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Development of p-type transparent conducting thin films is tireless due to the trade-off issue between optical trans-
parency and conductivity. The rarely concerned low normal state resistance makes Bi-based superconducting cuprates the
potential hole-type transparent conductors, which have been realized in BiSrpCaCuy Oy, thin films. In this study, epitaxial
superconducting Biy Sr, CuO, and BiSry gNdg o CuOy, thin films with superior normal state conductivity are proposed as p-
type transparent conductors. It is found that the BiSry §Ndp  CuO,, thin film with thickness 15 nm shows an average visible
transmittance of 65% and room-temperature sheet resistance of 650 /sq. The results further demonstrate that Bi-based
cuprate superconductors can be regarded as potential p-type transparent conductors for future optoelectronic applications.

Keywords: p-type, transparent conductor, sol-gel, Bi-2201

PACS: 73.61.-, 78.20.—¢, 81.20.Fw, 81.15.—z

1. Introduction

It is well known that p-type transparent conductors (TCs)
with positive charges carrying an electrical current are the
most crucial components in future invisible active circuit
devices.!'"*l However, research on p-type TCs is still in their
infancy. Many materials fail to combine acceptable electrical
conductivity and optical transparency, which renders them un-
able to compete with n-type TCs. The difficulty of converting
oxides from n-type to p-type via acceptor-doping is due to the
localized O 2p-derived valence band, which impedes the in-
troduction of shallow acceptors and large hole-type effective
mass. ] The strategy of “chemical modulation of the valence
band” promotes the development of p-type TCs, and the Cu-
based delafossite oxide CuMO, M =Al, Cr, Ga, Y, etc.) are

[6-12] However, car-

extensively investigated in recent years.
rier compensation and structural deformations hamper the im-
provement of the optoelectronic performance of these oxides,
especially for the conductivity at room temperature.[!3]
Starting from a conductor that already has plenty of free
carriers may be possible if the bulk metals have a sufficiently
wide energy window in their electronic structure above Fermi
energy Er and a low screened plasma energy /@y, to ensure
optical transparency.!'*! The screened plasma energy ha, can
be described by fia, = fi(e? /eo&:) /% (n/m*)'/?, where f is the
reduced Planck constant, & is the vacuum permittivity, & is
the relative permittivity, n is the carrier concentration, and m*
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is the carrier effective mass.!'> On the other hand, the conduc-
tivity of a material is up to o = nqu = ¢>t(n/m*), in which
q is the elemental charge, u is the carrier mobility, and 7 is
the scattering time. The two contradictory properties includ-
ing conductivity and transmittance can be simultaneously im-
proved by selecting appropriate materials with both high n and
m*, namely, correlated metals.!!>! The new effective strategy
for the design of TC thin films has been achieved in n-type al-
kaline earth-based vanadates, molybdates and niobates. [15-21]

Bi-based cuprates, BixSrCa,—1Cu, Oy (n =1, 2, 3), si-
multaneously possess heavy hole carriers and high carrier con-
centrations, which can shift the screened plasma energy to the
near-infrared region below 1.75 eV and will not obscure opti-
cal transparency.?2-2! For instance, the Bi»Sr,CaCu,0, (Bi-
2212) with hw, = 1.6 €V has been proved to be p-type TC
with excellent optoelectronic performance.>’]

The compound Bi;Sr,CuO,, (Bi-2201), which has a sim-
ilar layered crystal structure to Bi-2212, can potentially be
utilized as effective p-type TCs due to the following rea-
sons. Firstly, the Bi-2201 has a lower room temperature
resistivity than that of Bi-2212 and Bi;Sr,Ca;Cu30O, (Bi-
2223).128-321 Secondly, the Bi-2201 single crystal with a lower
carrier mean free path of 1.9 nm can be reduced to several
nanometers without obvious depress of the electrical transport
properties. >3] Moreover, the screened plasma energy ha, is
1.0 eV, indicating that the itinerant electrons may react slowly
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with the incoming light wave and further avoid screening and
reflection. 23]

In this study, the epitaxial superconducting Bi-2201 and
Bi;Srq gNdp,CuO, ((Bi,Nd)-2201) thin films were synthe-
sized by a solution method. It is found that the p-type Bi-2201
and (Bi,Nd)-2201 thin films with lower thickness display ex-
cellent performance of optical transmittance in the visible-to-
near-infrared range, while possessing low room-temperature
sheet resistance.

2. Experimental details

First, the precursor solutions were prepared by dis-
solving stoichiometric bismuth acetate (Bi(CH3COO)s,
5% over-weighted to compensate for the volatilization
of Bi), strontium acetate (Sr(CH3COO),-0.5H,0), cop-
per acetate (Cu(CH3COQ);-H,0) and neodymium acetate
(Nd(CH3CO0O0)3-xH,0)) into propionic acid. Before the de-
position procedure, the single crystal of SrTiOz (STO) (100)
substrates was ultrasonically cleaned in acetone, ethanol, and
deionized water in steps, followed by a final cleaning process
using a plasma cleaner under argon. Spin-coating technology
was used to coat the former solutions. The as-deposited wet
thin films were baked at 120 °C for 1 min and pyrolyzed at

350 °C for 10 min to eliminate residual organics. The ob-
tained amorphous coatings were calcined at 780 °C for 30 min
in air. The above procedures were cycled several times to tune
the final film thickness.

High-resolution x-ray diffraction (XRD, Philips X’Pert
Pro) with 6/26 scans was performed to check the thin film
phases and orientations. The rocking curves for the Bi-based
cuprate thin films were checked by 20 /@ scans. X-ray phi-
scans were also carried out for all Bi-2201 and (Bi,Nd)-2201
thin films to check the epitaxial relationships between thin
films and substrates.
Park Systems Crop., Korea) was used to determine the thin
film thickness and surface morphology, respectively. Resistiv-
ity and the Hall coefficient were measured by using the stan-
dard four-gold-probe method and the van der Pauw geome-
try, respectively, on a Quantum Design physical property mea-
surement system (PPMS-9T). Room-temperature transmission
spectra for all thin films were obtained using the UV/Vis/NIR
spectrometer (VARIAN, CARY-5E).

An atomic force microscope (NX10,

3. Results and discussion

The detailed structural characteristics of the Bi-2201 and
(Bi,Nd)-2201 thin films are presented in Fig. 1.
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Fig. 1. (a) Out-of-plane XRD profiles for the Bi-2201 and (Bi,Nd)-2201 thin films grown on STO (100) substrates. (b) Rocking curves of
(008) peaks for the above two thin films. (c¢) Schematic diagram of the epitaxial relationship between the thin film and the substrate. (d) XRD
¢-scans of reflections for the STO (110), Bi-2201 and (Bi,Nd)-2201 (115) crystal plane.
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As can be seen from the out-of-plane XRD profiles in
Fig. 1(a), only (00l)-orientated diffraction peaks can be de-
tected for both thin films, indicating that phase-pure Bi-based
cuprate can be derived by a simple solution deposition method.
The c-axis lattice constant is determined to be 25.52 A for
Bi-2201 and 25.42 A for (Bi,Nd)-2201 based on the Bragg
formula, 2dsin® = nA. The decreasing lattice constant can
also be detected by the shift of rocking curve for the Bi-2201
and 10%Nd-doped one, as displayed in Fig. 1(b). In addi-
tion, both thin films show narrow full width of half maximum
(FWHM) below 0.1°. For the Bi-2201 thin films grown on the
STO substrates, the optimum matched mode can be sketched
in Fig. 1(c) from the point of the geometrical relationship. The
a-axis lattice constant of the cubic STO is 3.91 A, while the
tetragonal Bi-2201 is 5.37 A, indicating that the unit cell of
Bi-2201 should rotate 45° to fulfill the epitaxial relationship
between the film and substrate. Therefore, the plane (110)
of the STO is parallel to the plane (115) of Bi-2201, as also
seen in the right portion of Fig. 1(c). The above two thin
films were checked by azimuthal scans to verify this growth
mechanism. Figure 1(d) shows that the fourfold symmetry
of the (115)-plane for the Bi-2201 is corresponding to the
(110)-plane of the STO, confirming the epitaxial relationship
of (115)film||(110)substrate.

Figure 2 displays the surface morphology of the Bi-2201
and (B1,Nd)-2201 thin films to check the surface characteristic
and roughness when downsizing the film thickness. All thin
films show homogeneous and smooth surfaces. Bi-2201 films
show that the root-mean-square (rms) roughness decreases
from 5.135 nm to 1.639 nm with decreasing film thickness.
It is interesting to observe that the Nd-doped Bi-2201 thin
films display lower rms roughness (4.209 nm to 0.476 nm)
than that of the matrix film with the same thickness. The opti-
mized smooth surface obtained by doping Nd in Bi-2201 can
effectively decrease the surface carrier scattering, especially
for thin films with lower thickness.

Figure 3(a) gives the resistivity p versus temperature be-
havior for the Bi-2201 and (Bi,Nd)-2201 thin films with dif-
ferent thicknesses. It is shown that thin films with thickness of
45 nm and 80 nm present superconducting transition at low
temperatures. However, the superconducting behavior van-
ishes when the thickness downsizes to 30 nm for both the
Bi-2201 and (Bi,Nd)-2201 thin films. At room temperature
(300 K), the resistivity shows a predictable increasing trend
with decreasing film thickness. As seen in Fig. 3(c), how-
ever, the rising extent of room temperature resistivity is much
lower for the (Bi,Nd)-2201 thin films than that of the Bi-2201,
which can largely be due to the evolution of surface morphol-

ogy, as presented in Fig. 2. Based on the results of the carrier
concentration determined by Hall measurements in Fig. 3(d),
Nd-doping in Bi-2201 declines the hole-like carriers. The de-
creasing carrier concentration (n) for (Bi,Nd)-2201 can be
elucidated by electron doping in Sr sites, as also commonly
observed in La-doped Bi-2201.133! Moreover, it is seen from
Fig. 3(e) that the carrier mobility () increases with increas-
ing film thickness. The (Bi,Nd)-2201 thin films display larger
room temperature mobility than that of the host film, which is
mainly due to the enhancement of film quality based on the
lower rocking curve FWHM (Fig. 1(b)) and optimized smooth
surface (Fig. 2). It should be noted here that the hole mo-
bility with the value of 1.4-2.1 cm?/V-s for the (Bi,Nd)-2201
thin film is much larger than that of recent reported p-type TC
films. (2634331 Figure 3(f) gives the room temperature Hall re-
sistance (Ry,) versus measured magnetic field (B) for the 80-
nm-thick films, and the positive Hall coefficients confirm that
both the Bi-2201 and (Bi,Nd)-2201 thin films are hole-type.

(a) Bi-2201 (b) (Bi,Nd)-2201
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Fig. 2. Surface morphologies of (a) Bi-2201 and (b) (Bi,Nd)-2201 thin
films with different thicknesses.

107305-3



Chin. Phys. B 31, 107305 (2022)

(@30 T T T T

Bi-2201

2.5 -
15 nm

2.0 -

1.5}

30 nm —

p (mQ-cm)

(b)
I (Bi,Nd)-2201
2.5 -1
- 15 nm i
2.0 -
E L _
N
G 15 -
B
< L ]
1.0F 30 nm .

0 50

100 150 200 250 300
T (K)

(c) T T T T T T T 1
2.0 . —=— Bi-2201 7
o — } oo
e \+ (Bi,Nd)-2201 |
g L 4
13} [ |
s M, ]
Q 0'8__\°—0 e
0.4 T=300 K —
IIIIIIIIIIIII
d T T T T T T T 1
@ f :
T ' m ] m |
§ o °§./‘
) _./ ° o |
S 4f .
= ol T=300 K
IIIIIIIIIIIIII
(e)2.4_'|'|'|'|'|'|'|_
L o
0 o——
S 1.8 —
a -./0/ n
512_ /_
0 . .
0.6Fq — T=300 K
I BT T BT ST I R

10 20 30 40 50 60 70 80
Thickness (nm)

(£) 0067 I
| 7=300K ]
0.03 7]
@ i J

Z 0
~ —=— Bi-2201

—0.03 —e— (Bi,Nd)-2201

_ A — L

B (T)

Fig. 3. Temperature dependent resistivity in the range of 300-2 K for the different-thickness (a) Bi-2201 thin films and (b) (Bi,Nd)-2201 thin
films. Plots of (c) resistivity, (d) hole density and (e) hole mobility of Bi-2201 and (Bi, Nd)-2201 thin films versus film thickness at room
temperature. (f) Evolution of room-temperature Hall resistance with magnetic field for the above two thin films.

Figure 4 shows the optical transmittance (Top) of the
different-thickness Bi-2201 and (Bi,Nd)-2201 thin films. At
near-infrared wavelength, all thin films show the decreasing
trend with the decreasing of photon energy, which is mainly
due to the carrier reflection. In the most important visible
range, it can be clearly seen that the transmittance increases
over 20% for both thin films when the film thickness decreases
from 80 nm to 15 nm. Such an optimized route through dimen-
sionality reduction is an effective approach to developing neo-
teric TC materials in either n-type or p-type.[!3:16:18.19.27.34.33]
The 15-nm-thick Bi-2201 and (Bi,Nd)-2201 thin films show
excellent average transmittance of 66% and 65%, while main-
taining low room-temperature resistivity of 1.82 mQ-cm and
0.97 mQ-cm (Fig. 3(c)) and sheet resistance of 1213 Q/sq and
650 Q/sq, respectively. As for the ultraviolet region, the sharp
decrease of transmittance is due to intra-band absorption from
the STO substrate. 3!

Figure 5 gives the graphical representation of room-
temperature conductivity (o) and visible average transmit-
tance (T,vg) for the Bi-2201, (Bi,Nd)-2201 epitaxial films and
other representative p-type transparent conducting thin films.
It shows that Bi-2201 and (Bi,Nd)-2201 show larger room-
temperature conductivity and higher optical transmittance than
that of the Bi-2212 thin films and the overwhelming major-
ity of p-type TCs. Our group has reported that the trans-
parent conducting Bi-2212 films with the highest conductiv-
ity of 1064 S/cm (180 nm) and the highest transmittance of
65% (15 nm). However, when the film thickness is reduced
to 15 nm, the conductivity of Bi-2212 drops to 288 S/cm. 7]
Herein, the 80 nm Bi-2201 and (Bi,Nd)-2201 have 1615 S/cm
and 1553 S/cm, respectively. The 15-nm-thick Bi-2201 and
(Bi,Nd)-2201 thin films have a transmittance of 66% and
65% while maintaining the conductivity of 549 S/cm and
1025 S/cm, respectively. Moreover, all detailed parameters
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corresponding Fig. 5 are listed in Table S1 in the supplemen-
tary material. It is seen that the p-type Bi-2201 and (Bi,Nd)-
2201 TCs locate at the competitive values amongst reported
p-type TCs so far, suggesting that the Bi-based cuprates are
the promising candidate in p-type TC applications.
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Fig. 4. Optical transmittance spectra for the bare STO (100), (a) Bi-2201

and (b) (Bi,Nd)-2201 thin films with different thicknesses. The corre-
sponding room-temperature sheet resistance are given in the brackets.
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Fig. 5. Summary of room-temperature conductivity ¢ and visible aver-
age transmittance Ty, for the Bi-2201, (Bi,Nd)-2201 and other repre-
sentative p-type transparent conducting thin films.

4. Conclusion

In conclusion, epitaxial superconducting Bi2201 and
(Bi,Nd)-2201 thin films have been fabricated and proposed as
p-type transparent conductors. Nd doping in Bi2201 can ef-
fectively improve the film orientation and surface morphology.
In addition, the average visible transmittance can be optimized
to 65% through a dimensionality reduction, while maintaining
a low room-temperature sheet resistance of 650 Q/sq. Our

study demonstrates that Bi-based cuprate superconductors can
be fabricated by a simple solution route and are regarded as
efficient p-type transparent conductors with excellent perfor-

mance.

Supplementary material

See the supplementary material Table S1 for all detail pa-
rameters corresponding to Fig. 5.
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