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Abstract

It has been proposed by Miiller and Shengelaya that underdoped ultrathin layers of copper-oxide high-temperature super-
conductors (HTSs) sandwiched between high-dielectric-constant insulator layers could manifest increased superconducting
critical temperature 7. To check this hypothesis, we investigated structural and transport properties of YBa,Cu;0,_; (YBCO)
thin films sandwiched between SrTiO; (STO) layers. Scanning transmission electron microscopy (STEM) showed that a
high-quality interface is formed between YBCO and the top STO layers. An increase of 7, up to AT~20 K was observed at

these interfaces in case of underdoped YBCO films.
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1 Introduction

The HTSs based on hole-doped cuprate oxides have an uni-
versal doping dependence for the superconducting transi-
tion temperature (7)) [2] showing a maximum at the optimal
doping of about 15 mol%. In these compounds, it has been
proposed that Jahn-Teller intersite bipolarons aggregate to
form metallic clusters (or stripes) [3—7]. When a critical dis-
tribution of these clusters is reached, percolation takes place
and the bulk superconducting phase is established [5, 8].
According to this model, opening of the so-called pseudogap
(T*) has been proposed to be associated with the formation of
such clusters, which locally host the superconducting phase.
These are charged regions that form and dissociate based
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on thermal fluctuations, and the Coulomb repulsion between
these objects (see Fig. 1a) prevents from reaching percola-
tion [7]. Therefore, in 2013 Miiller and Shengelaya [1] pro-
posed to apply the method of “Coulomb interaction engineer-
ing” [9] in ultrathin layers of copper-oxide HTSs sandwiched
between high-dielectric-constant insulators(see Fig. 1b). The
Coulomb repulsion between the clusters could be reduced
due to the penetration of the electric field from the surround-
ing insulators with high dielectric constant. This might result
in a smaller distances between the charged clusters and thus
help to form a 3D percolation at higher temperatures, leading
to a higher T,

The possibility to modify the Coulomb interaction in a
thin layer of a semiconductor or semimetal was pointed out
for the first time by Keldysh [9]. Other authors showed how
the dielectric mismatch of substrate and semiconductor layer
could decrease the scattering term of Coulomb impurities,
i.e., producing an improvement in mobility of carriers [10]
or can be used for band gap tuning [11, 12].

Despite the simple idea behind the proposed oxide-HTS-
oxide heterostructure, there are several challenges to cre-
ate high-quality epitaxial interfaces. Superconductivity at
interfaces is sensitive to many factors that can reduce 7. or
even suppress the superconductivity: cation inter-diffusion,
surface reconstruction caused by polar discontinuity, oxygen
ion mobility at the interface, structural defects and strain
effects due to lattice mismatch.
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Fig.1 a Schematic drawing of charged clusters or stripes appearing
below 7% (adapted from ref.[3]). b Schematic representation of the
heterostructure proposed by Miiller and Shengelaya [1] where a thin
film of cuprate HTS is sandwiched between high-dielectric insulators

To search for the possible dielectric enhancement of 7,
we prepared multilayer YBCO-STO heterostructures and
studied their structural and transport properties.

2 Materials and Methods

Commercial (CRYSTAL, GmbH) high-quality single-
crystalline (001)-oriented STO with a miscut angle < 0.1°
was used as a substrate for films growth. Step-like TiO,
-terminated surfaces were obtained by a standard HF etch-
ing and oxygen annealing procedure as reported in Ref.
[13]. Nominally pure YBa,Cu;0,_; films were grown from
commercial ceramic target by means of pulsed laser depo-
sition (PLD) setup which uses a KrF (248 nm) excimer
laser (Coherent LPX 300i). All the films were grown under
100 mTorr oxygen pressure at 780 °C with a laser fluency
of 1.25 J/cm? at 1 Hz. After the deposition, three different
in situ annealing procedures were used to achieve differ-
ent levels of oxygen doping. The cooling rate and partial
pressure of O, were selected as shown in Table 1 between
600 °C and room temperature.

X-ray diffraction (XRD) experiments were performed on
a Bruker D8 Discover, with a CuK,, tube (1 = 1.5406 A).
Indium wires pushed on the YBCO surface were connected
in a typical 4—probe geometry with additional drops of Ag
paint to guarantee a good electrical contact. In case of a
STO top layer, a simple mechanical scratch by means of
a diamond tip ensures the electrical contact to the bottom

Table 1 In situ YBCO annealing (600 °C => 30 °C)

0, Cooling
rate
(‘C/min)
Optimally doped 0.5 atm 1
Underdoped 1 100 mTorr 5
Underdoped II 100 mTorr >20 °C
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YBCO layer via the Ag paint. High-resolution images of
the top surface were taken by means of an ORION He ion
microscope (HIM) from Carl Zeiss (henceforth referred to
as “He-microscope”). This microscope is based on a He-
focused ion beam (FIB) that excites secondary electrons in
the sample, which are then detected for image formation.
We operated it with a beam current of 0.5 pA and 30 kV
accelerating voltage. The film microstructures were char-
acterized using a transmission electron microscope (TEM,
JEOL 2200FS) operated at an accelerating voltage of 200 kV
in scanning transmission mode using a high-angle annular
dark-field detector. Lamellas for TEM analysis were pre-
pared by Ga-focused ion beam instrument (FEI Strata 235).

3 Results and Discussion

3.1 Crystal Quality of YBCO-STO Interfaces

XRD measurements performed on our YBCO films show
only (00/) reflections, which implies that the films are c-axis
oriented, as shown on a selected sample in Fig. 2.

He-ion secondary electron emission imaging performed
on the top surface (Fig. 3a) of a thick optimally doped
YBCO film (~165 nm) shows evidence of a mosaic of rec-
tangular domains. This texture is a consequence of the dis-
tribution of orientations of the ab plane of YBCO which
form in different nucleation points during the growth of the
first YBCO layer.

Therefore, 90° twinned domains [14] form on top of a
TiO,-terminated STO surface which has a 4—fold sym-
metry. For thin films below 50 nm (Fig. 3a) this texture is
less evident. Here, the surface is smoother and more flat
indicating that, in this range of thickness, a layer-by-layer

_ S(002) 5(003)
| s(o01) (005) (006)

g [

< —YBCO

:'é L 7STO(sub.)

£ [ (002) foo3)

@ L

> (004) (007) 009

20 40 60 80
20 (deg)

Fig.2 XRD pattern shows only (00/) reflections line of the YBCO
(blue) which grows coherently to the [001] SrTiO; (red) direction
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Fig.3 He-FIB images of bare YBCO film on STO substrate with a
thickness of a 165 nm and b 50 nm. Here, 90° twinned domains [14]
form on top TiO,-terminated STO surface which has a 4—fold sym-
metry. This tower-like growing becomes less evident for the thinner
sample which has a smoother surface

growth (Frank—van der Merwe mode) dominates the depo-
sition instead of a tower-like mode (Stranski—Krastanov
growth). The latter gives rise to a difference in the height
between the twinned domains which is undesired for the
formation of good interfaces.

The quality of epitaxial YBCO thin films reported in
the literature depends on the growing techniques. It was
reported that thin films produced by magnetron sputtering
are superconducting down to 2 unit cell (UC) layers [15],
while in the case of PLD superconductivity is suppressed
below 6 UC layers [16].

Other works [17, 18] addressed the so-called dead lay-
ers of YBCO at the interface with STO as the main respon-
sible of suppression of 7,. These layers originate from the
lattice mismatch between the STO (ax 3.905 /0%, cubic) and
the c-axis of YBCO (c~ 11.70&) as shown in Fig. 4a. The
TiO,-terminated atomically flat STO substrate contains
steps between each TiO, terraces, with a minimal height
corresponding to its lattice parameter (3.905)A which is
about 1/3 of the c-axis unit cell parameter of YBCO. This
mismatch generates anti-phase boundaries into the film
(see schematic representation in Fig. 4c) which could be
responsible for the suppression of the superconductivity in
a few layers from the bottom interface [17, 18]. However,
this difference of the lattice parameters between the two
compounds does not generate defects in the STO-YBCO
top interface (Fig.4b), because 3(n) UCs of STO can cover
and adapt to each steps on the YBCO surface as shown
schematically in Fig. 4d. In order to implement the het-
erostructure proposed by Miiller and Shengelaya [1], it
is clear from our findings that YBCO films must be suf-
ficiently thick in order to avoid the initial 5 to 6 “dead
layers,” but thinner than 50 nm in order to obtain a good
interface with the STO deposited. Only the top interface
(almost defect free) could be eligible for “Coulomb inter-
action engineering” effects.

. SrTiO; (deposited)
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(d)

Fig.4 STEM images of (a) bottom YBCO-STO (substrate) and (b)
top STO-YBCO interfaces and their schematic representations (c) and
(d), respectively

3.2 Transport Measurements of Optimally Doped
YBCO-STO Heterostructures

We have performed investigation on a series of optimally
doped YBCO films with and without STO cap layers. The
superconducting critical temperature 7, was extracted by the
onset of resistance drop (see Fig. 5a). The films with thick-
ness from 165 nm down to 11 nm do not show any substantial
effect on 7, when top layers of STO were present (see inset in
Fig. 5a). The quality of our epitaxial films down to a thick-
ness of about 11 nm (with 7, =87 K) compares well with
high-quality films produced by means of magnetron sputter-
ing (see Fig. 5b) by Barriocanal et al. [15], while in case of
PLD other authors report a decrease of 7. to about 65 K at
11nm [16]. The difference with our case could originate from
the quality of the substrates selected for the growth. Indeed,
the miscut angle of the substrate determines the amount of
defects (surface steps) at the interface with YBCO grown
onto the STO substrates as shown by TEM (Fig. 4a).

According to Miiller and Shengelaya [1] the effect of the
dielectric constant e of the insulator on 7, should be larger
in the underdoped region where the pseudogap temperature
is higher. Thus, it is not surprising that for the optimally
doped films we did not detect 7, enhancement due to the
STO cap layer.

3.3 Transport Measurements of Underdoped
YBCO-STO Heterostructures

While the slow cooling in a higher O, pressure (~380 Torr)

ensures the oxidation of the YBCO films (optimally doped),
the two fast cooling with rates (5°/min and >20°/min) in

@ Springer
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100 mTorr of O, induces oxygen vacancies (V,s) in the
YBCO layer (Table 1). Therefore, underdoped YBCO thin
films can be obtained by fast cooling in a reduced O, pres-
sure. A series of YBCO (20 nm) films with and without
STO cap layer of 30 nm (Fig. 6a) were grown and thermally
treated according to the annealing schemes described above.

Figure 6b shows resistivity curves for YBCO thin films
(underdoped 1II in Table 1) with and without top STO layer.
For comparison, in the same figure we included resistivity data
extracted from Ref. [19] of YBCO thin films with different
hole dopings. The curves with lower resistivity and higher T,
correspond to the optimally doped samples. In our case the
higher resistivity and lower 7', is a clear evidence of underdoped
YBCO films. Under same annealing conditions the bare YBCO
film shows a similar resistivity (red line) at room temperature
as compared with STO-capped film (blue line).

underdoped II

STO/YBCO/STO gup) e
0%
deposited STO(~30 nm) ‘g '
S
STO(supstrate ‘: -
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Fig.6 a Schematics of bare and buried YBCO films. b Resistivity
measurements for underdoped YBCO films obtained by the annealing
procedure (underdoped II in Table 1). For comparison we included
measurements (dashed lines) for YBCO thin films at different hole
dopings extracted from Ref. [19]
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This indicates that both samples are underdoped with
similar charge carrier concentrations. At the same time, a
significant increase of T, ~10 K is observed in a YBCO film
with top STO layer, as can be seen in Fig. 6b. We meas-
ured enhancement of 7, up to ~20 K in STO-capped YBCO
films compared to the bare films. The observed increase
of T, at the STO-YBCO interface is interesting and is con-
sistent with the effect predicted by Miiller and Shengelaya
for the underdoped cuprate films. However, other possible
explanations cannot be excluded at present. For example,
it is known that T, of YBCO is very sensitive to the oxy-
gen stoichiometry. Oxygen diffusion from top STO layer to
YBCO can also increase of T,.. More work has to be done to
establish whether such oxygen exchange takes place at the
STO-YBCO interface under our experimental conditions.

4 Summary and Conclusions

We have grown multilayer YBCO-STO heterostructures to
search for the possible dielectric enhancement of T, proposed
by Miiller and Shengelaya. Analysis of the YBCO-STO bot-
tom and top interfaces revealed the presence of extended
structural defects only at bottom interface. This is due to
the lattice mismatch between the STO and the c-axis lattice
parameter of YBCO, which generates anti-phase boundaries.
It was found a better crystal quality of the top STO-YBCO
interface because 3(n) UC of STO can cover and adapt to
each steps on the top YBCO surface without introducing
defects. In general, if the ratio between the lattice parameters
between an HTS cuprate and an insulating oxide is close to
an integer number, then a good coating of the cuprate surface
is expected. Having established this fact, we studied in detail
transport properties of the top YBCO-STO interface.

We compared T, of optimally doped and underdoped
YBCO thin films without and with STO top layer. In case of
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optimally doped YBCO, we did not observe any detectable
effects. However, in underdoped YBCO films, a significant
increase of T, up to 20 K was observed after depositing the
top STO layer. This interesting effect can be interpreted in
the framework of the model proposed by Miiller and Shenge-
laya. However, other possible interpretations cannot be
excluded at present. For example, the oxygen content might
increase in YBCO layer next to the top interface due to the
STO deposition. Therefore, a high-resolution interface study
is required for the better understanding of the effects tak-
ing place at the boundary between YBCO and STO layers.
Generally, high mobility of oxygen in YBCO makes it dif-
ficult to unambiguously interpret the increase of T, observed
at the YBCO-STO interface. In this respect, other cuprate
systems such as LSCO might be preferable to demonstrate
the effect of dielectric enhancement of 7, because LSCO
doping is controlled by Sr doping and not by highly mobile
oxygen ions.
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