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Detection of structural and transport inhomogeneities in superconducting
thin films using the standard four-probe method requires multiple measure-
ments and may be inaccurate. A new approach to extract the information
about the inhomogeneous transition into the superconducting state using van
der Pauw technique is presented. The proposed method is applied to an elec-
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trochemically-reduced In—Sn-oxide (ITO) films known to be simultaneously
transparent and superconducting. Relationship between the processing pa-
rameters and superconducting characteristics of the ITO films is considered,
and prospects for using such samples in integrated photonic-superconducting
chips for quantum-information processing are discussed.

Key words: transparent superconductivity, doped In—Sn oxide, four-point
resistance, temperature and angular dependences.

Busasienua cTpyKTypHOI Ta TPaHCIOPTHOI HEOZHOPiZHOCTEH Y HAAIPOBIZHMX
TOHKUX IIIBKaX 3a JOMOMOTOI CTAHJAPTHOr'0 YOTUPOTOUYKOBOT'O METOLY BU-
marae 0araTopasoBuxX MipaHBb i Moke OyTu HeTouHuM. IIpencraBieHo HOBUI
migxim momo omepskaHHA iHMOpMAIlil PO HEOAHOPIAHWU Imepexis y HaIIpo-
BifHUI CTaH 3a AOTOMOI'0I0 METOAMKM BaH-Aep-Ilay. 3ampomoHoBaumii MeTO
3aCTOCOBAHO [I0 €JIEKTPOXEeMiUHO BiTHOBJIEHUX IJIiBOK oKcuay Iumito it CraHy-
my (ICO), aki e BogHOUYAC IPO30PMMU Ta HAAUPOBifHUMY. PO3TriIgAHYyTO 3B’ 130K
MiK mapaMmerpaMu OOPOOJIEHHS Ta HAAIPOBiJHMMM XapaKTePUCTUKAMU ILJIi-
BOK ICO i1 00TOBOPEHO MePCIeKTUBY BUKOPUCTAHHSA TAKUX 3Pa3KiB B iHTer'po-
BaHUX (DOTOH-HAAIPOBIAHUX Uimax AJId KBAHTOBOTO 00po0eHHA iH(opMaIlrii.

KarouoBi ciioBa: mposopa HaAIpOBigHICTL, JeroBaHmuii In—Sn-oKcum, 40THUPO-
TOYKOBUH OIIip, TEMIIEPATYPHA Ta KYyTOBA 3aJIE3KHOCTI.

(Received 8 April, 2024, in final version, 6 May, 2024 )

1. INTRODUCTION

The most popular technique for finding resistivity of a homogeneous
material is the four-probe method. When the resistance R of a rectangu-
lar sample with a cross sectional area A and voltage probe separation [ is
measured, the resistivity p can be easily calculated as p = RA/I. In heter-
ogeneous films, the standard four-point procedure requires many meas-
urements and may be hence imprecise due to the difficulty of accurately
measuring the geometric A/l factor [1]. In non-uniform materials, an
additional source of error arises from insufficient number of measure-
ments. Because of this, new methods using planar samples were pro-
posed. One such approach developed by van der Pauw (vdP) [2, 3] can be
applied to films of arbitrary shape and uses four point contacts on the
sample periphery. The most important issue of this technique is that
measurements using the vdP method give a weighted average of local
resistances of the sample, whereas the traditional linear layout of the
four contacts provides knowledge of resistivity only in the probing di-
rection [4].

In the vdP configuration, a current is flowing along one edge of the
sample (for instance, I:2) while the voltage bias is applied across the
opposite edge (in this case, V34). The ratio of the potential drop Vs and
the current I1; has units of resistance and is known as the ‘four-probe
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resistance’ Riz34="Vs4/I12[4, 5]. According to the reciprocity theorem,
when the current I in one branch of a reciprocal network composing of
linear elements produces a voltage drop V in opposite side, the inser-
tion of I into the opposite side must give the same voltage drop V in the
first branch: Riz3: = Rs4,12 [4]. It is clear that this statement is valid on-
ly for electrical circuits without non-reciprocal (e.g., a rectifying di-
ode) and/or nonlinear elements destroying reciprocity.

Therefore, in a network of ordinary impedances, additional infor-
mation within a four-probe method can be obtained only by rotating
the contact system to 90 degrees while current flows between 2 and 3
points and voltage is applied to 4 and 1 contacts. In this case,
Ry3.41 =Vi41/I23. Solving the general problem of potential distribution in
thin conductive layers, van der Pauw showed that the sheet resistance
R of samples with arbitrary shapes can be found from the relation:

exp(-nR,;, / R) +exp(-nR,,, / R)=1. (1)

In general, the van der Pauw’s formula (1) cannot be reformulated
to determine R in terms of conventional functions. The most important
exception to this statement is when Rss41 = Ri2,3¢ = R"; then, the sheet
resistance is given by the simple expression:

R=nR /In2=4.53R". 2)

Although the vdP method seems relatively simple and universal, it
has a number of important limitations. The thickness d of the studied
film, which should not have holes and/or islands of highly conductive
material, has to be uniform and small in relation to the distance be-
tween the probes. Besides, the samples must be homogeneous and iso-
tropic. The authors of the work [4] drew attention to the fact that the
vdP technique can lead to non-physical results in rather inhomogene-
ous samples and, to confirm this, proposed a simplified four-resistor
model that was applied in Ref. [4] to a square sample. Following the
model, where a square thin layer is conditionally divided into four re-
sistive regions, we propose an equivalent circuit with a current source
and four resistors R; (i=1, 2, 3, 4) for the analysis of resistance meas-
urements in superconducting films (see below Fig. 1).

This study focuses on expanding vdP measurements to supercon-
ducting layers at temperatures near the critical temperature T., when
the resistance of the sample abruptly drops from a finite value to zero.
In this regard, local inhomogeneities of the superconducting films,
namely, spatial variations in T. and the widths of the resistance drop
AT. are directly reflected in the measured four-probe characteristics
[6, 7]. The main focus is on the thin layers of indium—tin oxide (ITO), a
degenerate semiconductor material with wide band gap and high con-
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ductivity that is obtained by doping high-mobility semiconductor In20;
with a small amount of Sn [8]. The most important property for our
work is the ability of ITO to exhibit superconductivity under specific
processing conditions [9—11]. Below, we present our method to analyse
the inhomogeneity of the superconducting order parameter that is ap-
plied to In;,Sn,0s_5 (y = 0.2) thin films electrochemically reduced in an
aqueous solution by sodium or magnesium ions. Our main concern is
about the relationship between processing parameters and supercon-
ducting characteristics of the ITO films and prospects for using such
samples in integrated photonic-superconducting chips for quantum
information processing [12].

2. MODELLING

The simplified four-resistor model for analysing the vdP measurement
data is shown in Fig. 1 for two configurations A and B used in the vdP
formalism and discussed above. Below, we use these two contact ar-
rangements in order to analyse near-T. resistance vs. temperature data
for superconducting ITO films. Let us start with the A case. Using
first and second Kirchhoff laws, we obtain the following relationships
for currents in the circuit (see Fig.1l): I=I"+I' and
I'"(Rss + R3s + Ry1) —I'"R12 = 0. Their combination gives us the following
result: I'(Ri2+ Ros + R3s + Ry1) = I Ri2; hence, I= I'(Ri2+ Ros+ Rsa +
+ R41)/Ri12. The ratio of the potential drop V' =I'Rss across the resistor
R34 and the applied current I is the ‘four-probe resistance’ R =V/I [4,

1\ 2
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Fig. 1. Four-resistor equivalent circuits (A and B configurations) for vdP re-
sistive measurements of a square superconducting layer conditionally divided
into four resistive regions. The analysed resistance R(A) is the ratio of the
voltage drop across Rss to the total applied current I1,2 through the network,
while R(B) is the ratio of the voltage drop across R4: to the applied current I2,3.
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5]. Thus, for the configurations A and B, we get:

R(A) — R12R34 , R(B) — R23R41 . (3)
R12 + R23 + R34 + R41 R12 + R23 + R34 + R41

In contrast with previous works, we are dealing with a comparatively
sharp variation of the resistances which will be approximated by identi-
cal formulas R(T)=R'(1 +th((T — T)/AT.)), where R"is identified with a
middle point of the resistive transition usually determined as a value
between 10 and 90% resistivity drop. In the case of superconducting
granularity, different resistors in the equivalent circuit picture are rep-
resenting different sectors of the layer which may have slightly differ-
ent transition temperatures T. and the transition widths AT although in
the normal state, the samples are homogeneous. Figures 2 and 3 demon-
strate how the shape of R®(T) and R®(T) curves can be radically dis-
torted with relatively small local changes in T. and AT values.

In particular, it relates a near-T. resistive peak in R vs. T curves
sometimes associated with such physical effects as the mismatch be-
tween quasiparticle and cooper pair potentials [13], phase-slip events
[14], an interaction between superconducting fluctuations and conduc-
tion electrons [15], proximity-caused effects at the superconduc-
tor/ferromagnetic interface [16]. Figure 3 shows resistance character-
istics imitating re-entrant superconductivity phenomenon [17]. There-

R(T)/R

Fig. 2. Calculated resistance-versus-temperature characteristics for two dif-
ferent scenarios A and B, Ra(T) (dashed curve) and Rs(T) (solid curve), respec-
tively: superconducting transition widths in the film sections ATc12=0.01T.,
ATc23=0.03T., ATc34=0.02T., ATcs1=0.05T., while T. is the same:
Te12=Te23=Tc3s=Tecs1 = T. (a), and the critical temperature in the film sections
differs from each other Tei2=T., Te2s=1.1Tc, Tc34=1.05T¢, Tcs1 =1.2T., while
AT, is the same ATci2=ATc23=AT34=ATcs1=0.02T. (b). The insets show R(T)
curves for the sections 12, 23, 34, and 41 (solid, dashed, dotted, and dashed-
dotted curves, respectively).



522 A.SHAPOVALOV, D. MENESENKO, E. ZHITLUKHINA et al.

p— '
. 1,
. ] -
_:/i 1 .
_ 70 A
- P I ’ vy,
E‘.i‘ i <7 ?’ i
B~ B T
e pa—g rd
49 54 02+ ’.v
”,
‘f
00==2% 7.0
T/T
a b

Fig. 3. Calculated resistance-versus-temperature characteristics for two dif-
ferent scenarios A and B, Ra(T) (dashed curve) and Rs(T) (solid curve), respec-
tively: superconducting transition widths in the film sections
ATc12=ATe34=0.01Tc, ATc23=ATcs1=0.2Tc, while T. is Tei2=Tesa=Te,
Te23=Tes1=1.1T. (a), and the critical temperatures in the film sections differ
from those in the others Te2=Tc, Te2s=Te3a=1.1Tc, Tes1=1.2T., while
ATc12=ATc34=0.2T¢, ATc23=ATc41=0.01T¢ (b). The insets show R(T) curves for
the sections 12, 23, 34, and 41 (solid, dashed, dotted, and dashed-dotted
curves, respectively).

fore, as argued in our previous publications [6, 7], an unusual shape of
the vdP resistance vs. temperature traces and strong difference be-
tween the characteristics for the two configurations A and B can serve
as a qualitative indicator of the presence of superconducting granular-
ity in the sample studied.

3. CHARACTERIZATION OF THE ITO FILMS

The electrochemical processing of thin films is a powerful method for
tuning physical and chemical properties of the base material whose
structural evolution is expected to be more striking than that of bulk
counterparts making it easier to explore new physics in the quantum
limit [18, 19]. It was previously shown that such treatment leads to an
improvement of superconducting characteristics [10, 11]. In our case,
this technique was applied to commercially available ITO layers with
thickness of about 350 nm. The control of charge injection was per-
formed by varying charging times at a fixed current of 0.1 mA/cm? in
an aqueous solution of 2 mol NaCl or MgCl. Such treatment led to the
enhancement of superconducting properties from the critical tempera-
ture T. lower than 0.3 K for the parent compound to T.=4-5 K, at that
the films acquire colour from transparent yellowish to dark brown,
possibly by increasing the electron density.
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X-ray spectra of our ITO films reduced with magnesium chloride
show an increase in the presence of a reduced metal layer on the surface
(Fig. 4). When the charge injection time is less than 1000 s, the trans-
parency of the film allows visual monitoring of inhomogeneity using an
optical microscope. Most often, the colouring turned out to be uneven.

The SEM results in Fig. 5 show that the surface structure of the in-
vestigated ITO films changes significantly with increasing reduction
time. For a shorter time (Fig. 5, a), we see islands or clusters of two
types, with a longitudinal grain boundary and with a rounded bounda-
ry, while all grains are more or less commensurate. In addition, there
are dark areas that look very similar to holes. On the other hand, when
the reduction is shortened by approximately 8000 seconds (Figs. 5, b
and c), the image transforms into a more homogeneous medium with
different sizes of grain boundaries and some regions where the grains
do not seem to be connected to the sample area, as seen in Fig. 5, c.

Structural analysis based on the XRD data shows the appearance of
indium metal peaks and the smoothing of ITO peaks depending on the
increase in the time of electrochemical reduction of the samples. SEM
images reveal strong surface structural variations observed by other
authors using aqueous electrolytes as well [20]. Such changes are ex-
plained by composition deoxidation, which leads to the formation of
metallic indium and tin phases in the material.
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Fig. 4. XRD spectra of pristine ITO (G002), 1000 s, 5000 s and 10800 s, reduced
ITO in 2 mol MgCl at a current density of 0.1 A/cm?. Peaks associated with ITO
and metallic indium are marked with asterisks and triangles, respectively.
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4. RESISTIVE MEASUREMENTS AND DISCUSSION

Resistance vs. temperature characteristics of the ITO films Ra(T) and
Ry(T) were measured using the physical property measurements sys-
tem (PPMS, DynaCool, Quantum Design, Inc.) for the two combina-
tions of current-carrying and voltage contacts shown in Fig. 1 in mag-
netic fields from zero to 1 T in 0.2 T increments and the orientations
varied from zero (perpendicular to the layer) to 90° (parallel to the sur-
face of the layer) in 30° increments. The measured curves were ana-
lysed using Egs. (3) with temperature-dependent resistances.

Figures 6 and 7 show representative Ra(T') and Rs(T) traces normal-
ized to the above-T. resistance value Ri1o measured at 10 K for different
reduction time. Figures 8 and 9 demonstrate an impact of the spatial
orientation of a fixed magnetic field on representative Ra(T') and Rg(T)
curves normalized to the resistance value Rio at 10 K for samples with
relatively large reduction times.

The main conclusions following from the dependence of resistance
on temperature and angular dependence are as follows. A near-T. resis-
tive peak in Fig. 6 indicates huge heterogeneity of superconducting
properties of the films reduced in NaCl electrolyte at relatively short
reduction times up to 500 s. At the same time, films reduced in MgCl
(Fig. 7) exhibit rather uniform properties and, at reduction time of
750 s, the resistance vs. temperature curves are practically identical
for two configurations A and B.

SEM HV: 10.0 kv WD: 1.98 mm i SEM HV: 10.0 kV WD:213mm | SEMHV: 10.0kV. WD: 2,13 mm
View fleid: 1.000 ym Det: InBeam 200 nm View field: 1.000 pm Det: InBearn 200 nm View fleld: 0.500 pm Det: InBeam 100 nm
SEM MAG: 160 kx SEM MAG: 190 kx SEM MAG: 370 kx

a b c

Fig. 5. SEM images of two reduced ITO superconducting films in the MgCl wa-
ter electrolyte for reduction times of 500 seconds (a) and 8000 seconds (b, ¢).
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Fig. 6. Representative four-probe R®(T) and R®(T) curves normalized to the
resistance value Rio at 10 K for two different contact arrangements (see Fig.
1) measured on three reduced in NaCl ITO superconducting films with in-
creasing reduction times of 250, 500, and 1500 seconds.

The next issue is the dimensionality of the superconducting state in
studied samples [7] and the effect of the surface scatterings on resis-
tivity of thin films [21].

The angular dependencies of the film resistances (Figs. 8 and 9)
show that the samples with the reduction times of 1000 s and more are
conventional three-dimensional superconductors with a very small
surface-derived effect, see the related discussion in our paper [7]. This
result contradicts the assumption of the authors of the work [22] that the
electrochemical reduction lead to the formation of a dense thin film of
nanoparticles on top of the ITO layer which is the source of the dissipa-

1.0F
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s o
4 8
R 3
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Fig. 7. Representative four-probe R®(T) and R®(T) curves normalized to the
resistance value Rio at 10 K for two different contact arrangements (see Fig.
1) measured on four reduced in MgCl1 ITO superconducting films with increas-
ing reduction times of 250, 500, 750 and 1000 seconds.
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Fig. 8. Angular dependence of four-probe R®(T) and R®(T) characteristics
for reduced in NaCl ITO superconducting film with a 1000 s reduction time in
the field of 0.2 T for different contact arrangements (see Fig. 1). The angles
are formed by the field with a normal to the film surface.

tionless superconducting state. The observed three-dimensional super-
conductivity also indicates that bulk structural changes are occurring.
Let us briefly discuss why ITO samples are transparent. The optical
band gap measured using optical techniques determines the energy re-
quired for excitation of a single electron from the valence band maxi-
mum to the conduction band minimum. To ensure optical transparen-
cy, it should be larger than 3 eV that corresponds to the maximum
wavelength of visible photons. For many materials, the onset of strong
absorption occurs at the direct band gap, when the edge states of the
two bands correspond to the same wave vector k in the reciprocal space.

1.0

R®/R,,

0.5

0.0

Fig.9. Angular dependence of four-probe R®(T) and R®(T) characteristics
for reduced in MgClI ITO superconducting film with a 1000 s reduction time in
the field of 0.2 T for different contact arrangements (see Fig. 1). The angles
are formed by the field with a normal to the film surface.
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Then an incident photon with sufficient energy can cause an electron
to transfer between the states with a momentum of the resulting elec-
tron—hole pair very close to zero. However, some direct transitions can
be forbidden due to specific selection rules governing symmetry, pari-
ty, and spin such that the onset of the absorption edge occurs at higher
energies than the direct gap. For example, it relates the n-type Sn-
doped In;03 (ITO) oxide with a fundamental direct band gap of 2.9eV
where the first strong transitions occur from valence bands 0.81 eV
below the valence-band maximum [23]. In addition to the increase from
the Burstein—Moss effect, it leads to the onset of strong optical absorp-
tion at 3.75eV [23].

As was emphasized by Woods-Robinson et al. [24], the presence of
forbidden optical transitions at gap edges can be an important factor in
enhancing transparency. To address this, the authors computed ab-
sorption spectra across nearly 18.000 inorganic compounds in the Ma-
terials Project database, showing that over half of the selected semi-
conductors exhibit forbidden or weak absorption edges. From this set
of materials, the authors suggested a list of candidates for n- or p-type
transparent conducting materials with forbidden band edge transi-
tions and promising optical and electronic characteristics. Their main
methodological conclusion is that in the search for new materials that
are both transparent and conductive, metrics representing absorption
spectra, not just bandgap, should be used.

We believe that the ITO and similar films can form a basis of novel
hybrid electronics integrating optical and superconducting compo-
nents since the use of transparent superconducting materials provides
a perfect solution to avoid significant losses due to photon absorption
in such on-chip circuits. This also applies to data transmission in a
quantum network formed by quantum computers based on supercon-
ducting qubits [25]. Important application is single-photon detectors
for sensing based on the cooper-pair breaking effect. At last, integra-
tion of photonic components offering few-photon and light-speed
communication with superconducting ones providing fast and energy-
efficient computation in neuromorphic applications ensures synaptic
time constants spanning four orders of magnitude from hundreds of
nanoseconds to milliseconds [26].

5. SUMMARY

In the paper, we have used the van der Pauw contact placement and
four-probe resistance measurements for two configurations in order to
analyse near-T, resistance vs. temperature data for transparent super-
conducting ITO films. As was shown in our previous publications [6, 7],
unusual shape of such nonlocal four-probe resistance characteristics can
serve as a qualitative indicator of the presence of superconducting
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granularity in the sample studied. The angular variations in film resis-
tivity indicate that the samples subjected to a reduction time of 1000
seconds or more exhibit characteristics similar to those of conventional
three-dimensional superconductors with a minimal surface effect. At
last, we hope that this technique applied to transparent conducting ox-
ides will be useful for further progress of the transparent superconduct-
ing electronics, which is currently still in its very early stages.
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