetone and
ethanol. Instead, an ethanol wetted lens tissue is used to remove the
contaminants.
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Chapter 4

On the formation of a
conducting surface channel
by ionic liquid gating of an
insulator

Ionic liquid gating has become a popular tool for tuning the charge carrier densities of
complex oxides. Among these, the band insulator SrTiO3 is one of the most extensively
studied materials. While experiments have succeeded in inducing (super)conductivity, the
process by which ionic liquid gating turns this insulator into a conductor is still under
scrutiny. Recent experiments have suggested an electrochemical rather than electrostatic
origin of the induced charge carriers. Here, we report experiments probing the time
evolution of conduction of SrTiO3 near the glass transition temperature of the ionic
liquid. By cooling down to temperatures near the glass transition of the ionic liquid the
process develops slowly and can be seen to evolve in time. The experiments reveal a
process characterized by waiting times that can be as long as several minutes preceding
a sudden appearance of conduction. For the conditions applied in our experiments we
find a consistent interpretation in terms of an electrostatic mechanism for the formation
of a conducting path at the surface of SrTiO3. The mechanism by which the conducting
surface channel develops relies on a nearly homogeneous lowering of the surface potential
until the conduction band edge of SrTiO3 reaches the Fermi level of the electrodes. 11

1The work in this chapter is accepted as: On the formation of a conducting sur-
face channel by ionic liquid gating of an insulator, Hasan Atesci, Francesco Coneri,
Maarten Leeuwenhoek, Jouri Bommer, James R. T. Seddon, Hans Hilgenkamp and
Jan M. Van Ruitenbeek, Ann. Phys. (Berlin).

61



Chapter 4. On the formation of a conducting surface channel by
ionic liquid gating of an insulator

4.1 Introduction

The carrier density in materials is the central factor in all electron
transport properties. Controlling this carrier density by externally
applied gate potentials permits the study of transport and electron-
electron interaction effects as a continuous function of this density.
Applying an electrostatic potential by means of metallic gates sepa-
rated by a dielectric from the material under study allows covering
only a limited range of carrier densities. Using ionic liquids (ILs) or
ionic gels as dynamic dielectrics between the gate and the device gives
access to a much wider range of carrier densities [169169–171171]. When a
potential difference is applied across the IL, the entire potential drop
is concentrated at the IL/electrode surfaces, where electric double-
layers (EDLs) are formed between a sheet of ions of one dominant
polarity and a sheet of induced charges just below the surface of the
material. These charge layers are separated by a distance as small as
1 nm, thereby producing extremely large electric fields. This makes
it possible to induce carrier densities as high as 8× 1014 cm−2 at the
liquid/solid interface for a material that is otherwise a deep insulator
[169169]. These carrier densities are large enough to permit controlling
fundamental phenomena such as magnetic order, phase transitions
and superconductivity by means of a gate potential. [5555, 170170, 172172–
175175]

Among the materials used for such studies strontium titanate,
SrTiO3, stands out as one of the most widely studied and best charac-
terized systems [176176]. It is a band insulator with an indirect bandgap
of 3.25 eV, which can be converted into a good conductor at its sur-
face, and even into a superconductor [177177]. Disorder plays a role, and
at low densities the conductance is best described by variable range
hopping and the formation of percolation paths for the electrons in
the disorder potential [178178]. The origin of this disorder could be in-
trinsic to SrTiO3 [176176], or it may result from density fluctuations in
the ionic liquid [179179, 180180]. The role of the ionic liquid also comes into
play when discussing the nature of gating in terms of a purely electro-
static effect, or (partially) as a result of electrochemical modifications
of the surface. For sufficiently strong electric fields and field gradients
at the interface one should anticipate inducing disorder and chemical
modifications at the surface. Indeed, experiments have shown the in-
fluence of IL gating on the oxygen content of complex oxides [181181–183183],
while others have shown an unusually high buildup of charges [184184],
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characteristic of induced electrochemical reactions. For the material
of interest here, SrTiO3, several reports have given conflicting views
on the mechanism of IL gating being either electrochemical [182182] or
electrostatic [171171, 177177, 179179] in origin.

More recently, the dynamics of the formation of conducting sur-
face channels has received attention from several groups [185185–187187].
The standard descriptions borrowed from electrochemistry, in terms
of homogeneous Helmholtz or Gouy-Chapman layers at the interface
with the solid, may not be applicable [186186]. A concrete model of the
dynamic evolution of a conducting channel was proposed by Tsuchiya
et al. [185185], in terms of a gradual spreading of the conducting channel
over the surface of the solid, starting from the source and drain con-
tacts. Here we address this question of how the electric double layer
forms on an insulator. We therefore seek to investigate the develop-
ment and underlying mechanism of conductivity across the surface of
SrTiO3 in the time domain. To this end, we slow down the gating
process by lowering the temperature at which the gate potential is
applied, to temperatures just above the glass transition of the ionic
liquid. This allows us to follow the process of gating in time and
elucidate the role of the ionic liquid in the process. We were further
motivated to investigate the charging dynamics at low temperatures
because under such conditions unwanted electrochemical processes are
more easily suppressed. Our observations show that, at variance with
the interpretation by Tsuchiya et al., [185185] the surface conducting
channel on SrTiO3 develops homogeneously. The observed time delay
of conductance after switching on the gate potential is attributed to
the time required for bringing the surface potential to the conduction
band edge of SrTiO3. The subsequent evolution of the conductance
of the channel is consistent with a percolation description of the two-
dimensional electron system.

4.2 Experimental techniques

All of the sample processing was done on pristine undoped SrTiO3
(001) crystal substrates with a miscut angle of < 0.1 degrees, as ob-
tained from Crystec GmbH. The contacts to the SrTiO3 surface were
defined by means of photolithography, as is shown in Fig. 4.14.1a. After
development of the photoresist the patches on the surface onto which
the electrodes were to be structured were first treated by Ar ion milling
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Figure 4.1: (a) A schematic cross section of the sample. Yellow and blue spheres
represent TFSI(-) and DEME(+) ions, respectively. The gate (G), source (S) and drain
(D) electrodes have a thickness of 6 nm Ti plus 150 nm Au. For the areas onto which
the Ti/Au layer is deposited, the SrTiO3 is ion milled to about 100 nm depth. The
separator layer (SL) is 1.7 µm thick. (b) AFM image of a typical SrTiO3 surface after
an oxygen plasma treatment. Clear terrace steps can be observed. The inset shows the
profile indicated by the black line, showing step heights corresponding to the SrTiO3 unit
cell height.

(500 V, 0.4 Pa), such as to ensure low-resistance ohmic contacts be-
tween the metal electrodes and the SrTiO3 surface. After this process,
layers of 6 nm Ti and 150 nm Au were deposited by sputtering. In
order to reduce leakage currents, in a second photolithography step
the sample surface was covered by a separator layer (SL) in the form
of an insulating photoresist (purple in Fig. 4.14.1a), except for the elec-
trical contact pads, the gate electrode, and the surface channel area.
Chemical cleaning in an oxygen plasma (10 Pa, 13 W) was used for
removing any residuals of the photolithographic process on the bare
SrTiO3 surface. The resulting surfaces present flat terraces with step
heights corresponding to the SrTiO3 unit cell parameter of 0.391 nm,
as was verified by atomic force microscopy (AFM), Fig. 4.14.1b. We
have tested patterns defined on the chip consisting of a single chan-
nel with multiple contacts, permitting four-probe measurements and
voltage measurements transverse to the current direction (Layout 1,
see Fig. 4.24.2a), as well as patterns defining many channels of various
lengths in two-probe configurations. Typically a channel is 20 µm
wide and between 10 and 500 µm in length (Layout 2, see Fig. 4.24.2b).

After fabrication the sample was placed inside a glovebox under
pure N2 atmosphere (< 0.1 ppm O2, H2O), where it was heated to
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Figure 4.2: (a) Schematic representation of the electrodes and channel of Layout 1,
consisting of 1 channel of dimensions 60×300 µm2. (b) The same for Layout 2, consisting
of 7 channels of the same width (20µm) and varying lengths (5, 10, 20, 50, 100, 200 and
500 µm). (c) A Schematic top view of the sample designed according to Layout 2. Except
for the large Au gate electrode around the center of the sample, the Au contacts at the
sides of the samples, and the channel area near the center, the whole surface is covered by
a hard-baked photoresist layer (purple). For the pattern illustrated here, the contacts at
the sides are connected to a Hall bar configuration for measuring the electronic properties
of the channel area of SrTiO3. A bias voltage Vsd between source and drain electrodes is
applied, while simultaneously measuring the source-drain current Isd. The gate electrode
(G), has an exposed area of more than 100 times the area of the exposed SrTiO3 channel.
The potential difference Vg is applied between the gate and drain electrodes, while the
gate current Ig is measured simultaneously.

.

120 C for 1 hour in order to remove adsorbates from the surface.
The ionic liquid used here is N,N -diethyl-N -(2-methoxyethyl)-N -
methylammonium
bis(trifluoromethylsulphonyl)-imide (DEME-TFSI), which was tored
in a closed bottle. Special care was taken in keeping the ionic liquid
free from oxygen and water as much as possible. Before use, the bottle
was opened in the glove box and the IL was pretreated by heating it
to 60 C for a period of 72 hours. A metal needle was then inserted into
the bottle in order to pick up a small droplet at the tip of the needle.
This droplet was applied on top of the sample such as to cover the
Au gate electrode and the channel area, as illustrated schematically in
Fig. 4.24.2c, followed by the transportation of the sample to the sample
chamber of the Oxford Instruments Cryofree Teslatron cryogenic mea-
surement system. Before starting the measurements this chamber was
thoroughly flushed with high-purity He gas and pumped to 10−4 Pa
to evacuate contaminations from the atmosphere before cool-down of
the sample.

We have used two Keithley 2400 SourceMeters for the experiments,
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one of which was used for setting up a source-drain bias voltage of
Vsd ≤ 250 mV while simultaneously measuring the source-drain cur-
rent Isd. We verified that the results are independent of this setting
using compliance values as low as 20 mV. The initial, insulating state
of SrTiO3 has a resistance above our measurement limit of 25 GΩ.
The other SourceMeter was used for applying the desired gate voltage
Vg, and for simultaneously monitoring the gate current Ig.

We have tested only positive gate voltages, leading to electron dop-
ing of the SrTiO3 surface, in accordance with previous experiments.
In order to minimize electrochemical carrier doping of the channel the
gate voltages Vg were limited to a maximum of 3.2 V [183183]. Further-
more, the temperatures at which the gate potential was first applied,
which we will refer to as the charging temperatures, were chosen to be
close to the glass transition temperature Tg ≈ 182 K of DEME-TFSI
[188188].

4.3 Experimental results

We start the experiments by stabilizing the sample at a temperature
T above the glass temperature of the IL, after which at t = 0 the gate
potential Vg is switched from zero to a chosen fixed value, and the gate
current is recorded simultaneously with the channel conductance. We
observe the following: After switching the gate potential a waiting
time td elapses before we observe any measurable response in the
conductance of SrTiO3, as shown in Fig. 4.34.3 for T = 195 K and
several settings of Vg. 22 When the gate is switched back to zero the
decay of the conductance takes place on a much shorter time scale.
We introduce a waiting time of at least 10 minutes before a new gate
voltage is set.

The delay time of the main signal strongly increases for lower tem-
peratures (as illustrated for a different sample in Fig. 4.44.4, Layout 2)
and becomes very long (> 1000 s) when the temperature approaches
the glass transition temperature of about 182 K of the ionic liquid.
After the conductivity onset, the current approaches a nearly expo-
nential increase, as shown by the blue dotted curves in Fig. 4.44.4a. The
current Isd(t), here plotted on a linear scale, is closely described by

2The small current signal decaying immediately after t = 0 is part of the gate
current that flows through the source contact. The gate current is discussed in
more detail further down in the text.
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Figure 4.3: Time evolution of the source-drain current for a channel, 10×20 µm2,
Layout 2, at a bias voltage of Vsd = 250 mV. After stabilizing the temperature at T =
195 K and at Vg = 0 the gate voltage Vg is switched at t = 0 instantaneously to the
values indicated by the labels for each of the curves. A time td elapses before the current
suddenly rises above the noise floor of about 10 pA, and the current increases nearly
exponentially.

a single exponential function Isd(t) = I0(1− exp(−(t− td)/τ), which
defines our time constants td and τ . These time constants are plot-
ted as a function of temperature in Fig. 4.44.4b, showing that the times
rapidly grow for temperatures approaching the glass transition, and
that the two times are of similar magnitude.

The gate current, on the other hand, switches instantaneously, fol-
lowed by a smooth decay, as shown in Fig. 4.54.5. We have scaled each of
the gate currents by the applied gate potentials, ranging from 1.4 V
to 3.0 V, and the resulting curves perfectly collapse to a universal
time dependence. The lack of voltage dependence in the scaled gate
current provides strong support for a purely electrostatic charging
process. The curves in Fig. 4.54.5 are closely described by a combina-
tion of two exponentially decreasing functions, with time constants
τg1 and τg2, as illustrated by the red broken curve. The absence of
long-time tails in the gate current with

√
t dependence further testi-

fies for the absence of electrochemical contributions to the charging
process [183183]. We find that the precautions taken to prevent oxygen
and water from interacting with the ionic liquid are critical for this
result. For example, when pumping the sample chamber of the cryo-
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Figure 4.4: Time delay in the response of the conductance of a SrTiO3 channel
(10×20 µm2, Layout 2) upon application of a gate potential. (a) Source-drain current
as a function of time after switching to a fixed gate voltage as indicated, for a charging
temperatures of 205 K. The blue dotted curves show the single-exponential fits (see text).
The green curves give the fits based on the percolation model. The inset shows the source-
drain current on a log scale for a range of temperatures and for Vg = 2.5 V. (b) Time
delay td (blue) and time constants τ (red) as obtained from the fits to the time-evolution
of the source-drain current in (a) for Vg = 2.5 V, plotted as a function of the charging
temperature. For a few temperatures we also show the discharge time constants, which
are much faster. The green points represent the time constant τg2 for the decay of the
gate current. The time constants increase nearly exponentially when approaching the
glass temperature of the ionic liquid at 182 K, as illustrated by the straight dashed lines.
The inset shows that the time constants are nearly independent of the gate voltage, for
T = 205 K, where we use the same color coding as in the main panel.

genic system to only 1 Pa we observe strong deviations from purely
exponential decay of the gate current, the scaling of the gate current
with gate voltage breaks down (Fig. 4.54.5 inset), and the saturation
value of the source-drain current becomes only weakly dependent on
the gate potential.

The time constant τg2 is also shown in Fig. 4.44.4b, and has a similar
magnitude and temperature dependence as found for td and τ . The
time constants are nearly independent of the gate potential to within
20%, as shown in the inset.
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Figure 4.5: Time evolution of the gate current Ig, scaled by the gate potential, upon
application of 15 different gate potentials ranging from 1.4 V to 3.0 V at a charging tem-
perature of 205 K. The curves perfectly collapse to a single smooth time evolution, which
is closely described by a combination of two exponential functions with time constants
τg1 and τg2 (red broken curve). The inset shows the curves between 2.3 V to 3.0 V at a
charging temperature of 220 K, typical of experiments performed at a minimum pressure
of 1 Pa. In such circumstances, the curves no longer are described by a universal time de-
pendence, and show clear Vg dependence. The individual curves are better described with
a Faradeic term. The red, broken curve is a single t−1/2 term fit of the data belonging to
Vg = 3.0 V (R2 = 0.9814).

4.4 Discussion
The fact that all time constants, td, τ , and τg2, have very similar values
and that they depend in the same way on temperature suggests that
the processes are intimately linked, and are dominated by the ionic
conduction in the liquid. The ionic conductivity becomes very small
close to the glass transition and limits the charging time of the total
capacitance Ctot. The ionic conductivity can be described by the
Vogel-Fulcher-Tamman (VFT) equation [189189],

ρ = A
√
T exp B

T − T0
. (4.1)

Here, A and B are constants related to the ion density and the acti-
vation energy for ion transport, respectively, and T0 is the ideal glass
transition temperature. The temperature dependence of the time con-
stants in Fig. 4.44.4b agrees with this nearly exponential dependence, as
indicated by the broken lines in the figure, although the temperature
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interval explored here is not wide enough for testing the full expres-
sion.

The time delay in the source-drain current Isd and the fact that
the gate current in Fig. 4.54.5 does not show a single-exponential decay
as expected for the simple charging of a capacitor could be due to
the charging properties of the IL. Yuan et al. [190190] have analyzed the
dynamic capacitance of the system of the DEME-TFSI ionic liquid
in contact with a ZnO surface as a function of temperature and fre-
quency. They find that the system can be represented by two resistor-
capacitor systems in series. One of these represents the charging of
the surface capacitance, and the other the geometric response of the
ionic liquid. However, the latter produces a response on time scales
that are two or three orders of magnitude shorter than those observed
for the initial fast decay of the gate current, as can be read from Fig.
5 in Ref. [190190] and such processes, if present, would not be resolved
on the timescale of our experiments. In our case the two time scales
find a natural explanation in terms of the voltage dependence of the
surface capacitance of SrTiO3.

Given the fact that SrTiO3 is a wide band gap insulator the delay
time in the source-drain current Isd can be attributed to the role of
the threshold potential Vth required for bringing the electrochemical
potential at the surface of SrTiO3 to the edge of the conduction band.
After switching on the gate voltage the potential at the SrTiO3 surface
is expected to rise exponentially in time. At equilibrium the potential
in the ionic liquid near the surface of SrTiO3 is given by the division of
the potential over the series connection of the capacitance at the gate
and the capacitance to the outside world. Since the former is orders
of magnitude larger, the potential at the surface reaches nearly the
full gate potential. In the process of building up this surface potential
as a function of time the conduction band of SrTiO3 is locally pulled
down until, at a threshold potential Vth the chemical potential of the
electrons in the Au leads is aligned with the bottom of the conduction
band. This condition is met after a time delay td, and from this
moment on a two-dimensional electron system (2DES) can develop
at the surface of SrTiO3. As the ionic surface charging continues
towards saturation the density of carriers in the 2DES grows and
the conductivity increases. This interpretation of the delay time is
consistent with the fact that we observe no substantial conductivity
for gate voltages smaller than 1.8 V.
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The integrated gate current after saturation gives the total charge
Q and we find that this scales linearly with the gate potential, in
agreement with the scaling in Fig. 4.54.5. The proportionality con-
stant between Q and Vg gives the total capacitance, Ctot = Q/Vg,
for which we obtain 1.4 nF, for the sample configuration of the data
in Figs. 4.44.4 and 4.54.5. This capacitance is larger than expected for a
capacitance associated with an individual channel. For the channel
with size 20×10µm2 used for the measurements presented above, and
a specific capacitance at high gate voltage at the SrTiO3 surface of
13 µF/cm2 [185185], the expected capacitance is 26 pF. The larger value
of the capacitance obtained from the gate current reflects the fact that
the capacitance associated with the gate current is the total capaci-
tance of the ionic liquid droplet to the outside world and includes the
capacitive coupling to the other channels on the sample. Estimates
based on the total exposed area of SrTiO3 gives 2.3 nF, which agrees
within a factor of two with observation.

The fact that the capacitance is dominated by the interface with
SrTiO3 implies that the capacitance must be voltage dependent. The
delay time observed in the source-drain current implies that this ca-
pacitance switches to a larger value as soon as the potential at the
surface brings the Fermi energy up to the conduction band edge. We
take this effect into account by a simplified model through a combi-
nation of two time constants, Ig(t) = I1 exp(−t/τg1) + I2 exp(−t/τg2),
and the fit to this expression is shown by the broken curve in Fig. 4.54.5.
The second time constant is the one associated with the charging of
the surface capacitance in the regime of a finite conducting surface
charge density. The cross over between the two regimes occurs at a
time that is similar to the delay time observed in the source-drain
current. The initial time constant τg1 is attributed to the residual
capacitance, dominated by the Au contacts to the channels.

The discharge curve for the source-drain current, recorded when
switching the gate potential back to zero, is again closely described by
a single exponential. This represents the relaxation of the EDL and
we observe that this process is much faster than the build-up of the
double layer, as shown in Fig. 4.44.4b. As was discussed in Ref. [187187] the
difference in charging and discharging times can be understood as the
competition between two driving forces. When charging the EDL the
cations are driven towards the interface by the electric field, but the
concentration gradient drives them in the opposite direction. When
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discharging, the electric field of the charge layer works in the same
direction as the concentration gradient, resulting in a larger combined
driving force for the current. From these observations we conclude
that the ionic conductivity obtained from the process of charging and
discharging of the EDL may deviate from the bulk conductivity.

Nevertheless, we can use the experimental values for τ for esti-
mating the ionic resistivity ρ taking into account the geometry and
size of the electrodes according to Layout 2. We take the channels
as approximately one-dimensional, and combine the contribution to
the charging current from all channels on the sample. The resistivity
can then be approximated by ρ = πRL/ ln(W/a), where R = τ/C is
the resistance obtained from the time constant and the capacitance,
L = 910µm is the total length of the channels, a = 10µm is half the
width of the channels, and W ' 1 mm is the radius of the ionic liquid
droplet. The values for ρ thus obtained are accurate to within a fac-
tor of two as limited by our knowledge of the geometry of the droplet
(represented by the errorbars), and are plotted in Fig. 4.64.6 along with
the known literature values [188188, 191191]. The curve fit is based on the
VFT equation (4.14.1) [189189]. The fit parameter T0 is the ideal glass tran-
sition temperature, which is typically 30 to 50 K lower than the Tg
measured by means of differential scanning calorimetry [189189], as is the
case for DEME-TFSI [188188]. In our case the VFT function gives a good
fit, with T0 = 151±7 K, demonstrating that our interpretation of the
delay time produces values for the ionic liquid conductivity that are in
good agreement with the available literature data. Note that our data
points appear to be slightly above an extrapolation of the literature
values, which may result from the fact that our resistivity data are
obtained from the properties of the EDL and thus be influenced by
the concentration gradient.

In order to connect the charging/discharging dynamics in the ionic
liquid with its effect on the electrical conductivity of the channel we
now turn to the properties of the 2DES, notably its conductivity ex-
trapolated to long times, σ∞. Despite the metallic characteristic at
high charging voltages [177177], the 2DES cannot be viewed as a normal
metal because we find that the conductivity strongly depends on the
length of the channels, decreasing for channel lengths running from 10
to 500 µm. As another indication of this anomalous character the con-
ductivity of the 2DES remains well below the conductance quantum,
σ∞ � e2/h. These observations are consistent with an interpreta-
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Figure 4.6: Plot of the ionic liquid resistivity as a function of temperature. The blue
points are obtained in this work as calculated from the observed delay times. Red and pink
points represent literature values for ρ, as taken from Refs. 188188 and 191191. The fit curve is
based on the Vogel-Fulcher-Tamman equation. The fit parameters are: T0 = 151 ± 7 K,
A = 4.8× 10−3 Sm−1K−0.5 and B = 1.3× 103 K (R2 = 0.994).

tion of the conductivity in terms of Anderson localization and the
formation of percolation networks of conducting paths [178178].

This observation appears to be contradicting the nearly perfect
exponential growth of conductance with time seen in Fig. 4.44.4. In a
2DES percolation model the conductance is expected to be controlled
by the charge density n according to [192192],

σ = A (n− nc)4/3 , (4.2)

where A is a system specific constant and nc is the two-dimensional
critical density for forming a percolation path. Assuming a sharp
conduction band edge, the charge density at the surface is controlled
by the local electrostatic potential V created by the ionic liquid at the
surface of the SrTiO3 crystal, as

n(V ) = c (V − Vth) , (4.3)

where Vth is the threshold voltage determined by the position of the
conduction band edge, and c is the capacitance per unit area. From
the discussion above we conclude that after the delay time the local po-
tential V follows a simple exponential law for the charging of a capac-
itor V (t) = Vg(1 − exp(−t/τ)). Combining this with Eqs. (4.24.2),(4.34.3)
we expect a time evolution for the conductivity,

σ(t) = σ∞ (α− exp(−t/τ)))4/3 . (4.4)
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The inset shows the corresponding log-log plot of the negative Vsd part of the data. The
red, broken line shows the fit to the data with Vc = 1.2 V, and δ = 1.30± 0.02.

Here, σ∞ = A(cVg)4/3, and α = 1−Vth/Vg−nc/(cVg) is a constant of
order unity. This functional form fits the observed time dependence
very well, as demonstrated by the green solid curves in Fig. 4.44.4.

The close match between the fit and the observed time dependence
of the conductance supports the interpretation that the conductance
is just controlled by the local electrostatic potential of the ionic liquids
at the surface.

For 2D percolative systems, e.g. random-resistor-tunneling-networks
[193193], certain I(V) characteristics are expected. When a voltage is ap-
plied between the source and drain electrodes, no current flows below
a critical voltage Vc. For V > Vc a certain scaling behavior is to be
expected, according to Isd ∝ (V −Vc)δ [194194], for which the value δ cor-
responds to the same 4/3 [193193], also found in SrTiO3 [195195]. We find
similar, non-linear behavior at low temperatures for gated channels
(Fig. 4.74.7). The channel gated at Vg = 2.5 V shows scaling behavior
with δ = 1.30± 0.02 and Vc = 1.2 V at T = 20K.

Any electrochemical influence of the surface charge density would
involve diffusion of the reaction species towards and away from the sur-
face and is expected to show up as a time dependence t−1/2 [183183, 196196].
This would be seen as a lack of saturation at long times, which we
encounter in our experiments when we relax the conditions for treat-
ment of the ionic liquid, so that oxygen (or water) contamination
starts playing a role. For example, when evacuating the sample space
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at the start of the experiments to only 1 Pa we observe a break down
of the scaling in Fig. 4.54.5 and the 2DES conductivity does not sat-
urate. Remarkably, poorer vacuum conditions often lead to higher
maximum 2DES conductivities, but for longer gating times the con-
ductivity starts degrading and becomes dependent on the gating his-
tory.

Apart from the methods employed in this work to illustrate the
difference between electrostatics and electrochemistry, other methods
can also be employed to further illustrate this contrast through en-
hancement of electrostatic gating. An example of this is the usage of
monolayer separator layers such as hexagonal boron nitride [179179] or
other insulating materials to prevent direct contact between the ionic
liquid and the surface of SrTiO3. Although such although the in-
creased double layer distance limits the polarization and changes the
Coulomb scattering and mobility properties of the 2DES, measure-
ments of the onset of conduction with such a separator layer in place
could provide a further means of minimizing any possible contribution
of electrochemistry to the gating process here.

In the analysis of the time dependence we have ignored delays in
charging times due to the finite conductivity of the 2DES. In ana-
lyzing time delays similar to those reported here for experiments on
SrTiO3 with a solid electrolyte Tsuchiya et al. [185185] proposed a model
of charge build up that evolves gradually over the surface of the solid,
initiated from the contact electrodes. Initially the SrTiO3 surface is
assumed to be a perfect insulator. Near the electrodes the build up
of an electrostatic potential in the ionic liquid pushes the chemical
potential to the conduction band edge, allowing local charging of the
SrTiO3 surface. This charged surface then serves as the contact elec-
trode for the next section of the surface.

If this model were correct the time delay would depend linearly
on the channel length. We have tested this in two ways. First, for
fixed channel length in Hall bar configuration we measured the con-
ductivity across the channel at two points, using small capacitors to
connect to the side contacts and an ac lock-in resistance measure-
ment technique. The coupling by small capacitors prevents the side
contacts from forming nucleation points for the formation of a 2DES.
When switching the dc source-drain bias we find that the conduc-
tance along the channel and at two points across the channel develop
nearly simultaneously. The noise on the ac signal limits our accuracy
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in determining the delay times, but they are equal to within 20%.
In addition, we tested on another sample a series of channels in 2-
point configuration with lengths of 10, 20, 50, 100, 200 and 500 µm.
The observed time delays show a variation by about 50%, but no sys-
tematic systematic dependence. In fact, the shortest channel showed
the longest delay time. We conclude that the charging of the surface
occurs nearly homogeneously, and we tentatively attribute the small
variation in delay times to variation in the geometries and positions
on the sample.

The absence of a length dependence in the delay times suggests
that the conductivity of the 2DES is not a limiting factor in the for-
mation of the EDL. We picture the charging process as follows. When
a gate potential is applied a standard EDL forms at the surfaces of
the gate and at the Au contact electrodes. Since the area of the gate
is much larger, the voltage drop concentrates at the surface of the
small source and drain contacts. Towards equilibrium the potential
would assume a homogeneous level inside the ionic liquid, and this
would approach the potential of the gate. Since the surface of the
SrTiO3 crystal is in contact with this ionic liquid it feels the rising
of the potential of the ionic liquid towards that of the gate over its
entire surface. Only when this potential brings the conduction band
edge to the level of the Fermi energy the EDL starts to form, and elec-
trons flow in from the electrodes. At that moment the conductance
is already well above the conductance of bulk SrTiO3 in equilibrium.
When the resistance of the 2DES drops below our detection limit of
about 25 GΩ, the estimated RC time for a channel of 10× 20µm, us-
ing the quoted specific capacitance of 13 µF/cm2, is only 0.6 s, much
smaller than the observed time delays. We conclude that the observed
time dependence is entirely dominated by the ionic conductivity of the
IL.

In conclusion, we have demonstrated that IL-gating on insulators,
i.c. SrTiO3, at charging temperatures close to the glass temperature
Tg produces a delayed transition to a conducting surface state. The
delay time is strongly dependent on the temperature and diverges
near Tg. The time delay and time evolution of the conductance can
be described by a process of homogeneous charging of the surface, and
is determined by the band gap of the insulator. The conductance that
results is consistent with a percolation model of transport. We provide
a method of distinguishing between electrochemical and electrostatic
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processes by using the scaling behavior of the gate current, which
is of crucial importance in this rapidly developing field of research.
We find no evidence of charge doping by electrochemical reactions
when charging close to the glass temperature of the IL, provided we
maintain strict conditions during handling of the ionic liquid.
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Chapter 5

On the nature of ionic
liquid gating of
Nd2-xCexCuO4 thin films

Recently, ionic liquid gating has been used to modulate the charge carrier properties of
metal oxides. In this chapter, we report experiments on doped and undoped Nd2CuO4.
We find major resistance drops of the bilayer coupled to observations of the presence of
a considerable Faradeic component in the gate current and of the appearance of charge
transfer peaks in the cyclic voltammetry data. In contrast the work on SrTiO3 described in
the previous chapter, trace amounts of contaminations present in the ionic liquid cannot
be excluded, and we propose a mechanism of gating based on irreversible electrochemical
reactions. This work is in line with previous reports confirming the presence of irreversible
electrochemistry in ionic liquid gated electron-doped cuprates.11

1The work in this chapter was published as: On the nature of ionic liquid
gating of Nd2-xCexCuO4 thin films, Hasan Atesci, Francesco Coneri, Maarten
Leeuwenhoek, Hans Hilgenkamp and Jan M. van Ruitenbeek, Low Temperature
Physics 43, 290, 2017.
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5.1 Introduction

Since its discovery in 1986 [197197], high temperature superconductiv-
ity (HTS) in doped Mott-insulator cuprates has generated much in-
terest [198198]. Although the mechanism of pairing remains illusive
[199199–202202], many of its characteristics have been firmly established.
Cuprate HTS can be either hole-doped or electron-doped, and typ-
ically shows a dome-shaped phase diagram as a function of chemi-
cal doping [203203]. However, chemical doping induces disorder in the
Mott-insulator compound[88], which can be avoided by electrostati-
cally doping the HTS using an oxide gate dielectric [204204–207207]. Ox-
ide gate dielectrics have successfully achieved changes in the critical
temperature of cuprates [208208]. But, due to the break down electric
field [209209, 210210], the induced charge carrier density is limited to ∼1013

cm−2, having only a relatively small influence on the changes on the
conductive properties of the cuprate [211211]. This is due to the fact
that the charge carrier density in Mott insulator cuprates requires an
areal density of up to 1014 cm−2 in order to go through the phase
diagram of HTS cuprates. To overcome this problem, ionic liquids
(ILs) have recently been used as gate media to generate high car-
rier accumulation [109109, 212212]. ILs consist entirely of ions, and when a
voltage is applied across the IL, Helmholtz electric double layers are
formed. These layers consist of ions of one kind of the IL and the
induced charge carriers of the solid and are separated ∼1 nm from
each other. With IL gating, carrier densities of up to 8×1014 cm−2

are achievable [109109], substantially higher than what is attainable with
their conventional dielectric counterparts, making it possible to induce
insulator-to-superconductor transitions [5959, 6060, 213213].

In this work, we attempt to address two points of interest. Firstly,
most of the IL experiments on cuprates have been done on hole-doped
cuprates [1010, 5959, 6161], whereas for electron-doped compounds only
Pr2-xCexCuO4 and NdBa2Cu3O7-δ have been tested with ILs [6565, 6666,
214214]. Hence, IL gating on electron-doped cuprate compounds is im-
portant for obtaining a more complete picture of its effects on cuprates
and high-temperature superconductors in general. Secondly, there is
an increasing number of articles stating that the effect of IL gating in
cuprates and other oxides is related to electrochemistry [1111, 4949, 6767–
6969, 214214], indicating that the ideal picture of EDL electrostatics sug-
gested in some articles [1010, 5959, 6060, 213213] might not be valid.
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5.2 Experimental details
We have applied the IL gating technique at the pulsed laser depo-
sition (PLD) grown electron-doped cuprate of single layers of un-
doped Nd2CuO4 (NCO) and bilayers of 0.10 Ce doped Nd2-xCexCuO4
(x = 0.10) (NCCO) and NCO (NCCO/NCO). We have used a depo-
sition temperature of 820 C and O2 pressure of 2.5 ×10−1 mbar. The
NCO and NCCO targets are ablated using a laser fluence of ∼ 1.2
J/cm2 and repetition rate of 4 Hz. The cuprate is grown on substrates
formed by a pristine (LaAlO3)0.3(Sr2TaAlO6)0.7 (001) (LSAT) crys-
tal. The cuprate and substrate have lattice parameters of 3.94 Å and
3.87 Å, leading to some epitaxial strain in NC(C)O. For the reason of
lowering the epitaxial strain of the upper layers, we have grown the
bilayers [1010, 153153, 215215, 216216].

By varying the lens and mask positions and the energy of the
laser beam, we can influence the spot size of the laser beam, while
keeping the laser fluence constant at 1.2 mJ/cm2. We observe that a
lower spot size and a lower energy leads to a lower growth rate of the
compound per pulse, and is in general more suitable for layer-by-layer
growth. For our system, we find a growth rate of 0.5 Å per pulse using
optimized settings (spot size of 2.2 mm2 and an energy of 29.3 mJ) for
layer-by-layer growth. To monitor the in-situ growth of the cuprate,
we have used Reflection High Energy Electron Diffraction (RHEED)
Fig. 5.15.1a. The intensity of the specular reflected beam shows clear
oscillations for the first unit cells of the compound. The amplitude of
these oscillations quickly dies out, indicating a transition from layer-
by-layer growth to island-like growth fashion. For the thicknesses of
the films we are interested in, the resulting morphology of the films is
characterized by screw dislocations, showing the spiral growth mode
of the cuprate grains Fig. 5.15.1b, and is similar to what is found for
cuprates grown on substrates having lattice mismatches [160160, 161161].

We have tested a total of 22 samples, where the NCO single layers
have thicknesses varying from 12 to 48 unit cells, while NCCO/NCO
bilayers have bottom layers that are 24 to 46 unit cells thick and top
layers that are 4 to 12 unit cells thick. We show that IL gating has an
effect in lowering the resistance of a bilayer of the compound, and we
argue that this is caused by electrochemical reactions, likely because
of trace amounts of impurities present in the IL. The results shown
in this paper are for a particular NCCO/NCO bilayer of 20 unit cells
thick NCO and 5 unit cells thick NCCO, and is reproducible for the
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Figure 5.1: (a) RHEED intensity vs. time graph which shows the oscillations of
the specular reflected beam for the first few unit cells of the cuprate, after which the
amplitude of the oscillation goes to zero, indicating an island-like growth fashion. The
arrow indicates the start of the PLD process, while the asterisks show the instances where
the electron beam intensity has been increased manually. (b) The AFM data shows the
screw-island growth mode of a typical cuprate film on LSAT. The step heights coincide
with half a unit cell of NC(C)O (1.2 nm).

other samples, unless stated otherwise.
After the PLD process, we use photolithography to define areas

on the sample that will be maintained, while the rest is removed by
argon ion milling. In order to decrease the contact resistance, all
of the remaining bilayer is covered by sputter deposition of Ti/Au,
apart from the bilayer of the channel area. It is to be noted that
Ti/Au deposition on NC(C)O does not lead to a non-Ohmic contact,
which is not true in the case of La2-xSrxCuO4, as has been pointed out
in Chapter33. In order to prevent unnecessary leakage currents, the
substrate surface is then covered by an insulating photoresist layer,
except for the gate electrode and channel (Fig. 5.25.2a). The exposed
areas are chemically etched in an oxygen plasma (100 mTorr, 13 W)
which removes any residuals of the photolithographic process.

The sample is then placed inside a N2 atmosphere glovebox (<0.1
ppm O2 , H2O),where it is heated to 120 C to remove any water on top
of the surface. The ionic liquid bottle containing N,N -diethyl-N -(2-
methoxyethyl)-N -methylammoniumbis(trifluoromethyl- sulphonyl)-
imide (DEME-TFSI), is kept in the same atmosphere. Before any
usage of the IL, it is preheated at 60 C for a period of more than 72
hours. With the insertion of a needle in the IL bottle, a small droplet
is formed at the end of the needle, which is then put on top of the gate
electrode and the bilayer channel area (Fig. 5.25.2b). Next, the sample
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Figure 5.2: (a) A schematic cross section of the sample. Here, yellow and blue spheres
represent TFSI(-) and DEME(+) ions, respectively. The gate (G), source (S) and drain
(D) electrodes are 6 nm (Ti) + 150 (Au) nm thick and are made using photolithograpy
after deposition of the bilayer. A separator layer (SL) ensures only the bilayer channel
at the surface of the NCCO between the source and drain electrodes in contact with the
ionic liquid droplet. Applying a voltage between the gate and drain electrodes leads to a
charge buildup in the channel. (b) A schematic top view of the sample. Except for the
large Au gate electrode around the center of the sample, the Au contacts at the sides of
the samples, and the channel area near the center, the whole surface is covered by a hard-
baked photoresist layer. The contacts at the sides are connected to a Hall bar configuration
of electrodes on the channel to measure electronic properties of the channel area of the
bilayer, which is freed from photolithographic residuals by oxygen plasma etching. A
current is sent through the source (S) and drain (D) electrodes. In combination with
voltage probes placed at one side of the sample, the four-point resistance of the channel
is measured, having an area of 50 x 300 µm2. The gate electrode, has an exposed area of
more than 100 times the area of the exposed NCCO channel.
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is transported to the insert chamber of the measurement setup, which
is flushed with He gas and pumped several times to a pressure of 1
Pa to remove contaminations (O2 and H2O) from the atmosphere of
the sample.

We use two Keithley 2400 SourceMeters for the experiments. One
SourceMeter is used to measure the four terminal resistance of the
channel. To this end, we apply a current bias between the source and
drain electrodes (500 nA), while limiting the maximum voltage Vsd
to 250 mV. We use the other SourceMeter for the application of a
gate voltage Vg and monitoring the gate current Ig. In order to limit
electrochemical processes influencing carrier doping of the channel,
the maximum Vg applied is 2.5 V, which lies well within the potential
window of the liquid [122122, 217217]. Furthermore, the experiments are
performed at a suitable charging temperature of 210 K [218218], above
the melting point of DEME-TFSI of 184 K [219219].

Our measurement comprises five cycles of two sub measurements.
The first sub measurement is in-situ cyclic voltammetry (CV) in or-
der to test for possible chemical reactions in the Au/IL/bilayer system
[220220]. During the CV, Ig is measured while modulating Vg from 0 V
to 2.5 V and back to 0 V again at a scan rate of 5 mV/s. The second
sub measurement records the Ig(t) and four terminal resistance R(t)
characteristics of the channel after switching the gate voltage from
zero to +0.5 V, +1.0 V, +1.5 V, +2.0 V and +2.5 V for 15 minutes.
After the second sub measurement is finished, the Keithley instru-
ments are reset to zero for approximately 30 minutes. The relaxation
time of the charges in the IL can be estimated by RILCEDL, where
RIL is the resistance of the IL, approximated to be in the order of 109

Ω [9898]. The electric double layer capacitance is estimated as 2 nF,
since the channel area is 1.5 ×10−4 cm2 and the specific capacitance
is 13 µF cm−2. Thus, the RC time is in the order of seconds, making
the waiting time of 30 minutes sufficiently long to cancel any memory
effect of the ions.

5.3 Experimental results and discussion

The CV data in Fig. 5.35.3 indicates the presence of irreversible reactions.
This is based on the fact the the first cyclic voltammogram does not
show any peaks, indicating that the IL is clean and that no electro-
chemical reactions take place in the initial stages of the experiment.
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The subsequent CVs do show peaks, denoted as peaks I (cathodic), II
and III (both anodic). Peak I is located between 1.35 and 1.95 V and
indicates an initial reduction. Peak II and III are located between
1.1 and 1.44 V, and 0.29 and 0.55 V, respectively. If peak I would
be caused by a reversible reaction, only one anodic peak would be
expected. However, we see two anodic peaks, indicating the oxidation
of either the product(s) or a part of the product(s) of this reduction.
Furthermore, if peaks I and II are part of the same reversible reaction,
the Nernst equation would dictate that for reversible electrochemistry
the difference in potential of the anodic and cathodic peaks lies within
0.059 V [221221]. Moreover, one would expect that both peaks are equal
in amplitude. The CV data shows however, that the potential sep-
aration of both peaks (I and II) is 0.27 < ∆V < 0.51 V, while the
magnitude of peak I is approximately 3 to 10 times larger than peak
II for all CV scans.

Figure 5.3: Plots showing 6 CV scans. The first cyclic voltammogram does not show
any peaks and indicates a chemically pure IL, while the others show peaks increasing
in amplitude as a function of the cycle number. As the number of CV scans increases,
several peaks (I, II and III) start to appear. Peak I is located between 1.35 and 1.95 V
and indicates an initial reduction. Peak II and III are located between 1.1 and 1.44 V, and
0.29 and 0.55 V, respectively. We observe that the potential separation between peaks I
and II is 0.27 < ∆V < 0.51 V. Furthermore, the amplitude of peak I is a factor 3 to 10
higher than that of peaks II and III.

The presence of irreversible electrochemistry is further supported
by AFM data. Fig. 5.45.4a shows an image of the surface of a freshly
prepared sample, with structure typical for island growth of the films.
The importance of this observation is that the edges of the islands ex-
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Figure 5.4: AFM images of the surface of the bilayer before and after IL gating exper-
iments. (a) Before the experiments, the AFM image shows that NCCO has a topography
which is island-based. The roughness of the sample is 0.87 nm. (b) After the experiments,
the surface lost the former characteristics, and has a higher roughness of 2.35 nm.

pose sites with higher reactivity, which could act as possible seeding
locations for electrochemical reactions. Before the experiment, the
sample surface topography showed a root mean squared (rms) rough-
ness value of 0.87 nm (Fig. 5.45.4a). After the IL gating experiments,
the surface is altered dramatically, having a substantially higher rms
roughness value of 2.35 nm (Fig. 5.45.4b).

Another argument for electrochemistry is based on our gate cur-
rent vs. time data. After switching the gate voltage to the set value
at the start of the second sub measurement, the gate current data
shows a rapid initial decrease, followed by a slowly decaying function,
a typical graph of which is shown in Fig. 5.55.5. In case the charging
process is strictly electrostatic, the total accumulated charge would
be given by Q = ACVg. Here, A is the total NCCO area and C is the
specific capacitance, being equal to 1.5 ×10−4 cm2 and 13 µF cm−2

[222222], respectively, making the expected charge roughly 5 nC for the
highest gate voltages used. The observed charge, calculated as the
integral of Ig, however, is typically one to two orders of magnitude
higher for all measurements, suggesting other mechanisms, notably
electrochemical reactions, play a role.

We find that the Ig(t) characteristic cannot be fitted with only an
exponential term, indicative of electrostatic charging of the bilayer.
Rather, we need to add a Faradeic, diffusive, term with a certain
proportionality constant K, i.e. I(t) = K/

√
t to fit the whole curve,
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Figure 5.5: Ig(t) curve for a Vg of 2.5 V at 210 K. The inset shows the total accumu-
lated charge Q vs. time, calculated by integrating Ig(t). The total accumulated charge
Q exceeds the value that one would expect for a purely electrostatic charge of the NCCO
layer, i.e. roughly 5 nC.

with

K = cAF
√
D√

π
. (5.1)

Here, c is the concentration of the substance taking part in the electro-
chemical reaction A is the area of the bilayer surface, F is the Faraday
constant, and D is the diffusion coefficient of the reactive species. We
find that the proportionality constant for all of the curves is between
0.04 < K < 1.4 nA s

1
2 . The large spread in this parameter is due

to the fact that it is gate voltage dependent, where a larger applied
gate voltage would lead to higher gate currents and therefore higher
proportionality constants. If we assume the cations and anions of the
IL are taking part in the reaction, we come to the conclusion that
the desired diffusion constant of the species should be 10−β cm2/s,
with β = 14-18. In this calculation, we take an approximate value
for the density of the IL to be 1.5 g/cm−3. The obtained value of D,
however, is many orders of magnitude below the expected literature
values for DEME-TFSI, which is 10−β cm2/s, with β = 8.6 - 10.6
[223223, 224224]. Because of this difference in diffusion coefficient values,
it is not plausible that the anions and cations of the IL take part in
the irreversible reaction. A more likely scenario is that trace amount
of impurities like hydrogen and oxygen present in the IL react with
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the surface. Indeed, it has been shown that impurities of hydrogen
can lead to major gating effects in oxides [6969, 9797, 225225], while oxygen
impurities can lead to either the doping of oxygen [106106], or the gen-
eration of oxygen vacancies [4949, 6767, 7070]. Although it has been shown
that both hydrogenation [226226] and (de)oxygenation [227227] are applica-
ble to NCCO, it is not possible to deduce which of these processes are
present in the present system with our current techniques.

In Fig. 5.65.6a we show that the resistance R decreases an amount
∆R when a positive gate voltage is applied. Here, ∆R is the difference
between R at t = 0 s (R0) and the value of the tangent line at t = 0 s of
R at t = 900 s. In the next figure, the relative change of R is plotted as
a function of cycle number and Vg (Fig. 5.65.6b). The conductance gains
in the first cycle are limited and the relative change in R is 5 % at the
highest Vg of +2.5 V. However, as the cycle number is increased, the
relative change in R shows a systematic increase as a function of both
Vg and the cycle number, having a relative change close to 25 % at
+2.5 V. This clearly shows the irreversibility of the gating effect, while
reversibility is expected in case the gating would be electrostatic. This
behavior is typical for single-layered channels of NCO as well. We also
observe that the relative change of R is larger for samples that have
been tested with a lower degree of purification of IL, again indicating
that impurities play a major role in the effect. In Fig. 5.65.6c we plot
the normalized resistance vs. temperature of the gated bilayer. In
this figure, we observe semiconducting behavior down to 10 K. For
gate voltages up to +2.0 V we observe a systematic decrease of the
resistance, but no onset of superconductivity. The application of a
higher gate voltage (Vg ∼= 2.5 V) leads to sample degradation.

5.4 Conclusions

In summary, we have applied IL gating on the single layers of NCO
and bilayers NCCO/NCO. We observe that repeated gating leads to
the appearance of peaks in the cyclic voltammogram. These reactions
have a substantial influence in the resistance of the NCCO layer, espe-
cially after a prolonged period of gating, which goes hand in hand with
pronounced distortions of the NCCO surface. Together with these
observations, we see that accumulated charge in the system that far
exceeds the expected electrostatic accumulation. All of these point
to the presence of irreversible electrochemical reactions. The fitting
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Figure 5.6: (A) R(t) curve recorded when at t = 0 s a Vg of 0.5 V is applied. The
curve shows a change ∆R, defined as the difference between R at t = 0 s (R0) and the
value of the tangent line at t = 0 s of R at t = 900 s. (B) The observed relative change in
R as a function of gate voltage and cycle number at 210 K. The change in R is systematic
and becomes larger as Vg and the number of cycles increases. (C) Normalized resistance
of the NCCO/NCO channel plotted as a function of T for Vg = 0 V, +0.5 V, +1.0 V,
+1.5 V, +2.0 V and +2.5 V. The behavior is semiconductor-like, and shows a systematic
decrease of the resistance up to a gate voltage of +2.0 V. However, applying a gate voltage
of +2.5 V leads to sample degradation.

of the gate current data indicates that these are caused by traces of
impurities in the ionic liquid. With the present technique of PLD
growth of the material and the choice of substrate, we have found
that it is not possible to obtain layer-by-layer growth, which would
help prevent electrochemical reactions happening in the compound.
This work confirms previous work done on electron-doped cuprates of
NdBa2Cu3O7-x and Pr2-xCexCuO4. In the former material, IL gating
has been found to produce oxygen vacancies. In Pr2-xCexCuO4, gate
voltages above + 2.5 V lead to irreversible electrochemical reactions
[6565]. Similarly, using gate voltages below + 2.5 V leads to a relatively
little gating effect, not enough to induce a superconducting transition
[6666].
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Chapter 6

On the nature of ionic
liquid gating of
La2-xSrxCuO4

Ionic liquids have recently been used as means of modulating the charge carrier properties
of cuprates. The mechanism behind it, however, is still a matter of debate. In this
paper we report experiments on ionic liquid gated ultrathin La2-xSrxCuO4 films. Our
results show that the electrostatic part of gating has limited influence in the conductance
of the cuprate in the gate voltage range of 0 V to −2 V. A non-electrostatic mechanism
takes over for gate voltages below −2 V. This mechanism most likely changes the oxygen
concentration of the film. The results presented are in line with previous X-ray based
studies on ionic liquid gating induced oxygenation of the cuprate materials YBa2Cu3O7-x

and La2-xSrxCuO4. 11

6.1 Introduction
Changing the charge carrier density by means of gating is the crux of
today’s technology, where fields of up to 10 MV/cm are used in transis-
tors to change semiconductor properties. Recently, ionic liquids (ILs)
have been used in oxide semiconductors for the application of fields
of up to two orders of magnitude higher than that for their conven-
tional solid-state counterparts. ILs consist entirely of ions and form
Helmholtz electric double layers at the interfaces with the electrodes

1The work in this chapter was published as: On the Nature of Ionic Liquid
Gating of La2-xSrxCuO4, Hasan Atesci, Wouter Gelling, Francesco Coneri, Hans
Hilgenkamp and Jan M. van Ruitenbeek, Int. J. Mol. Sci. 19, 566, 2018.
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when a voltage is applied across the IL. One layer consist of anions or
cations of the IL, while the other layer comprises the induced charge
carriers of the solid. With a ∼ 1 nm separation within the double layer
charge carrier densities of up to 8 × 1014 cm−2 are achievable [109109],
making it possible to induce insulator-to-superconductor [88, 5959, 213213]
and metal-to-insulator transitions [1111, 6767, 228228].

This technique is driven by an electrostatic mechanism, and holds
for many materials [7171, 229229]. However, when applied to correlated
oxide systems [6767, 7070] there is substantial evidence that electrochem-
ical processes related to interstitial oxygen is crucial in the gating
process [6464]. As for cuprate high temperature superconductors such
as YBaCu3O7-x, several reports suggested that the superconducting
transition can be induced by (de)oxygenation of these materials by
means of IL gating [6262, 6363], while others suggested an electrostatic
mechanism [6060]. Dubuis et al. [6464] argued that the electric field of
the electric double layer drives a redistribution of the oxygen atoms
in the basal planes of the cuprate in an electrostatic fashion, while
others have suggested an electrochemical process leading to oxygena-
tion of the cuprate [6262, 6363]. In this work, we attempt to address the
mechanism of the IL gating of the cuprate material of La2-xSrxCuO4.

6.2 Experimental details

The La2-xSrxCuO4 films are grown on single crystalline LaSrAlO4(001)
or (LaAlO3)0.3(Sr2AlTaO6)0.7(001) substrates (0.05-0.3◦ miscut), for
these have a small mismatch in the lattice constants with respect to
La2-xSrxCuO4 (0.5 %). The substrates were annealed at a tempera-
ture of 1050 ◦C for 10 or 12 hours under a flow of O2 of 50 mL/min
to remove any organic materials on the surface of the substrate and
to allow reconstruction of surface defects. When scanned with atomic
force microscopy (AFM), the substrate surface shows clear steps of
half a unit cell (UC) height (Fig. 6.16.1a), which is expected for a double
termination of the substrate lattice, and has a root mean square (rms)
roughness of 0.23 nm.

We use Pulsed Laser Deposition combined with Reflection High
Energy Electron Diffraction (RHEED) to grow the cuprate and mon-
itor the growth in-situ. During growth the substrates are kept at a
deposition temperature of 740 C and O2 pressure of 0.13 mbar. The
target is ablated using a laser fluence of ∼ 1.65 J/cm−2 and repe-
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Figure 6.1: (a) Example of an AFM image of an annealed LaSrAlO4 (001) substrate
(1050 C, 10 hours) showing clear steps. The inset shows the height profile of one step,
indicating the step height is half a UC. This is due to the double termination of the
substrate UC. The rms roughness is 0.23 nm. (b) Graph of RHEED intensity vs. time
which shows the oscillations of the specular reflected beam for the growth of a 10 UC
thick La1.95Sr0.05CuO4 (Sr doping is 0.05) on LaSrAlO4. The oscillations are typically
preserved up to the 20th RHEED oscillation and are indicative of layer-by-layer growth
of the cuprate. The arrows indicate the start and end of the deposition process.

tition rate of 4 Hz. The RHEED oscillations, as seen in Fig. 6.16.1b,
indicate layer-by-layer growth, where two RHEED oscillation periods
indicate the growth of 1 UC [6060, 143143]. The thickness of the grown
La2-xSrxCuO4 film is between 10 and 30 UCs, while x varies from
0.05 to 0.09. When Au for the electrodes is deposited ex-situ by a
photolithographic process the adhesion of the Au electrodes is poor
and the Au layers detach with the lift-off step. To prevent this we
have attempted to introduce a thin Ti adhesion layer before depositing
Au. However, this introduces high contact resistances, about 100-1000
times the sheet resistance and further diverging at low temperatures,
rendering measurements at low temperatures problematic. We sus-
pect that the deposition of Ti leads to oxidization, inducing oxygen
diffusion from the La2-xSrxCuO4 layer to the Ti layer. In turn, this
leads to a decrease of charge carriers, which is detrimental for the
conductive properties. Another reason may be the difference in work
function of Ti (4.33 eV) and La2-xSrxCuO4 (5.02-5.23 eV [230230]), lead-
ing to a Schottky-like barrier. The problem was resolved by in-situ
deposition of a full Au layer with a typical thicknesses of 50 - 90 nm
immediately following La2-xSrxCuO4 deposition, at an Ar pressure
of 2 × 10−2 mbar, using a laser fluence of ∼ 4 - 4.5 J/cm2 and a
repetition rate of 4 Hz, see Fig. 6.26.2a(I). The second process involves
a photolithographic step in which areas are defined separating the
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Figure 6.2: (a) Schematics of the sample preparation. I) After in-situ pulsed laser
deposition of 10 to 30 UC of La2-xSrxCuO4 (LSCO) on a LaSrAlO4 (LSAO) substrate,
followed by Au deposition. II) After dry etching of the areas defined by photolithogra-
phy. III) After wet etching of the excess Au between the source and drain electrodes
using a KI/I2/H2O solution. IV) Schematic representation of the electronic circuit of the
IL/La2-xSrxCuO4 system. (b) Schematic representation of the used electrodes and chan-
nel layout (60×300 µm2). Here, the voltage probe separation at the channel area is 60
µm. The dashed circle represents the approximate cross sectional area of the IL droplet at
the sample surface. (c) An example of an AFM image of the surface of the La2-xSrxCuO4
channel (10 UC) after fabrication, before adding the IL. The film rms roughness is 0.49
nm, and clear steps of the film are visible.

gate from the active device area, followed by an dry etching step in
an Ar+ ion beam at 500 kV, see Fig. 6.26.2a(II). During this step, the
areas for the Au electrodes needed for measurement and wire bond-
ing, together with the La2-xSrxCuO4 channel area are protected by
the photoresist. Exposing the channel area requires a third process,
illustrated in Fig. 6.26.2a(III), in which the Au on top of the channel
is etched away selectively using a KI/I2/H2O solution (mass ratio
4:1:40). We find that this wet etching process preserves the quality of
the La2-xSrxCuO4 film and surface.

In most cases, processes I, II and III leave behind photoresist resid-
uals on the La2-xSrxCuO4 surface. To remove these residuals, we have
attempted to etch the samples in an oxygen plasma (13-16 W, 100
mTorr). However, we find that this process modifies the properties
of the cuprate film, inducing an n-type FET transistor-like behavior
upon IL gating. In other words, the conduction increases at positive
gate voltages and decreases at negative gate voltages, while the oppo-
site, p-type transistor behavior is expected for La2-xSrxCuO4. This
problem can be circumvented by gently cleaning the surface using an
ethanol wetted lens tissue, resulting in an atomically clean surface of
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the La2-xSrxCuO4, as is shown in Fig. 6.26.2c.

A typical layout of the IL/La2-xSrxCuO4 sample, which is electri-
cally wire bonded to a sample holder of the cryogenic insert, is shown
in Fig. 6.26.2a(IV). We have used two Keithley 2450 SourceMeters for
the experiments, one of which is used to apply a gate voltage Vg be-
tween the gate and drain electrodes, while simultaneously measuring
the gate current Ig used for cyclic voltammetry, i.e. measuring the
gate current Ig as a function of Vg in order to check for the presence of
Faradeic processes characterized by charge transfer peaks. The gate
voltages used in the experiment described in this work lies between
-5.5 V and 0 V. The other Keithley SourceMeter is used for setting
up an excitation current of 1 µA between the source and drain elec-
trodes, while measuring the four-terminal resistance over the voltage
leads. The La2-xSrxCuO4 channel has dimensions of 60×300 µm2

and the voltage lead separation is identical to the channel width (see
Fig. 6.26.2b), leading to a simple conversion factor for the sheet resis-
tance. It is to be noted that the gate electrode surface area exposed
to the IL is approximately 100 × the combined area exposed to the IL
of the channel and electrodes (voltage probes, source and drain), in
order for the entire gate voltage to fall over the IL/channel interface.

Before any usage of the IL for experiments, the bottle containing
the liquid, i.e. N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium
bis(trifluoromethylsulphonyl)-imide (DEME-TFSI, IoLiTech, 99 %),
is heated at 60 C overnight and then permanently stored in a N2 glove-
box (≤ 0.1 ppm O2/H2O). In terms of electrochemistry, we observe
that a mere exposure of the IL to pressures of a mere 10−1 mbar for 15
minutes is enough to completely remove the Faradeic peaks within the
electrochemical window seen in ambient circumstances. Similarly, the
same order of magnitude of pressure and the same IL used for FET
experiments in the IL/ZnO system revealed no breakdown of the IL
[109109]. Still, the experimental atmosphere is pumped until a pressure
of 1 × 10−4 to 10−6 mbar [231231] to ensure that electrochemical pro-
cesses due to water or oxygen present in the IL are minimized even
further. To accommodate for the high, negative values of Vg used,
we have lowered the temperature at which the gating is performed
(charging temperature), based on the Ref.109109, where it was found
that this effectively widened the electrochemical window of the IL. In
our experiments, the charging temperature is between 210 − 225 K,
as low as possible, but above the melting point of 183 K of the IL. At
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these temperatures, we can apply a Vg as negative as -5.5 V without
device degradation and dielectric breakdown, linked to the decreased
electrochemical activity of the IL. The typical polarization times used
in this work are 15 minutes.

6.3 Experimental results

We first present R(T, Vg) curves for films grown on LaSrAlO4. We ob-
serve that IL gating induces superconductivity in La1.95Sr0.05CuO4,
even when the film has a thickness of 30 UC (Fig. 6.36.3a). At 0 V, the
curve shows the expected characteristic for a Sr doping of 0.05, for
which the sample at 1.5 K is at the verge of superconductivity. At
gate voltages down to −3.5 V, there is no substantial change with re-
spect to the reference curve. However, when the gate voltage is −4.0
V or below, a superconducting state emerges, with the Tc extendable
up to 12.0 K (onset) or 19.5 K (midpoint) at Vg = −5 V. The inset
of Fig. 6.36.3a shows an I(V ) curve (T = 1.6 K, Vg = −5.0 V) hav-
ing a critical current of approximately 0.3 mA. Thinner samples (10
UC) demonstrate an initial critical temperature Tc already before gat-
ing which we attribute to the compressive stress exerted on the film
(Fig. 6.36.3b). As is the case for 30 UC films, the reference midpoint Tc
of 13.5 K is barely altered at gate voltages down to −3 V. The Tc can
only be increased with sufficiently large negative gate voltages of −4
V or lower, where the gate lowest gate voltage of −5 V results in a
superconducting midpoint temperature of 30.4 K.

A first step towards investigation of the gating mechanism involves
measuring the sheet resistance R(Vg) characteristics, as is shown in
Fig. 6.46.4 for a typical 30 UC film of La1.91Sr0.09CuO4 grown on the
substrate (LaAlO3)0.3(Sr2AlTaO6)0.7. We make two main observa-
tions on the charging loop, namely the absence of hysteresis (apart
from a small instrumental time delay) and a linear response of the re-
sistance of the film as a function of gate voltage. The first observation
is characteristic of an electrostatic mechanism, as has been observed
before, e.g. in IL-gated indium tin oxide films [6464]. This is also con-
sistent with the linear response of the resistance. We can quantify the
effects of gating by assuming that the sample can be thought of as
having a top and bottom layer. The latter is not affected by gating
and has a fixed charge carrier density n0. The top layer is in contact
with the IL and has a charge carrier density nt which is Vg dependent,
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Figure 6.3: (a) Sheet resistance RS plotted against temperature T for various Vg for
a 30 UC thick La1.95Sr0.05CuO4 sample. At Vg=0 V, the R(T ) characteristic shows that
the sample is nearing superconductivity at the lowest T of 1.6 K. This pattern persists for
Vg down to Vg= −3.5 V. Applying a lower Vg leads to the emergence of superconductivity
with Tc growing to 12.0 K when Vg = −5 V is applied. The inset shows an I(V ) curve
at T=1.6 K and Vg=−5 V. (b) Similar data for a thinner sample of 10 UCs, where the
superconducting state is extended in Tc only for Vg below −3 V.

and we expect this dependence to be linear, nt(Vg) = n0 − βVg. This
relationship has a negative slope due to the fact that La2-xSrxCuO4
is a hole-doped material. The proportionality constant β is positive
and is proportional to the gate efficiency between the IL and the top
layer. Here, β = ηCEDL

edt
, where η is the electrostatic gate efficiency,

while CEDL is the specific capacitance of the interface to DEME-TFSI,
e is the electron charge and dt is the top layer thickness. Under ideal
circumstances, η = 1. Since the observed resistance change is small
we take the resistance to be proportional to the charge density and
linearize around Vg = 0, which results in R(Vg) = R0

(
1 + βdt

n0d
Vg
)
.

Specifically, R0 is the value of the resistance of the La1.91Sr0.09CuO4
channel without applying a gate voltage. Using the slope of the curve,
∆R
∆Vg
' 2.4Ω/V, we obtain an indication of the gate efficiency η, defined

as η = ∆R
∆Vg

en0d
R0CEDL

. The sample thickness corresponding to the curve
in Fig. 6.46.4 is 30 UCs (50 nm), while the carrier density n0 = 9.6×1020

cm−3 [232232] and CEDL = 13 µFcm−2 [222222], resulting in η = 0.15. In
other words, while the IL gating is electrostatic in this range, the effi-
ciency of gating is only at about one seventh of its optimal efficiency.
This means that a large part of the charge build-up in the electric
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Figure 6.4: Typical sheet resistance RS plotted against gate voltage Vg for a 30 UC
La1.91Sr0.09CuO4 film grown on (LaAlO3)0.3(Sr2AlTaO6)0.7. In the given Vg range,
hysteresis is absent (apart from a small instrumental time delay) and we observe a linear
relationship having a positive slope, coinciding with hole (electron) doping for negative
(positive) gate voltages. The sweep rate is 50 mV/s, while the polarization temperature
is 225 K.

double layer does not translate to conductivity. We suspect that this
is due to the finer details of crystalline quality of the La2-xSrxCuO4
film, such as the roughness and presence of grain boundaries. This
is supported by reports of IL gating on different crystalline qualities
of FeSe films in Ref.233233. Here, the authors state that an improved
crystallinity and an atomically flat surface can lead to a more opti-
mal charge transfer during the gating process. In a preliminary series
of experiments we found that the smoothness of the film surface can
be improved following the recipe by Bollinger et al. [1010]. By intro-
ducing a 1 UC buffer layer of nominally metallic La1.70Sr0.30CuO4
La2-xSrxCuO4 films of thicknesses of up to 7 UC show an improved
smoothness of the surface in the AFM images, and a substantially
higher gating efficiency up to η = 0.65.

The gating mechanism was investigated further by altering the
gate voltage in steps, while measuring the sheet resistance of a 30
UC La1.91Sr0.09CuO4 film grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 as a
function of polarization time, typical results of which are illustrated
in Fig. 6.56.5a. Two processes are observed upon switching the gate
voltage in a step-wise fashion to higher negative values: 1) a nearly
instantaneous process which results in the drop of the sheet resistance
of the film, and 2) a relatively slow process, requiring several hours to
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stabilize, becoming most pronounced in the gate voltage regime of −3
V and lower. The first process requires less than 1 second and only
produces a limited drop in sheet resistance of ∼ 2 Ω/V for the gate
voltages used, which agrees with the rate found on the basis of Fig. 6.46.4.
The second process only becomes prominent at gate voltages below
−3 V, and produces a very pronounced effect in the sheet resistance
of the film of up to hundreds of Ω.

Both processes are nearly reversible. After returning to zero gate
potential the sheet resistance relaxes to within a percent of the ini-
tial value. However, a new cycle of increasing steps of negative gate
potential shows that the slow process has become more active. The en-
hancement of the slow process continues in subsequent cycles, but the
changes become smaller and the lowest attained resistance saturates.
Fig. 6.56.5b shows that the slow decrease of the resistance is associated
with a gradual shift of the superconducting transition temperature,
confirming that it involves a process of hole doping of the copper oxide
layer. For higher negative gate potentials at longer polarization times
the resistance starts to increase, leading to an irreversible deteriora-
tion of the film.

6.4 Discussion

At the polarization temperature at which these measurements were
performed (225 K) the build-up time of the electric double layer on
the channel should occur within an RC time determined as RILCEDL.
Here, RIL is the electrical resistance of the IL, which is of the order of
108 Ω [9898]. The electric double layer capacitance CEDL is determined
by the specific capacitance of the IL (13 µFcm−2) and area of the
La2-xSrxCuO4 channel (300 × 50 µm2), giving CEDL ' 2 nF. The
estimated RC time becomes of the order of 1 second. Hence, we
conclude that the relatively quick process in the resistance behavior is
the contribution of the electrostatic mechanism of gating. The second,
much slower process does not behave according to this electrostatic
RC time.

Some processes which can be capacitive or Faradaic in nature tend
to be considerably slower compared to the EDL charging time. These
are often related to the reconstruction phenomena and ordering effects
of the ions of the EDL [234234, 235235]. Furthermore, the processes of this
origin tend to become extremely slow at the used charging tempera-
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Figure 6.5: (a) Evolution of the sheet resistance RS of a 30 UC La1.91Sr0.09CuO4
film grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 as a function of time, while the gate volt-
age is switched to increasing negative values at the points indicated. (b) Temperature
dependence of the sheet resistance RS for different polarization times and for the first
and second polarization at Vg = −4 V. The midpoint Tc increases from 5 K to 17 K for
polarization times of 5 and 26 minutes, respectively.

tures [190190], many orders of magnitude slower than what is observed
in our experiments. We therefore conclude that the observed slow
process involves another, non-electrostatic mechanism.

Since the Sr doping of the film is constant, the change in Tc could
be caused by an increased interstitial oxygen doping of the film, as
interstitial oxygen is well-known for its role in changing the charge
carrier density in the CuO2 planes and hence superconductive prop-
erties of La2-xSrxCuO4 [66, 147147]. This behavior has been reported
before in the IL-gating of YBa2Cu3O7-x films [6262, 236236], where it was
interpreted as an electric field driven slow redistribution process of
the oxygen atoms in the copper oxide planes of the film [6363, 236236].

We observe a crossover at around −2 V, where both components
have the same contribution in resistance change. For more negative
gate voltages the non-electrostatic component starts to dominate. The
non-electrostatic component can lead to a substantial change of the
onset of Tc (13.7 K to 25.0 K) as a function of the polarization time at
a constant gate voltage of −4 V (Fig. 6.56.5b). In case only electrostatics
would be at play in the gating of La2-xSrxCuO4, no change in Tc is
expected, as the polarization time for both curves is beyond the RC
time of the system.

The interpretation of the slow process as an ionic process is fur-
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ther supported by Ig(t) measurements, a typical example of which is
shown in Fig. 6.66.6, taken at Vg ≤ −3 V. In the case of a diffusion-
limited charge transfer processes it is known that the gate current
under potentiostatic conditions varies according to the Cottrell equa-
tion Ig(t) = FcA

√
D/
√
πt. Here, F is Faraday′s constant, while c

is the concentration of the electroactive species, A is the electrode
area and D is the diffusion constant of the particles. As observed in
Fig. 6.66.6, after an initial fast process the gate current eventually fol-
lows the t−

1
2 dependence of the Cottrell equation, the slope of which is

5.2 × 10−9 As−1/2. Let us assume that the added oxygen is provided
from the lower layers of the film. The concentration in the active top
layer after a given time can be estimated from the observed optimal
Tc = 25 K (onset) at this gate potential of Vg = −4 V. Using the
known variation of Tc with hole doping for this compound the oxy-
gen content is estimated as δ ≈ 0.10 [147147]. Using the density of the
cuprate material, c then becomes approximately 1.7×10−3 mol cm−3.
Accordingly, through the Cottrell equation we obtain a number for the
diffusion constant, D = 1.6 × 10−14 cm2s, which is similar to values
known in the literature for electrochemical oxidation of La2CuO4 at
room temperature [237237, 238238]. Alternatively, when assuming that the
added oxygen is added from outside the film, i.e. from the ionic liq-
uid, c becomes very small, c ∼ 1× 10−14 mol cm−3, since the partial
pressure of oxygen in the IL is limited by high vacuum conditions. As
a result the diffusion constant becomes anomalously high, D ∼ 1×102

cm2s, inconsistent with the viscous state at the used polarization tem-
peratures near the glass transition.

Other electrochemical processes can cause a change in the doping
of a material. For example, hydrogen doping is known in La2CuO4,
YBa2Cu3O7 [239239], and other oxides such as VO2 [6969]. Protonation is
also reported in TiO2[225225] and WO3 [9797]. Although trace amounts of
both hydrogen and protons can be present in the IL, both processes
are unlikely to happen. Protonation would diminish the hole density
of the film and thus decrease the Tc, which is not observed, whereas
hydrogenation would also decrease the Tc for the Sr doping used in
this study [239239].
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6.5 Conclusions
In summary, our results emphasize the role of electrostatic and non-
electrostatic processes in different gate voltage regimes and different
crystalline qualities of La2-xSrxCuO4 films. Compared to the IL-
gating of the band insulator SrTiO3, for example, the electrostatic
mechanism has a negligible effect in the total charge induction in the
films, amounting to less than 15 %. We suspect that this small elec-
trostatic contribution is primarily controlled by the surface crystalline
quality parameters such as surface roughness and presence of grain
boundaries. The non-electrostatic process is significantly slower than
the expected RC times of the system. From this we conclude that
this process most likely involves oxygen doping of the film. The diffu-
sion constants extracted for this process support an interpretation in
terms of the oxygen being provided from the lower layers of the film,
rather than from the outside. These results are in line with previous
IL gating and x-ray absorption measurements [6363, 6464], and will be
important in forming a proper understanding for further exploration
of this rapidly developing field.
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Chapter 7

Etched junctions

In this chapter a new method of making (quasi) ab-axis Josephson junctions is explored,
for which bilayers of YBa2Cu3O7-δ/La2-xSrxCuO4 are used. Etching away the top
layer ensures that the flow of electrons between both YBa2Cu3O7-δ leads is through the
La2-xSrxCuO4 area. The results show first indications of a long-range proximity effect.
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7.1 Introduction
Since its discovery, cuprate high-temperature superconductivity con-
tinues to be a field of interest in condensed matter physics. Sev-
eral questions are still unanswered, most notably the pseudogap phe-
nomenon. The characteristic energy gap present in cuprate super-
conductors persists above the critical temperature Tc. Although the
nature of the pseudogap is under debate, the most prominent interpre-
tations are that it results from, first, a pairing of the charge carriers
with the superconducting coherence being suppressed due to phase
fluctuations [240240], or, second, a gap structure of spin/charge density
wave order that competes with superconductivity [241241]. Interestingly,
junctions made of a cuprate barrier material in its pseudogap phase
have shown anomalous properties in the form of an extended Meissner
state [77], and most notably the giant proximity effect (GPE)[66, 1818, 2020]
leading to Josephson coupling many orders of magnitude larger than
the nominal coherence length [55, 66]. While many interpretations have
been proposed [2020, 4242], the question remains whether the GPE can be
related to pseudogap physics and more specifically whether a state-
ment can be made regarding the importance of phase coherence in the
pseudogap state.

Until now, c-axis junctions have made the compelling cases in the
experimental tests of this effect. The advantage is that these can be
grown without secondary-phase participates and with an rms rough-
ness below the thickness of the barrier material. For example, in junc-
tions formed between superconducting La2-xSrxCuO4, with a barrier
made from the undoped compound La2CuO4 [66, 77], supercurrents have
been observed for barrier thicknesses up to 10 nm, roughly two orders
of magnitude larger than the c-axis coherence length ξc, i.e. 0.1− 0.2
nm. The coherence length in the coplanar axes, ξab, is typically in the
order of a nanometer, which in principle could lead to a supercurrent
preservation over a distance of several hundred nanometers [66, 242242].
Hence, for such distances, the strict design and interface roughness
criteria that hold for the c-axis geometry no longer are present. Al-
though there have been many reports of ab-axis GPE [1313, 1414, 1616], most
of the devices were suspected to be plagued by microshorts [243243, 244244],
leading to ambiguous findings of the GPE in this junction geometry.

The typical ab-axis junction geometry initially employed grain
boundaries grown on bilayer crystals [245245], or ramp junctions [246246].
More recently, focused He-ion beam techniques [247247] have been used
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to change the superconducting (S) properties of YBa2Cu3O7-δ and in-
duce superconductivity at a lower Tc′ (S′), or metallic (N) and insulat-
ing (I) properties. Combined with advanced lithographic techniques[248248],
the authors of Ref. 247247 have shown to successfully produce SNS or
SIS Josephson junctions. This was done with a 500 pm wide ion-
ized beam, ensuring much smaller widths of the junction needed for
SNS/SIS ab-plane configurations, as the YBa2Cu3O7-δ coherence
length in this configuration is ∼ 2 nm. Interestingly, while the authors
were able to decrease the Tc of the barrier material at will by adjust-
ing the dose of the ion bombardment and hence make SS′S junctions,
they do not mention whether such a junction configuration induces
any long range coherence lengths. Whereas the authors of Ref. 247247
have used He-ion beam to change the properties of the layer into S′,
where S′ is the same material, we have a bottom layer S′ which is a
different material than the top S layer. Ion irradiation (Ar+ instead
of He+) is then used to completely remove the top S layer to end up
with a SS′S junction. More specifically, the ion irradiation is applied
for bilayers of La2-xSrxCuO4/YBa2Cu3O7-δ and we report supercur-
rent preservation in a quasi ab−axis geometry of ion etched junctions
over distances of ∼ 50 nm. Magnetic field measurements support the
Josephson junction-type behavior of the devices.

7.2 Experimental details

Obtaining a giant proximity effect through etched bilayers requires
a few conditions to be met. Firstly, a Tc′ should be present in the
bottom film, which preferably should be as low as possible. Secondly,
the Tc of the top layer should be as high as possible. Hence, bilayers
have been made by (1) making use of bottom layers of less-than-
optimal Sr levels (i.e. 0.09) of La2-xSrxCuO4 and (2) making use of
YBa2Cu3O7-δ as the top layer, as YBa2Cu3O7-δ is known to have a
substantially higher Tc than La2-xSrxCuO4 (bulk values of 93 K [133133]),
with which ∆Tc can be maximized. The Tc difference between both
layers is then exploited by creating a junction that effectively removes
the top layer locally by dry etching.

The bilayers are grown by means of pulsed laser deposition (PLD)
with a KrF excimer laser on LaSrAlO4 substrates (miscut angle of
0.2 degrees). The lattice mismatch (+0.5 %) facilitates layer-by-layer
growth of the initial La2-xSrxCuO4 layer (see Fig. 7.17.1a(top)), mon-
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itored by reflection high energy electron diffraction (RHEED). The
deposition of which is done with at 740 C at an O2 pressure of 1.3×
10−1 mbar and a laser fluence of 1.3 J/cm2 at 4 Hz. The growth
is maintained until the completion of the 30th unit cell (UC). The
growth of La2-xSrxCuO4 is followed by that of YBa2Cu3O7-δ. The
latter is grown at a slightly higher temperature and oxygen back-
ground pressure, 780 C and 2.0×10−1 mbar, respectively. Growing
YBa2Cu3O7-δ at a lower temperature near 720 C stimulates a-axis
growth of YBa2Cu3O7-δ, which is unwanted. The laser fluence is
1.3 J/cm2 with a repetition rate of 1 Hz, while the target-substrate
distance is held at 50 mm. As can be seen in Fig. 7.17.1a, the clear
oscillations for the first layer facilitated by a 2D growth mode are
suppressed considerably with the growth of YBa2Cu3O7-δ, suggesting
a 3D growth mode for this second layer. RHEED oscillations are typ-
ically unobservable after the completion of the 4th UC, accompanied
by a spotty RHEED pattern. The 3D growth is likely due to limited
mobility of the ablated material on arrival at the substrate surface
[167167]. After deposition, the bilayer is left at 700 C for 15 min at de-
position pressure, followed by an oxygen annealing treatment at 600
and 450 C, both for 30 min at a cooldown rate of 10 K/min. The
YBa2Cu3O7-δ surface is coarsened (the typical roughness is around
1.4 nm, whereas the substrate roughness is 0.3 nm), and it is possi-
ble to see unit cell step heights on the surface of the 3D islands (see
Fig. 7.17.1b).

The deposition steps of the bilayer are shown schematically in
Fig. 7.27.2 a,1,2. This is followed by a Au deposition process at 100 C for
minimal contact resistance (Fig. 7.27.2 a,3), as introduced in Chapter 66.
The subsequent processing step involves spinning a layer of photore-
sist (Fig. 7.27.2 a,4) which is used to mask off a part of the Au (Fig. 7.27.2
a,5) against the subsequent wet etching process of the exposed Au by
a KI/I2/H2O solution (4:1:40 mass ratio) (Fig. 7.27.2 a,6). The residual
photoresist is removed by a short rinse in an ethanol and aceton bath
(Fig. 7.27.2 a,7). Next, the sample covered is by a PMMA layer (Fig. 7.27.2
a,8), and a small part of it, coinciding with the red areas in Fig. 7.27.2
b, is exposed to an electron beam and developed (Fig. 7.27.2 a,9). The
sample is then Ar ion milled using an acceleration voltage of 500 V.
The PMMA layer, being 240 nm thick, acts as an ion stopping layer
and only the developed areas are etched away in the process (Fig. 7.27.2
a,10) and a subsequent aceton and ethanol rinse step (Fig. 7.27.2 a,11)
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Figure 7.1: (a) RHEED specular intensity vs. time of 30 UC (60 RHEED oscillations)
growth of La1.91Sr0.09CuO4 and 6 UC of YBa2Cu3O7-δ. The initial La1.91Sr0.09CuO4
grows layer-by-layer, as is indicated by the relatively large amplitude of the RHEED os-
cillations and the presence of the initial RHEED spots after completion of the layer. The
growth of YBa2Cu3O7-δ is characterized by a relatively small amplitude of the RHEED os-
cillations. The initial spots disappear and are replaced by transmission spots in the diffrac-
tion pattern, which indicate a coarsened surface. The arrows indicate the moments of elec-
tron beam current amplification, and the switch from deposition of La1.91Sr0.09CuO4 to
YBa2Cu3O7-δ takes place at the break in the horizontal axis. (b) A typical AFM im-
age of a bilayer film. The film is coarsened, with individual islands locally showing step
heights corresponding to the YBaCu3O7-δ c axis lattice parameter, 11.7 Å.

concludes the sample fabrication process. The etch depth is homoge-
neous for all junctions being 32± 1 nm. Note that the ion irradiation
also damages a volume extending beyond the etched volume, possibly
making the SS′S junction quasi planar, meaning that the current be-
tween both electrodes has a c-axis component along with its ab-axis
component.

7.3 Experimental results and discussion

We observe an R(T ) which shows two superconducting transition
temperatures, coinciding with the upper and lower layers of the bi-
layer. This shows that the supercurrent between both YBa2Cu3O7-δ
leads (34 nm) goes through the La1.91Sr0.09CuO4 layer (39 nm). In
the example shown in Fig. 7.37.3b, even though the etched depth is
smaller than the thickness of YBa2Cu3O7-δ, the non-superconducting
YBa2Cu3O7-δ extends several nm beyond the etched depth due to ion
irradiation damage, marked as red in Fig. 7.37.3b. The observation of two
Tcs suggests that this non-superconducting layer extends into the bot-
tom layer. Furthermore, some of the lower UCs of La1.91Sr0.09CuO4
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Figure 7.2: (a) Fabrication steps of quasi-coplanar etched junctions. 1) An initial
substrate is used to 2) grow the bilayer of La1.91Sr0.09CuO4 (S’) and YBa2Cu3O7-δ
(S), followed by 3) in-situ deposition of Au. 4,5,6,7) Photolithographic and wet etching
techniques are used to open up the channel area. 8,9) A subsequent electron beam litho-
graphic process is used to write and develop the junction areas. 10,11) A final Ar ion
etching process is used to etch the exposed area. 11) A final aceton and ethanol rinse
step is used to remove any lithographic residuals on the surface. (b) Photolithographic
mask design of the sample used in the fabrication process. The red areas are exposed to
the electron beam in a separate process. The chip in this example contains 7 junctions of
nominal widths 25 nm, 50 nm, 75 nm, 100 nm, 200 nm, and 300 nm, that are formed in
the S superconductor that extends from the I− to the I+ lead. The labels at the other
contact pads indicate the positions of the voltage probes at either side of a junction of
given width.
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Figure 7.3: (a) AFM image of a typical ion milled junction geometry. The electrodes
make contact with the top layer of YBa2Cu3O7-δ(the elevated plateaus left and right in
the image). The gap between in the center of the image has a length of approximately 5
µm and the width slightly varies, having its narrowest part in the middle, which in this
case is 47 nm wide over a length of approximately 3 µm long. The height profile of the
white bar is shown in (b). The etched depth is 30±1.0 nm in this case, which means
that the YBa2Cu3O7-δ is not completely removed. The volume of non-superconducting
material as modified by the ion bombardment, however, extends up to and beyond the
YBa2Cu3O7-δ/La1.91Sr0.09CuO4 interface, shaded as red. The first UCs of bottom layer
are also non-superconducting due to strain effects, which is illustrated by the red shading
as well. The critical current of the leads in such a setup has both an c- and ab-axis
components, indicated as dc and dab.

are non-superconducting as well due to strain relaxation effects, es-
timated to be dLSCO ∼ 10 UC = 20 nm. This estimate is based on
experimental data of strained La1.91Sr0.09CuO4 films on LaSrAlO4,
which are semiconducting at least up to 7 UCs (see Section 3.3.43.3.4).
Hence, the estimated c-axis depth (dc) of the supercurrent path is
between 0 and 20 UCs of the bottom layer, i.e. 26 nm. Future exper-
iments aimed at obtaining the exact number should be done by using
the same Ar ion method at La1.91Sr0.09CuO4/LaSrAlO4 films that are
sufficiently thick. The change in critical current density then is rep-
resentative of the effective reduced thickness of the superconducting
layer of the film.

In Fig. 7.47.4a an R(T ) is shown for a junction width of 100 nm that
is representative for the curves corresponding to all used junction
geometries. The inset depicts dR/dT (T ) of the R(T ) to indicate the
superconducting transition temperatures. The lower Tc measured as
d2R/dT 2 = 0 of 6.9 K agrees with that of La1.91Sr0.09CuO4, while
the upper Tc resembles that of YBa2Cu3O7-δ. The R(T ) dependence
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for T ≤25 K is shown in Fig. 7.47.4b. We observe a remarkable junction
width dependence of the Tc, depicted in the inset of Fig. 7.47.4b. For
the 300 nm wide junction, Tc = 6.8 K, while the narrowest junction
of 50 nm has the highest Tc of 9.0 K.

Next, the lowest Tc of 6.8 K is taken as a fair representation of the
intrinsic Tc of the La2-xSrxCuO4 layer, which we will indicate as T1.
Although the mask design does not offer the capability to do reference
measurements, these were performed separately on 7 La2-xSrxCuO4
layers of the same doping, thickness and preparation methods, which
show similar values of Tc of 6.3±2.2 K. The modulation of the Tc in
the junctions is taken as an anomalous effect. The anomalous effect
is most pronounced for the 50 nm junction, having a Tc = T2 of 9.0 K
and a critical current of the junction that is 30 times larger than the
critical currents observed in the wider junctions of 100 nm and 300
nm at 1.6 K.

The enhanced coupling between both superconducting leads over
50 nm is exceptional, even in a quasi-planar junction geometry. More
specifically, the total path is approximately 2dc +dab, with dc and dab
the perpendicular and lateral distances of the current path, respec-
tively. Although, dc is unknown, dab ≈ 50 nm (∼20ξab) (see Fig. 7.37.3b).
A more realistic value is larger than 50 nm due to ion damage not only
in the lateral direction.

In experiments on junctions formed by only ion bombardment of
YBa2Cu3O7-δ [1717], similar anomalous results were found over an array
of Josephson junctions over distances of up to 960 nm. The authors
claimed that the results might be explainable by enhanced Josephson
coupling through percolating superconducting islands between two
superconducting leads that are separated by a a distance much longer
than the coherence length [3636, 249249]. The chain of superconducting
islands might form a single Josephson junction, much like a percolative
form of transport.

In contrast, for our bilayer junctions the role of a percolation path
is much less likely, as all junctions show two superconducting tran-
sitions, which indicates that the flow of electrons goes through both
layers. However, if some superconducting YBa2Cu3O7-δ remains and
forms a percolation path, one would expect to see a higher Tc for the
shorter junction. The etched depth for the various junction geome-
tries is identical within 1 nm, making this option unlikely, but not an
impossibility.
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Figure 7.4: (a) Rs(T ) curve across a 100 nm wide junction which shows two transition
temperatures of La2-xSrxCuO4 (LSCO) and YBa2Cu3O7-δ (YBCO), as is indicated in the
inset by the dR/dT (T ) curve. (b) R(T ) curve for T ≤25 K for used junction geometries.
The inset shows Tc given by d2R/dT 2 = 0 as a function of junction width.

We aim to test whether the effect can be attributed to homoge-
neous Josephson coupling by means of magnetic field dependence of
the critical current through the junction. The measurements were
performed for the 50 and 300 nm wide junctions, with the magnetic
field oriented perpendicular to the plane of the layers the data of
which is shown in Fig. 7.57.5a. For a rectangular geometry and a ho-
mogeneous coupling we expect an oscillatory behavior in the critical
current as a function of the magnetic field as a result of phase differ-
ence between both superconducting leads (Fraunhofer pattern) [250250].
Measured values of the critical current for these measurements were
done using a 1µV criterion. The expected oscillation period ∆B is
equal to ∆B = Φ0/A. Here, Φ0 is the magnetic flux quantum and A
is the junction area. Based on AFM images, the junction geometry is
estimated to be 47 nm×5 µm, leading to ∆B ∼8 mT.

For T ≤ T1 the complete bilayer is superconducting, and no os-
cillatory behavior is to be expected as no phase difference is formed
between both ends of the junction. The behavior that is observed
shows a persistent critical that is reduced by only about a factor of 2
at 20 mT for both widths of the junction (for the 50 nm junction the
data below T1 are only shown for positive fields). Remarkably, a dif-
ferent type of behavior is seen for the 50 nm junction that also has the
enhanced Tc, and only in the range for T1 ≤ T ≤ T2 (Fig. 7.57.5b). The
critical current in this range is very sensitive to the applied magnetic
field, and shows a clear maximum at zero field along with structure
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Figure 7.5: (a) Normalized Ic vs. magnetic field B for the 300 nm wide junction for
different temperatures within the range T ≤ T1. The same is shown for the 50 nm for
temperatures within the range T ≤ T2 in (b).

suggesting side lobes with an oscillation period of ∼2 mT. Note that
this period and the width of the central peak is comparable to the
estimate given above, but smaller by about a factor of 4. For the
effective area we need to include the London penetration depth of
the YBa2Cu3O7-δ superconductors on both sides, which is about 140
nm. Including the field penetration into the area we arrive at a new
estimate of ∆B ' 1.2 mT, which agrees quite well with the observed
width of the peak. The fact that no more than 2 side lobes are visible
per curve is an indication that the junction geometry is not sharply
defined, which is also seen from the curved edges in the AFM images
of Fig.7.37.3a. Given the limitations in the accuracy of the geometry,
the agreement is quite good, and the experiment supports an inter-
pretation of the junction as a Josephson coupling between the two
YBa2Cu3O7-δ superconductors, over a distance of 50 nm.

7.4 Conclusions
In summary, we report experiments on ion etched arrays of junction
in bilayers of La2-xSrxCuO4/YBa2Cu3O7-δ of widths varying from 50
to 300 nm. We show that it is possible to fabricate quasi ab-axis
junctions by means Ar ion etching. A large Tc increase of the bar-
rier material from 6.8 K to 9.0 K in the junction width of ∼ 50 nm
is observed. The supercurrent in this junction geometry is preserved
over a distance coinciding with ∼ 200 times the combined coherence
lengths in the c and ab axes. The magnetic field measurements in-
dicate clear difference in behavior of Ic(B) between the 50 and 300
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nm wide junctions, the former showing a clear main peak and sev-
eral side lobes. These results support the Josephson junction-type
behavior of the devices. The limitations in the accuracy by which the
junction fabrication parameters, notably the etch depth profile, are
known form the main obstacle for a more quantitative analysis.
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Chapter 8

Towards an ionic liquid
induced ab-axis giant
proximity effect in
continuous La2-xSrxCuO4
junctions

The giant proximity effect has been an unconventional and puzzling part of high tempera-
ture superconductivity. It can lead to proximitized coupling between two superconducting
leads over distances much larger than allowed by the conventional proximity effect. In
this chapter, we report techniques and preliminary results of ionic liquid-induced long-
range proximity effect on a continuous La2-xSrxCuO4 film. Our results show that the
proximity effect in the ab axis can extend over two orders of magnitude larger than the
coherence length of the cuprate.
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effect in continuous La2-xSrxCuO4 junctions

8.1 Introduction

Cuprate superconductors have brought many controversies. Notably,
the proximity effect in specific cuprate Josephson junctions has ini-
tially been observed to behave differently [1313–1616] than in their con-
ventional superconductor Josephson junction counterparts. With the
advent of advanced growth techniques [55], this anomaly has been
confirmed [66, 77] and consequently termed the giant proximity effect
(GPE). It is suggested that its explanation can be coupled to another
controversial topic, namely the pseudogap, seen by some as a precur-
sor to superconductivity [251251], while others view it as a competition
of different phases with the superconducting phase [252252].

The GPE seems to appear in SS′S junctions, with the S′ barrier
having a lower Tc′ than the S leads by means of doping, as shown in
La2-xSrxCuO4/La2CuO4+δ/La2-xSrxCuO4 c-axis [66]. In such a setup,
a supercurrent could be measured at Tc′ < T < Tc over a distance of
up to two orders of magnitude larger than the normal coherence length
of S′, being 0.25 nm. No such long-range proximity effect was observed
for δ = 0. Long-range effects have also been observed in the vicinity
of Pb islands on a Pb/Si(111) [2121]. With spectroscopic methods using
Scanning Tunneling Microscopy, the Pb monolayer locally was found
to have a proximity-induced superconducting order parameter above
its own bulk critical temperature.

Our interest is twofold. First, the coherence length in La2-xSrxCuO4
along the ab-axis is 3.2 nm [8282]. Hence, the expected proximity length
is expected to last 100s of nm. Second, we want to induce this effect
using novel ionic liquid (IL) gating techniques. The advantage of us-
ing ILs lies in the formation of an electric double layer on the channel
surface. The anion/cation separation when applying a gate voltage
over the IL is ∼ 1 nm, leading to a huge electric field, enough to
induce charge carrier densities of 8×1014 cm−2 [109109], comparable to
the 2D charge carrier densities in cuprates. Hence, this techniques
has been used to induce superconductivity in cuprates [1010, 6666]. This
method would then allow us to induce this GPE without having to
make a discontinuity in the film. In this chapter we present tech-
niques and preliminary results of a long range effect on a continuous
La2-xSrxCuO4 film along the ab-axis using IL gating.
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8.2 Experimental details

We use pulsed laser deposition (PLD) in combination with reflection
high energy electron diffraction (RHEED) for the growth of the S′
layer La2-xSrxCuO4 (x = 0.05/0.09) on (LaAlO3)0.3(Sr2AlTaO6)0.7
or LaSrAlO4. The deposition proceeds in an oxygen pressure of 0.13
mbar, while the laser fluency used is 1.5 J/cm2 (Fig. 8.18.1a,1). To stim-
ulate the growth to become layer-by-layer, we pause the deposition at
each unit cell (UC) for 30 to 60 seconds for the layers to recrystallize
before the next deposition of the next UC [143143]. By doing so, RHEED
oscillations can be observed up to the eventual film thickness of 30
UCs. As the sample is oxygen deficient at deposition, we increase
the oxygen pressure after deposition to 0.6 mbar and cool the sample
down at a rate of 10 C per min, while waiting at 600 C (15 min)
and at 450 C (30 min) (Fig. 8.18.1a,2). Next, the cuprate film is in-situ
covered by a 70 nm layer of Au, again by means of PLD (Fig. 8.18.1a,3).
For this process, we use a deposition pressure of 0.2 mbar of Ar and a
laser fluency of 4.0 J/cm2. Photolithography (Fig. 8.18.1a,4+5) in com-
bination with a KI/I2/H2O (mass ratio 4:1:40) solution is used for the
exposure of the channel (50 x 300 µm2) by wet etching the exposed
Au layer (Fig. 8.18.1a,6). The subsequent steps involve e-beam lithog-
raphy, as shown in the inset, used to design the AlOx line that will
form the barrier. The design of the AlOx layer starts with an elec-
tron beam step involving an electron dose exposure of 300 µC/cm2 in
the PMMA layer of approximately 240 nm thick (Fig. 8.18.1a,6,ii). The
exposure involves two rectangular shapes (2 x 48 µm2)) connected
by a line that will form the barrier (0.025-0.3 x 4 µm2), as shown
in the schematic topview of the channel area (Fig. 8.18.1a,6,iii). After
development, the written structures are checked by Atomic Force Mi-
croscopy (AFM), followed by another process involving the deposition
of AlOx (Fig. 8.18.1a,6,iv) and a lift-off step (Fig. 8.18.1a,6,v). After the
lift-off (Fig. 8.18.1a,7), the thickness and width of the narrowest part of
the AlOx layer are again checked by AFM and subsequent photolitho-
graphic steps (Fig. 8.18.1a,8+9) are used to define areas that are to be
dry etched (Ar, 500 V) (Fig. 8.18.1a,10). The lift-off of the resist is fol-
lowed by a final check of the barrier by AFM, a typical result of which
is shown in (Fig. 8.18.1b). As a final step, the sample is wirebonded and
an IL droplet is put on the channel and gate electrodes. The IL is
treated in vacuum conditions in the experimental setup and is pumped
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until a pressure of 1 × 10−4 to 10−6 mbar is reached before doing any
measurements. This is to ensure that electrochemical processes due
to water or oxygen present in the IL are minimized. For the same rea-
son, the temperature at which gating (charging temperature) is per-
formed is held between 210− 225 K, as low as possible, but above the
melting point of DEME-TFSI (N,N -diethyl-N -(2-methoxyethyl)-N -
methylammonium bis(trifluoromethylsulphonyl)-imide) of 183 K. We
use two Keithley SourceMeters (2450) to apply a fixed current of 1
µA between the source (S) and drain (D) electrodes, while simultane-
ously measuring the voltage drop between these two electrodes, either
by means of a two-probe or a four-probe configuration. Unless stated
otherwise, the measurements performed in this work were based on the
four-probe configuration. The distance between the voltage probes is
such that the resistance of the channel is equal to the sheet resistance.
The other SourceMeter is used to apply a gate voltage (Vg) between
the gate and drain electrodes (Fig. 8.18.1a,11).

8.3 AlOx barrier characterization

We deposit a certain amount for the AlOx layer, which nominally
coincides with an approximate thickness of 95 nm. For various barrier
widths, the observed width and thickness of the AlOx barrier is plotted
with respect to the designed width of the barrier in Fig. 8.28.2. We
observe that both the observed width and thickness of the barrier
do not agree with and vary approximately linearly with the designed
width. The reduced AlOx deposition rate is mainly influenced by the
aspect ratio between the thickness of the PMMA layer and the width
of the structure developed into the PMMA layer, which is ∼0.1 for
the 25 nm wide barrier. The observed thickness of the AlOx barrier
at the barrier with a width of 25 nm is 6.0 nm. In contrast, the aspect
ratio is close to unity for the widest barrier for which the thickness
is 65 nm, close to the maximum possible thickness. Furthermore, we
observe a typical widening of the structure vs. the designed barrier
width. Remarkably, the widening is not constant but increases as
a function of designed width. This is probably due to an excessive
electron dose which could lead to some widening effects during the
writing or the development processes.

It is crucial for any IL-induced long-range Josephson junction ef-
fect to verify whether this is caused by a genuine giant proximity
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Figure 8.1: (a) A schematic overview of the sample fabrication and device setup.
1,2,3) PLD is used to grow La2-xSrxCuO4 and Au. 4,5,6) Photolithographic and wet
etching techniques are used to open up the channel area. i,ii,iii,iv,v) Next, e-beam lithog-
raphy is used to define the barrier. 7,8,9,10) The next photolithographic steps are used
to define areas that are to be dry etched. 11) After this process, a lift-off step is followed
by wirebonding. The sample is then covered by an IL droplet. (b) An AFM image of a
6.0 nm thick barrier of AlOx for a design width of 25nm.

effect. The IL gating could, in principle, also affect the barrier area in
an unwanted way, for example when ion/oxygen diffusion from or to
the barrier area starts to play a role. Firstly, the alumina layer should
be sufficiently thick to increase the EDL separation under the barrier
as the induced charge carrier density should scale inversely with the
barrier thickness. The layers used in this work have a sufficiently large
thickness, as the literature suggest a thickness of 2 [6363] to 5 nm [7272] is
enough to minimize the electrostatic charge doping under the barrier
area.

The stoichiometry of the AlOx could play a role in oxygen diffusion
processes which could affect the Tc′ of the La2-xSrxCuO4 layer under
the barrier in an unwanted way. The stoichiometry of the alumina
is determined by the deposition parameters of oxygen pressure and
target substrate distance [166166]. Hence, we make sure that AlOx is de-
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Figure 8.2: The real barrier thickness and width plotted vs. barrier design width
using 1500 pulses, which nominally coincides with 95 nm (dotted blue line).

posited in a high oxygen pressure of 0.2 mbar along with a maximized
substrate-target distance of 60 mm for optimal stoichiometric deposi-
tion to prevent oxygen diffusion from the film towards the AlOx, as is
the case with SiO2 or SiN3. We have observed that samples covered
by the latter materials become deep insulators within a time span of
days, presumably having to do with the capping layer inducing some
oxygen gettering process from the cuprate lattice, rendering it an in-
sulator. Alumina does not have this issue, as AlOx films as thin as 2
nm have been recorded to be near-impermeable for oxygen diffusion
[6363].

Next, we show experimental data to suggest that IL gating does
not influence the layer beneath. For this, a 35 UC La1.95Sr0.05CuO4
channel is structured in a Hall bar configuration. Using electron beam
lithography methods, one part of the channel is covered by a 100 nm
layer of AlOx (see Fig. 8.38.3a). Without any IL gating applied, the
samples shows no superconductivity (see Fig. 8.38.3b) when measured
over the area having no AlOx top layer. Applying a gate voltage
of -5.0 V approximately 30 minutes at 210 K, the resistance of the
film is observed to be 30 % lower near the gating temperature and a
superconducting transition is induced at lower temperatures, having
a Tc (R = 0) of 18 K. In terms of IV characteristics, there is a
clear difference when measuring the voltage drop at 1.6 K with and
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without the AlOx barrier (see inset of Fig. 8.38.3b) below the Tc of the
gated film. In the latter case, a critical current of approximately 450
µA is observed, while a linear response is measured in the former
case. In other words, except for the area of film under the AlOx

barrier the whole film has turned superconducting, suggesting that
the gating does not affect this area, at least not enough to induce
superconductivity along with the rest of the film.

To investigate this further, we deposit a 100 nm thick layer of
AlOx on one side of a La1.91Sr0.09CuO4 channel connected to a Hall
bar electrode configuration (see Fig. 8.38.3c). We observe that minor
changes are present in the R(T ) characteristics (Fig. 8.38.3d). The small
differences could well be caused by inhomogeneities or size differences
in the film. Furthermore, the Tc measured as the minimum in dR/dT
is equal, i.e. 6.6 K (see Fig. 8.38.3d), which shows that the AlOx layer
does not influence the superconducting properties of the film.

8.4 Experimental results and discussion

With the seemingly neutral properties of AlOx towards IL gating and
the oxygen stoichiometry of the La2-xSrxCuO4 film, the gating pro-
cess is expected to affect only the sectors of the film that are exposed
to the IL. Typically, an eventual gate voltage between -5 and -5.5 V is
applied in a stepwise fashion, while measuring the gate current and re-
sistance of the film. In the specific example shown in Fig. 8.48.4, most of
the effect is observed for gate voltages below −3 V, accompanied by a
process which typically takes in the order of an hour to complete. This
is slow compared to the RC time (∼ 0.1 s) of the IL/La2-xSrxCuO4
system at these temperatures and has been observed in other IL ex-
periments done on the cuprate YBa2Cu3O7-δ [6262, 6363], and was linked
to the oxygenation of La2-xSrxCuO4 [6363]. This interpretation is fur-
ther supported by diffusion-limited charge transfer behavior of the
gate current, as also described in Chapter 66.

This specific sample has already a superconducting transition Tc(R =
0) of 4.5 K at Vg = 0 (Fig. 8.58.5a). It has a 282 nm wide and ∼60 nm
thick AlOx barrier in the same Hall bar-like configuration shown in
Fig. 8.38.3a. By means of IL gating at −5.5 V the oxygenation leads
to an increase of the Tc. Upon cooldown of the sample we observe
two distinct critical temperatures, unlike before. The lower (higher)
Tc is attributed to the S′ (S) layer (un)covered by the AlOx layer.
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Figure 8.3: (a) Sheet resistance curves of a 35 UC La1.95Sr0.05CuO4 film grown
on (LaAlO3)0.3(Sr2AlTaO6)0.7 before (blue) and after (red) gating at −5.0 V. (b) We
observe semiconducting behavior at low temperatures initially, while after gating a su-
perconducting transition is induced with a Tc (R = 0) of 18 K. The inset shows I vs.
V when measured across the superconducting leads of the channel without AlOx barrier
layer (blue) shows no voltage induced by the current, which confirms that the film is su-
perconducting. The response is linear when the voltage drop is measured across the AlOx
barrier. (c) A four-probe measurement configuration for the purpose of quantifying the
influence of a AlOx on the superconducting properties of La1.91Sr0.09CuO4 grown on
(LaAlO3)0.3(Sr2AlTaO6)0.7 in which one side of the channel is covered by the alumina.
(d) R(T ) characteristics of both the covered (red) and unvcovered cuprate layer. The
inset shows the dR/dT characteristics.

Remarkably, the initial Tc′(R = 0) of 4.5 K before the application of
the gate voltage increases to 9.5 K. Furthermore, we see a substantial
increase in critical current by an order of magnitude (1.2×102 µA to
1.1×103 µA) at 2.0 K (Fig. 8.58.5b). The numerically calculated differ-
ential conductance dI/dV indicates the presence of peaks at ±1.6 mV,
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Figure 8.4: A typical time development of the sheet resistance of a 30 UC
La2-xSrxCuO4 film (x = 0.09) grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 upon decreasing
the gate voltage in step-wise fashion at a polarization temperature of 225 K. We observe
that most of the gating effect happens below −3 V. The gating process takes ∼ 1 hour to
complete, which is relatively slow when compared to the RC time of the IL/La2-xSrxCuO4
system (∼ 0.1 s).

not observed before gating (Fig. 8.58.5c), although both show a large su-
perconducting peak at zero bias. Here, the sharp zero bias peak repre-
sents the transmission of paired charge carriers between the S leads,
while the two broad peaks are interpreted as transmission through
transmission through Andreev bound states at voltages correspond-
ing to ∆/e, typical for SNS junctions [247247, 253253, 254254], with ∆ the
superconducting gap of the electrodes. As the ratio 2∆/kBTc is close
to the BCS value of 3.52 for low Tc cuprates such as La2-xSrxCuO4
[247247], inserting ∆ = 1.6 meV gives a value of the Tc of 9.8 K, compa-
rable to the observed values of Tc′ .

In summary, the critical current seems to be preserved over a dis-
tance of the barrier width of close to 300 nm, which is ∼100ξab, while
the spectroscopic signal points to the presence of an SNS junction.
Together with the increased Tc′ of the La2-xSrxCuO4 layer under the
barrier, these observations all seem to point to a genuine long-range
proximity effect. However, there still are some scenarios which can
lead to the same observations, and hence need to be discussed in de-
tail.

If the barrier material is even slightly porous for ions, we cannot
tell whether the increased Tc′ of the barrier material is caused by
a genuine long-range proximity effect. In this case, the role of the
quality of AlOx is indeed crucial to the presented picture in this work,
for if the AlOx is slightly porous to ions, some of the gating effect is
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Figure 8.5: (a) The R(T ) curve measured over the 282 nm wide AlOx barrier before
gating is shown in blue, having a single Tc. After gating at -5.5 V (red curve), two
transition temperatures are observed. The lower Tc′ is assumed to be that of the S′
barrier, while the higher Tc is coupled to the S leads. (b) IV Characteristics of the
junction before and after gating. Before gating, the critical current is approximately 1.2×
102 µA. After gating, this is increased by an order of magnitude to 1.1× 103 µA. (c) The
numerically calculated dI/dV shows a change in behavior as well. While no structure
apart from the main peak at V = 0 is observed before gating, after gating two additional
peaks appear at ±1.6 mV.

expected to happen directly at the layer of La2-xSrxCuO4 under the
barrier due to ion diffusion into the layer, which can lead to some
increase in Tc′ . Although the gating effect might be not as much as
at the S leads, the I(V ) characteristics of the junction would still
resemble that of the SNS or SIS junctions reported before [247247].

The likelihood of this scenario depends on the deposition param-
eters: the oxygen pressure p and target-substrate distance d. These
influence the kinetic energy of the ablated material and hence crys-
tallinity and structure of the grown AlOx. As stated in Ref. 166166,
open and porous and stoichiometric AlOx is expected for p0.5d ≥ 0.4
Pa0.5m, while a dense morphology but non-stoichiometric variant is
grown for p0.5d ≤ 0.08 Pa0.5m. Although the used settings in this
work have been based on optimal oxygen stoichiometry, the grown
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material is in between both of these regimes morphologically, mean-
ing, while most samples are non-porous, there are some samples that
are indeed permeable to ions. To illustrate this, one sample is covered
by a 47 nm thick layer of AlOx on one side of a Hall-bar like channel
of La1.91Sr0.09CuO4 (Fig. 8.68.6a). A subsequent exposure of both areas
to IL gating shows that the AlOx covered area responds to a wide
range of the gate voltage in the same way as the exposed area. We
observe that, both the barrier and film area before and after gating
at -5.5 V (Fig. 8.68.6b) can show similar Tcs, as shown in the inset.
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It should be noted that the work presented here is preliminary, as
these devices tend to breakdown at elevated voltage drops of ∼5 mV
between the voltage probes (∼9 mA). After breakdown, the critical
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currents were reduced significantly, dropped to levels similar as before
gating. We suspect that this might be caused by electromigration tak-
ing place either in the AlOx barrier, or in the La2-xSrxCuO4 layer.
The four-probe distance of 50 µm corresponds to an in-plane field of
1×104 V/cm, which is substantially lower than the required break-
down field of AlOx of 7×106 V/cm [7272]. The AlOx grown in Ref. 7272
is of nominal stoichiometry (x = 1.5), while the AlOx grown in this
work is most probably off-stoichiometry [166166], which is known to have
a limited breakdown voltage [8181], but would still not be enough to
explain the three order of magnitude of difference.

We hence suspect that a possible electromigration is more likely
to happen in the cuprate layer. If we take into account that at most
the top 10 UCs of the layer is conducting due to strain effects, the
levels for a breakdown current of 9 mA, and 50 µm wide channel
gives a current density of 1×106 A/cm2. Such levels of the current
densities are reported to be sufficient to induce electromigration in
cuprate compounds, e.g. YBa2Cu3O7-δ [255255].

8.5 Conclusions
In conclusion, although these results are promising and we have a
strong indication of a long-range proximity effect in the ab-axis of
two orders of magnitude larger than ξab, it is only preliminary, as
we cannot exclude the AlOx to be permeable to ions. Furthermore,
the sensitivity of the system to breakdown limits the scope of this
work to resistance and spectroscopic measurements, as we are lacking
measurements of the IV characteristics of the junction as function of
magnetic field between the initial and new Tc of the film, 4.5 K and
9.5 K, respectively. Additional data would include the dependence of
the critical current as a function of the width of the AlOx barrier.
Currently, research on both of these issues is ongoing.
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Chapter 9

The story continues...

As described in Chapters 77 and 88, two main methods have been used in an attempt of
making an in-plane Josephson junction for the purpose of investigating the giant proxim-
ity effect (GPE). In this final chapter we introduce further experiments and combine the
information from the previous chapters in order to evaluate the evidence for the in-plane
giant proximity effect. We discuss the relevance of these results for various models that
have been proposed, and make suggestions for further experiments.

9.1 Ionic liquid induced junction experiments
revisited

The possible porosity of the barrier material of AlOx prompted us
to delve into methods of overcoming this issue and to redo some of
the experiments described in Chapter 88. The method used involves
crosslinked poly(methyl methacrylate) (PMMA) as barrier material,
which is insoluble in ethanol, acetone and the ionic liquid (IL). The
present study presented here only elaborates on positive resist which
becomes crosslinked at doses of ≥13000 µC/cm2, an Atomic Force
Microscopy (AFM) image of which can be seen in Fig. 9.19.1a. The
backscatter effect is substantial because of long retention times of the
electron beam at a certain spot during writing, resulting in wide (≥80
nm) and thick barriers (≥30 nm) (see Fig. 9.19.1b). In this specific case,
the length is ∼5 µm, while the width is 327 nm, which is comparable
to the length and width of the AlOx barrier described in Chapter 88.

The La2-xSrxCuO4 film has a doping of x = 0.09, 6 unit cells
(UC) thick and is grown on top of a metallic buffer layer of 1 UC and
doping of x = 0.30. Before IL gating, both the film without and with
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the barrier have similar electrical transport properties and critical
temperature (Tc) of approximately 35.3 K (midpoint) (see Fig. 9.19.1c).
After IL gating at Vg = −5.5 V for apprx. 1 hour, an increase in
Tc of the film without barrier is observed, with the new value being
37.8 K. This is similar to the new Tc of the film with barrier, except
that another transition temperature is present as well (see Fig. 9.19.1c).
When the resistance related to the second Tc is inflated by a factor of
95±8, the exact, initial R(T ) curve is recovered, indicating that there
is no Tc change of the barrier material (see Fig. 9.19.1d). Furthermore,
this ratio would coincide with an effective barrier width of 336±28
nm, within the values suggested by AFM data.
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Figure 9.1: (a) An AFM image of the film covered with a line of crosslinked PMMA,
before the application of IL. (b) The cross section of the barrier, having a thickness of
apprx. 30 nm and width of 327 nm. (c) Rs(T ) of the film with (’Junction’, blue) and
without (’Film’, red) barrier before and after IL gating at -5.5 V for apprx. 1 hour.
Only when the resistance is measured across the film do we observe an extra transitional
temperature. In (d), the resistance related to this transitional temperature is inflated
95× (green) and compared to the resistance of the film with barrier before and after IL
gating (blue).
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Overall, the data shows that it is possible to successfully make
IL gating experiments by means of barriers with crosslinked PMMA
without encountering the problems of AlOx. Still, the unchanged Tc
of the barrier material is not supportive of a proximity effect between
the leads, at least for the Tc and the barrier widths described in the
present study. This is unexpected, as the barrier width is within the
ab-axis GPE range reported previously.

The first explanation is, as described in Chapter 11, is the one
based on the phase-disordered superconductors model proposed by
Marchand et al. [3535], which proposes that the proximity of the bulk
superconductor prevents the unbinding of the vortex-antivortex pairs
at the nominal barrier Tc′ . This leads to a logarithmic dependence of
the barrier Tc on the barrier width d and hence a significant enhance-
ment of the supercurrent at temperatures above the initial nominal
barrier Tc′ ,

T eff ∼= Tc

[
1−

(
1− Tc′

Tc

)
ln(d/ξ)
ln(L/ξ)

]
. (9.1)

Here, d, ξ and L stand for the barrier width, the coherence length and
length of the superconducting leads, respectively. Tc and Tc′ represent
the critical temperature of the S and S′ layers, respectively. Using
the experimentally obtained parameters for the fitting (d = 300 nm;
L = 5000 nm; Tc = 37.8 K; Tc′ = 35.3 K and ξ = 3.2 nm) results in
the expected barrier critical temperature as a function of the critical
temperature of the leads (see Fig. 9.29.2).
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Figure 9.2: Tc′ as a function of the lead Tc of the junction shown in Fig. 9.19.1 according
to relationship found in Marchand et al. [3535].
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The expected value for Teff is 36.3 K, however the empirical value
found after gating is still 35.3 K. Although the experiment requires
extension to other Tc and Tc′ values and other barrier widths, the
tentative conclusion is that the proximity effect does not extend as
far as predicted by the model of Marchand et al.

9.2 Etched bilayers

The first method involved an ion etched quasi-ab junctions in bilayers
of La2-xSrxCuO4/YBa2Cu3O7-δ. This method proved to be successful
in achieving a genuine Tc change of the barrier material over distances
of ∼ 50 nm, coupled with a robust Ic (using a 1 µV criterion) above
its former critical temperature, T1 = 4.5 K (see Fig. 9.39.3a).
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Figure 9.3: (a) Ic(T ) of the etched bilayer for a barrier width of 50 nm. At low
T , the curve is characterized by a slow decrease, after which a nearly linear regime sets
in. Only at temperatures close to Tc does the Ic curve upward, which allows fitting the
percolation based relationship Ic ∝

(
T
Tc
− 1
)p

. The fitted curve starts from the default
Tc of La1.91Sr0.09CuO4, T1 = 4.5 K until T2 = 8.6 K. (b) Tc(R = 0) values plotted as a
function of barrier widths used in the etched bilayers (blue), compared with Marchand′s
relationship for the expected effective barrier Tc (red).

The data presented is also compared with Marchand′s picture of
(un)binding vortices in the pseudogap phase. Using Tc′ = 4.5 K; Tc =
78.2 K; L = 3 µm and ξ = 3.2 nm, the values for the barrier Teff (d) are
calculated and compared with the experimental data (see Fig. 9.39.3b).
As a note, caution is required as the barrier is not entirely along the
ab-axis, but is rather quasi-ab in nature. Still, the expression is only
logarithmically dependent on our parameters for L, d and ξ, and the

130



9.3. Conclusions and experimental outlook

resulting dependence does not fit the experimental Teff (d). Hence, we
have to conclude that the data presented here for the etched bilayers,
in accordance with the data for the IL-gated junctions, are not in line
with the vortex (un)binding theory of Marchand et al. [3535].

Explanations invoking the divergence of coherence length expected
based on the de Gennes formalism, as has been applied in the Pb/Si(111)
system [2121], are not satisfactory as well. Firstly, the formalism pre-
dicts that the coherence length should diverge when Tc′ is approached
from above, either as ∼ 1/

√
T − Tc′ (dirty limit), or as ∼ 1/(T − Tc′)

(clean limit). The mean free path in the S′ material in our case along
the ab-axis is estimated to be 1-2 nm, which is close to the coherence
length of about 3 nm along the same direction. In either limiting
cases applicable, the highest and lowest Tc of the junction, 8.6 K and
4.5 K, respectively, used to obtain ξ = 1.4ξ0 or 2.0ξ0, which are only
small corrections compared to the width of the junction.

Instead, we see a power law behavior which is in line with the
theory developed by Kresin et al. [3636] of percolation-driven connection
of superconducting islands, in line with the picture of preformed pairs
in the pseudogap phase (see Chapter 11). In Fig. 9.39.3a this is illustrated
by fitting the data between T1 ≤ T ≤ T2 with Ic ∝

(
T
Tc
− 1

)p
, which

results in power law exponent of p = 1.29±0.15, in agreement with
the value 4/3 for the critical index known in the percolation theory,
which itself is in agreement with experimental work on the GPE in
La2-xSrxCuO4/La2CuO4/La2-xSrxCuO4 c-axis junctions by Bozovic
et al. [3636]. However, microshorts cannot be excluded in this work,
especially because of the inhomogeneities involved in etching.

9.3 Conclusions and experimental outlook

To conclude, the data presented in this thesis concerning the etched bi-
layers and the IL-induced junctions does not support the theory based
on vortex-antivortex (un)binding in the pseudogap phase as stated in
Ref.3535 (see Table 9.19.1). The de Gennes formalism has found no backing
in our experiments, while we have found that the long-range proximity
effect observed in the etched bilayers do support percolative transport
of the supercurrent via superconducting puddles. This is quite inter-
esting, as this can be connected to the pseudogap picture as a whole,
and specifically that of phase fluctuations in accordance with Kresin′s
theory [3636].
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Chapter 9. The story continues...

Explanation Ionic liquid induced
junctions Etched bilayers

Phase-disordered
superconductor [3535] No No

de Gennes
formalism [2121] - No

Superconducting
puddles [3636, 3737] - Likely

Table 9.1: List of explanations coupled to the observations of the IL-induced junction
and etched bilayer experiments.

Experimentally, there is some space for a more thorough look at
the possible role of phase fluctuations in the long-range effect, where
the most accute need is the investigation of the I(V ) characteristic
of the junction firstly for various barrier widths, and secondly for a
wider range of Tc of the leads. For the latter dependence, IL gating
is an ideal method because of the flexibility in applying various gate
voltages. Overall, the proposition would involve barriers widths (see
Fig. 9.49.4), ideally covering at least length scales varying two orders of
magnitude or more, starting from ∼ 10 nm. The current method of
crosslinking PMMA, giving a minimum attainable width of ∼80 nm
due to backscatter effects. Therefore, usage of negative e-beam resist
such as the AR-N 7520, which crosslinks at a much lower dosage of 30
µC/cm2 at an acceleration voltage of 30 kV, is advised. The minimized
the backscattering effect ensures an attainable width is 6 nm with an
aspect ratio of 10.
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9.4. The elusive Type-II Bose-Mott insulator
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Figure 9.4: A proposed experimental setup for a further investigation of the GPE. The
main aim of such an experiment is the barrier width dependence and the lead Tc depen-
dence of the long-range effect for possible reinterpretation of the pseudogap phase. The
barrier widths are varied two orders of magnitude using negative e-beam resist, starting
from ∼ 10 nm, while the IL is used for control of the lead Tc.

9.4 The elusive Type-II Bose-Mott insulator

The long-range proximity effect reported here in the etched bilayers
could fulfill the conditions required by Beekman et al. [4242] for the
observation of quantized current filaments. The model starts from
a Bose-Mott insulator in its insulating phase (which may be repre-
sented by La2-xSrxCuO4 in its pseudogap phase) and is sandwiched
between superconducting leads (YBa2Cu3O7-δ). The barrier should
be in its Bose-Mott insulating state, and current biases smaller than
the current quantum I0 ∼1 mA (see Section 1.3.21.3.2) should not lead
to any conduction [4242]. This, however, is not observed. Although
our observations do not give any evidence, this does not exclude the
existence of the Type-II Bose-Mott insulator. A more dedicated ex-
periment could involve current biasing the candidate for the Type-II
Bose-Mott insulator using a parallel circuit which would have a shunt
resistor (see Fig. 9.59.5).
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Chapter 9. The story continues...

Type II
Bose-Mott
Insulator

shunt
resistor

Figure 9.5: A schematic representation of an experiment which involves current bias-
ing the idealized type-II Bose-Mott insulator in parallel with a shunt resistor.

The function of this would be that of a vacuum by-pass for the
current: in case the Type-II Bose-Mott insulator has not produced
its first current quantum, the resistance of the Bose-Mott insulator
theoretically is infinite, and the current can still flow through the
shunt resistor. Continuously increasing the current until I0 is reached
would suggest that the first Mott vortex should nucleate at the Type-
II Bose-Mott insulator and the voltage drop across the Bose-Mott
insulator should become zero. In principle, this process is repeatable
until the 2nd, 3rd, nth Mott vortex is formed, and in terms of an V vs.
I characteristic, a sawtooth-like pattern should be observable.

This method of a vacuum by-pass for the current can be used in
other systems which show interesting interplays between the electri-
cal current and magnetism. A prominent system for this was found
recently in the Mott-insulator Ca2RuO4 [256256], for which strong dia-
magnetism is reported induced by a dc electrical current. The material
is characterized by high resistivity at low temperatures, comparable
to the situation when the Type-II Bose-Mott insulator has not yet
formed the first Mott vortex. Furthermore, the ruthanate is ill char-
acterized in this highly resistive regime, and by using the vacuum
by-pass method, the unexplored regions of this interesting material
can be explored, quite possibly making some connections with the
present theory of the Type-II Bose-Mott insulator.
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Summary

Superconductivity is a phenomenon characterized by electrons con-
densing into a Bosonic state, described as a single, quantum mechan-
ical function. The Bardeen-Cooper-Schliefer (BCS) theory for super-
conductivity, formulated in 1957, is able to characterize only a select
class of superconductors, generally having a critical temperature (Tc)
below 30 K. The theory does not (seem to) be valid for high-Tc super-
conducting copper oxides (cuprates). These cuprate superconductors
behave differently in a number of important aspects.

Cuprate superconductors typically have an insulating ground state,
and doping of this insulator changes its electronic properties. Only
when the cuprate is supplied with the correct amount of doping does
one get superconductivity below its Tc. Hence, the cuprate is char-
acterized with distinct insulating and superconducting phases in a
so-called phase diagram of doping vs. temperature. However, be-
tween those two phases, one finds an ill-understood pseudogap phase,
that is believed to be crucial for the understanding of cuprate super-
conductivity.

Cuprates are highly anisotropic in their electronic properties such
as ξ, the superconducting coherence length. This is due to the layered
nature of their unit cell structure, consisting of the crucially impor-
tant superconducting CuO2 planes, parallel to the a and b axes of
the unit cell (i.e., in-plane directions). Indeed, for a compound like
La2-xSrxCuO4, ξa,b ' 100ξc.

The coherence length plays a crucial role in the superconducting
proximity effect. This effect arises when a normal metal is sandwiched
between two superconductors and is characterized by an exponen-
tial decrease of the superconducting wave function across the normal
metal. The superconductors on top and bottom may be either of the
conventional type or of the high-Tc type.

What happens now when we replace the normal metal with a
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cuprate in its pseudogap phase with its c-axis parallel to the interface
normal? Surprisingly, the coherence length is amplified by a factor
100 or more; this stunning result is known as the Giant Proximity
Effect (GPE). The exact origins of the GPE are still unknown, and
could be related to the pseudogap physics of the cuprate.

Given the fact that ξa,b ' 100ξc, one may expect to observe a
proximity effect for distances of up to 102 nm along the ab-axis for
typical cuprates. With these in mind, the GPE, and in particular the
GPE along the ab-axis, forms the central theme of this thesis.

We have employed two methods to induce a GPE along the ab-axis,
the first of which is ionic liquid (IL) gating, motivated in part because
this approach allows creating a junction in a film that is structurally
homogeneous. This method makes use of a molten (molecular) salt
to achieve high charge carrier densities. The application of a bias
voltage across the ionic liquid forms an electric double layer at the
surface of the material which can be gated. This method results in
charge carrier densities of the order of 1014/cm2, which is sufficient to
traverse the phase diagram of a typical cuprate. The method has its
own intricacies and Chapter 22 provides a glimpse into these.

Chapter 33 describes the methods used for the growth of cuprates,
namely pulsed laser deposition combined with reflection high energy
electron diffraction. In this chapter, the ways of using RHEED data to
interpret in-situ growth is explained, along with different parameters
for the growth of a number of materials, in particular cuprates such
as Nd2-xCexCuO4, La2-xSrxCuO4 and YBa2Cu3O7-x. Furthermore,
the methods for attaining ab-axis Josephson junctions are described,
among other important aspects pertaining to device manufacturing
and ionic liquid handling.

The ionic liquid gating method has first been extensively used on
a non-cuprate, namely SrTiO3, as discussed in Chapter 44. Here, we
have found a way of differentiating between electrochemical and elec-
trostatic processes induced by ionic liquid gating. We have found
that performing the measurements at low temperatures (close to the
melting point of the ionic liquid, 183 K) and at low pressures (10−6

mbar) completely removes the electrochemical mechanism, in which
case SrTiO3 charges homogeneously. The resulting 2D electronic sys-
tem at the surface of SrTiO3 is characterized by percolation driven
transport.

Similar studies have been performed for the cuprates Nd2-xCexCuO4
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(Chapter 55) and La2-xSrxCuO4 (Chapter 66). With the Nd compound
we were unable to induce a substantial change in the charge carrier
density. Rather, we found that the thin films of Nd2-xCexCuO4 were
very susceptible to electrochemical reactions. These also play a role in
the study of the La compound. Albeit in the form of oxygenation, this
effectively hole dopes the compound and induces superconductivity in
thin La2-xSrxCuO4 films.

Chapter 88 describes the application of the methods presented in
Chapter 33 for making an in-plane Josephson junction. Here, ionic
liquid gating is applied for an initially superconducting film with low
Tc. An artificial junction area of AlOx is made so that the gating
effect on top of this area is blocked by means of a barrier. Although
the increased carrier density on the gated areas leads to a higher Tc in
the barrier area over distance much larger than ξa,b (about two orders
of magnitude), the results are not yet conclusive as the effect might
be caused by possible barrier imperfections, namely porosity.

The second method makes use of etched bilayers (Chapter 77).
In short, this method involves the deposition of a film of low Tc
(La2-xSrxCuO4) followed by one of high Tc (YBa2Cu3O7-x). Next,
the top layer is etched away in a specific area using argon ion dry
etching. In doing so, a quasi ab-axis junction is formed where the flow
of electrons between both high-Tc layers passes through the low-Tc
area. Backed up by magnetic field measurements, the results seem to
support a long range proximity effect along distances much larger than
ξa,b. However, inhomogeneities in the method pertaining to the nature
of etching process requires further improvements of this approach.

The thesis is finalized with an outlook and conclusion on the ori-
gins of the GPE based on key measurements made with both methods
in Chapter 99. Despite the limitations of the junctions investigated we
conclude that two of the proposed mechanisms of GPE are not favored
by the experimental observations.
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Samenvatting

Supergeleiding is een fenomeen dat gekarakteriseerd wordt door con-
densatie van elektronen in een Bosonische grondtoestand, beschreven
door één enkele, kwantummechanische functie. De theorie die voor su-
pergeleiders in 1957 is geformuleerd door Bardeen, Cooper en Schliefer
(BCS-theorie), is in staat een specifieke categorie van supergeleiders te
beschrijven die in het algemeen een kritische temperatuur (Tc) hebben
onder 30 K. De theorie lijkt niet toepasbaar te zijn voor hoge-Tc su-
pergeleiders van koperoxides (cupraten). Deze cupraten gedragen zich
anders in een aantal belangrijke aspecten.

Cupraat supergeleiders hebben typisch een isolerende grondtoe-
stand, waarbij dotering de elektrische eigenschappen van de isola-
tor verandert. Supergeleiding wordt alleen verkregen wanneer het
cupraat voorzien wordt van een correcte hoeveelheid dotering (mits
de temperatuur lager is dan Tc). Wanneer de dotering in een fase-
diagram wordt uitgezet tegen de temperatuur, laat dit zien dat het
cupraat wordt gekarakteriseerd door afzonderlijke isolerende en su-
pergeleidende fases. Echter, tussen deze twee fases in bevindt zich de
zogenaamde pseudogapfase, een fase die, tot op heden, niet heel goed
begrepen is, maar die verondersteld wordt cruciaal te zijn voor ons
begrip van supergeleiding in de cupraten.

Cupraten zijn in hoge mate anisotropisch in hun elektrische eigen-
schappen zoals ξ, de supergeleidende coherentielengte. Dit wordt
veroorzaakt door de gelaagdheid van hun eenheidscelstructuur, be-
staande uit de supergeleidende CuO2-vlakken in het a, b-vlak van de
eenheidscel. Zo geldt voor een verbinding zoals La2-xSrxCuO4 dat
ξa,b ' 100ξc.

De coherentielengte speelt een cruciale rol in het supergeleidende
"proximity" effect. Dit effect ontstaat bijvoorbeeld wanneer een nor-
maal metaal is gesitueerd tussen twee supergeleiders (net als in een
boterham). Het wordt gekarakteriseerd door een exponentiële afname
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van de supergeleidende golffunctie over de dikte van het normale
metaal. De supegeleiders boven en onder het metaal kunnen zowel
van het conventionele soort als van de hoge-Tc soort zijn.

Wat gebeurt er nu wanneer het normale metaal wordt vervangen
door een cupraat dat zich bevindt in zijn pseudogapfase en waarbij de
c-as ervan loodrecht op het grensvlak staat? Verrassend genoeg wordt
de coherenctielengte opgevoerd, en wel met een factor 100 of meer.
Dit verbluffende resultaat staat bekend als het Giant Proximity Effect
(GPE). De exacte fysische oorzaken van het GPE zijn vooralsnog on-
bekend, maar zouden gerelateerd kunnen zijn aan de pseudogapfysica
van het koperoxide.

Gezien het feit dat ξa,b ' 100ξc, zou verwacht kunnen worden dat
voor typische cupraten het proximity effect langs de ab-as zich over
afstanden tot wel 102 nm zou kunnen manifesteren. Daarom vormt
het onderzoek naar het GPE, en in het bijzonder naar het GPE langs
de ab-as, het centrale thema van dit proefschrift.

We hebben twee methoden gebruikt om een GPE langs de ab-as
te induceren. De eerste maakt gebruik van het elektrostatisch induc-
eren van ladingsdragers (gaten) met behulp van ionische vloeistoffen.
Deze aanpak maakt het mogelijk een junctie tot stand te brengen die
structureel homogeen is. De methode maakt gebruik van een ges-
molten (moleculair) zout om grote ladingsdragerdichtheden te ver-
krijgen. Door over de ionische vloeistof een potentiaalverschil aan te
brengen, wordt een elektrische dubbellaag gevormd op het oppervlak
van het materiaal. Deze methode leidt tot ladingsdragerdichtheden
van de orde van 1014/cm2, typisch voldoende om het fasediagram van
een cupraat te doorlopen. Hoofdstuk 22 biedt de lezer een idee van wat
er bij komt kijken om deze methode toe te passen.

Hoofdstuk 33 beschrijft de methodes die gebruikt zijn bij de groei
van cupraten, namelijk gepulste laserdepositie gecombineerd met re-
flectie hoge-energie elektronendiffractie (RHEED). In dit hoofdstuk
wordt de interpratie van RHEED-data, en informatie over verschil-
lende parameters voor de groei van cupraten, met name Nd2-xCexCuO4,
La2-xSrxCuO4 en YBa2Cu3O7-x voorgelegd aan de lezer. Daarnaast
worden methodes beschreven voor het verkrijgen van ab-as Josephson-
juncties, en worden belangrijke aspecten van structuurfabricage en
ionische vloeistofbehandeling toegelicht.

De ionische vloeistof gatingmethode werd eerst uitgebreid toe-
gepast op een niet-koperoxide, namelijk SrTiO3, zoals beschreven in
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Hoofdstuk 44. Hierin wordt beschreven hoe we een manier hebben
gevonden om te differentiëren tussen elektrochemsiche en elektrosta-
tische processen geïnduceerd door ionische vloeistof gating. Metingen
bij lage temperatuur (dichtbij het smeltpunt van de ionische vloeistof,
183 K) en bij lage druk (10−6 mbar) verwijdert het elektrochemische
mechanisme van gating, en zorgt ervoor dat het oxide homogeen kan
opladen. Het resulterende 2D elektronsich systeem op het oppervlak
van SrTiO3 wordt gekarakteriseerd door percolatiegedreven transport.

Vergelijkbare studies zijn uitgevoerd op de cupraten Nd2-xCexCuO4
(Hoofdstuk 55) en La2-xSrxCuO4 (Hoofdstuk 66). We zijn niet in staat
geweest om met de Nb-verbinding een substantiële verandering te-
weeg te brengen in de ladingsdragerdichtheid aan het oppervlak van-
wege de grote gevoeligheid van dit materiaal voor elektrochemische
reacties. Deze spelen ook een rol in de La-verbinding in de vorm van
oxygenatie. Dit proces doteert het materiaal met positieve ladings-
dragers en maakt het mogelijk om supergeleiding te induceren in deze
films.

Hoofdstuk 88 beschrijft de methodes voor het maken van een Joseph-
son-junctie in het vlak. Hier wordt ionische vloeistof gating toegepast
op een dunne supergeleidende film met een lage Tc, waarbij een spec-
ifiek gebied door middel van een laag AlOx op het koperoxide het
gatingeffect blokkeert. We nemen waar dat, alhoewel de toegenomen
ladingsdragerdichtheid op de niet door AlOx bedekte gebieden wel
leidt tot een hogere Tc in het junctiegebied over afstanden veel groter
dan ξa,b (ongeveer twee ordes van grootte), de resultaten nog niet
doorslaggevend zijn vanwege vermoede imperfecties (i.e., porositeit)
in het AlOx.

De tweede methode maakt gebruikt van geëtste dubbellagen (zie
Hoofdstuk 77). Hier worden, opeenvolgend een film met een lage Tc
(La2-xSrxCuO4) en een film met een hoge Tc (YBa2Cu3O7-x) gede-
poneerd. Daarna wordt de toplaag weggeëtst op een specifieke manier
met een bundel van argonionen. De resulterende quasi-ab-as junctie
biedt elektronen van beide hoge-Tc elektroden een pad door het lage-
Tc gebied van de barrière. De resultaten worden ondersteund door
magnetische veldmetingen en wijzen op een "proximity" effect over af-
standen die beduidend groter zijn dan ξa,b. Echter, inhomogeniteiten
als gevolg van het gebruikte etsproces laten niet toe dat ondubbel-
zinnige conclusies worden getrokken.

Het proefschrift wordt afgerond met een vooruitblik en een kri-
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tische beschouwing over de fysische oorsprongen van het GPE op
grond van een aantal cruciale metingen in Hoofdstuk 99. Ondanks de
beperkingen van de onderzochte juncties concluderen we voorzichtig
dat twee van de voorgestelde mechanismen van het GPE niet de
voorkeur hebben.
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