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The electron-doped cuprate superconductor exhibits a unique electronic structure, where both electron and hole Fermi
surface (FS) pockets coexist in the optimally doped (OP) region, while in the overdoped (OD) region there exists only a large
hole FS pocket. It is therefore an intriguing question whether or not a p—n junction arises if the OD electron-doped cuprate
interfaces with the OP compound. Here, we construct such an in-plane junction by selectively modulating the doping levels
in thin films of La;_,Ce,CuO4 (LCCO) — a typical electron-doped cuprate. We find that the junction exhibits non-linear,
asymmetric /-V characteristics, which are consistent with those of a p—n semiconductor junction, across a wide temperature
range from 250 K to 10 K, regardless of the Hall coefficient sign change or the superconducting transition. We attribute
these features to a potential barrier formed at the junction, which is set by the band bending in both OD and OP LCCO.
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1. Introduction

High temperature cuprate superconductors can be cate-
gorized into two families — the hole-doped and the electron-
doped compounds.!!?! While there exist abundant studies on
each family,3-%! the interface between the two families re-
mains scarcely addressed, although it may give rise to ex-
otic properties such as the superconducting diode effect.!’-1?]
Technically, it is challenging to fabricate such a p—n junction
with one side of the copper-oxide layers doped with holes
and the other side with electrons. Still, the unique elec-
tronic bands of electron-doped cuprates may provide an al-
ternative route toward this goal. In comparison to the hole-
doped cuprates which host positive Hall coefficients across
the whole phase diagram, the Hall coefficient of electron-
doped cuprates can change its sign, from negative to posi-
tive, as the doping level varies from the optimally doped (OP)
to the overdoped (OD) case.['3] At OP regime, the coexis-
tence of electron and hole Fermi surface (FS) pockets is con-
firmed in Nd;_ Ce,CuOy,!"*1% Pr,_ Ce,CuOy4,"""11 and
La;_,Ce,CuOy4 (LCCO)2%2! through transport and ARPES
studies. The interface between OD and OP electron-doped
cuprates is therefore expected to mimic a p—n semiconductor
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junction. Of late, we managed to modulate the doping level
of LCCO continuously via ionic liquid gating.[*>>! Tt was
revealed that hydrogen ions were intercalated into the LCCO
films as thick as 200 nm. After such a protonation process,
LCCO films with a nominal Ce content x = 0.1 showed pos-
itive Hall coefficients from 10 K to 150 K. This behavior be-
came quantitatively comparable to the OD LCCO with Ce con-
tent x = 0.18.2° This result paves one step toward realizing
an in-plane p—n junction of cuprates.

Here, we develop an area-selective protonation method
to realize an in-plane junction between OD LCCO and OP
LCCO. The term “OD LCCO” is nominal, referring to pro-
tonated LCCO via ionic liquid gating, which exhibits a
temperature-dependent Hall coefficient consistent with that of
chemically OD LCCO at x = 0.18. We characterize this junc-
tion by low temperature electrical measurements. The sheet
resistance across the junction is prominently larger than that in
either OP LCCO or OD LCCO. Interestingly, the /-V charac-
teristics across the junction show non-linear behaviors akin to
that of a p—n semiconductor junction: a rapid increase of cur-
rent occurs only after certain threshold voltages are reached.
Furthermore, the /-V characteristic is asymmetric: current
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flowing in the direction from OP LCCO to OD LCCO has a
smaller threshold than that in the opposite direction. Such an
asymmetry, which is similar to that of a p—n semiconductor
junction, persists from 250 K down to 10 K. Our results indi-
cate that there exists band bending across the interface, which
is mainly determined by the band structures in both OD and
OP LCCO, independent of their Hall coefficient sign.

2. Experimental details

Thin films of LCCO with Ce content x = 0.1 were grown
on (100)-oriented SrTiO3; (STO) substrates via pulsed laser de-
position (excimer KrF laser with a wavelength of 248 nm).
Details of the growth recipe were given in our previous
reports.?”28] Two 150-nm-thick samples, labeled S1 and S2,
were employed in this study. The superconducting transition
temperatures (7;) of the pristine samples are 25 K and 23 K,
respectively. Temperature-dependent resistances were mea-
sured using the standard lock-in technique with an AC cur-
rent of 0.5 pA (13 Hz). Both samples were patterned into
Hall bars with a width of 100 pum by using shadow mask Ar™ -
ion milling. The Ar*-ion beam etching was performed using
an IBE-KP150 system at an energy of 480 eV with a current
density of 0.35 mA/cm? for 20 minutes to ensure complete re-
moval of the thin film. To achieve area-selective protonation,
half of the Hall bars was covered with either PMMA or AlO,.
A 1-um-thick PMMA layer (950 kg/mol) was deposited on
sample S1 through five cycles of spin coating (4000 rpm) and
soft baking (90 °C for 4 minutes) with intermediate cooling
steps. Electron-beam lithography (Zeiss Crossbeam 340) was
used to define patterned regions for either PMMA removal or
AlO, deposition, enabling selective exposure to the ionic lig-
uid. A 20-nm-thick AlO, layer was deposited on sample S2
via atomic layer deposition (Ensure Nanotech) using alternat-
ing exposures of AI(CHz3)3 and O3 at a substrate temperature
of 80 °C. Electrical contacts were established by pressing in-
dium directly onto the film surface. For the protonation pro-
cess, we immersed each sample in the ionic liquid, as illus-
trated in Fig. 1(a). A positive gate voltage was applied to a Pt
counter electrode at 300 K to realize the protonation: 1.8 V,
80 min for S1 and 2.6 V, 35 min for S2. The gating con-
dition was optimized for each batch of the samples by car-
rying out tests on pieces cut from the same 10 mmx 10 mm
wafer. The gating process intercalated protons into the ex-
posed OP LCCO such that it transformed into the nominal OD
LCCO. Figure 1(b) displays this change in doping after gat-
ing. Based on our previous study,*?! the Hall coefficient for
the protonated LCCO remains positive throughout the temper-
ature range. This behavior is in agreement with that observed
for chemically OD LCCO. %!
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Fig. 1. (a) Schematic drawing of the sample and the experimental setup for
realizing area-selective protonation. Dark blue dots represent protons that are
intercalated into the exposed LCCO. (b) Temperature-dependent Hall coeffi-
cients of pristine OP LCCO with Ce content x = 0.1, protonated LCCO after
positive gating, and OD LCCO with Ce content x = 0.18. The red triangles
and blue stars represent the experimental data for pristine and gated samples
from Ref. [22], while the gray hexagons represent the experimental data for
x = 0.18 from Ref. [26]. (c) Temperature-dependent resistances of sample
S1. Inset illustrates the Hall bar structure of the sample and the contacts used
for measuring Ry, R, and R3. Here, R is measured after deposition of the
PMMA/AIO, masking layer and before gating, and R 3 after gating.

3. Results and discussion

The area-selective protonation effectively establishes an
in-plane junction between OD LCCO and OP LCCO. This is
supported by the results in Fig. 1(c). The resistance measured
in the exposed area after gating, R,, increases by two orders
of magnitude, in comparison to R; measured in the masked re-
gion (with the same length to width ratio). Also, R, decreases
from about 250 K to 50 K and slightly increases at lower tem-
peratures. Both the enhanced resistance and the temperature
dependence are consistent with those found in our previous
study without using the area-selective gating.!*?! It indicates
that the gated region successfully transits into the nominal
OD LCCO. We now investigate the resistance measured from
the region hosting the interface between OD LCCO and OP
LCCO, R3. Notably, the temperature-dependent curve of R3
always hovers above that of R,. Also, it displays a generally
semiconducting trend, in direct contrast to the metallic behav-
ior of Ry, in the same temperature window from 250 K to 50 K.
This prominently large resistance suggests the formation of a
barrier at the interface, otherwise R3 (T') should closely follow
the behavior of R, (T) /2 [since Ry (T) < Ry (T)].

The I-V characteristics further confirm the formation of
a semiconductor-like LCCO junction at the interface. Fig-
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ure 2(a) illustrates the measurement setup. We pass a direct
current through the Hall bar, with the current flowing from
OD LCCO to OP LCCO defined as the positive direction. The
four-terminal configuration is employed and the voltage across
the junction is registered. Figure 2(b) shows one exemplary /—
V curve measured at 100 K for the OD-OP LCCO junction in
sample S1. At this temperature, the Hall effect measurements
[Fig. 1(b)] indicate that the OD LCCO behaves as a p-type
material with a positive Hall coefficient and OP LCCO as an
n-type system. The relatively flat section of the /I-V curve
around zero bias corresponds to high resistance observed in
the AC transport measurement in Fig. 1(c). Further increasing
the voltage above a threshold causes a rapid increase in cur-
rent. Importantly, the threshold voltage in the positive direc-
tion (from OD to OP) is obviously larger than that in the oppo-
site direction (from OP to OD). We point out that this asymme-
try is opposite to the naive expectation if treating OD LCCO
as a p-type compound and OP LCCO as its n-type counterpart.

(a)  opLcco opLcco  (¢) A0
1 20K
(i) 1A
(b) 10 T T T 300 1200 K = ,A g 4
5_
- 150 K
<
2 or
= —
sk E 200r100 K ¢ 1
_ = .
— 1
0658 =04 0 04 08 50 K )
,///
100 ]
0
10 K
O 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 25 -15 —-05 05 1.5
T (K) V(V)

Fig. 2. (a) Schematic drawing of the measurement setup for /-V character-
istics. The current flowing from OD LCCO to OP LCCO is defined as the
positive direction. (b) /-V characteristics of the OD—OP LCCO junction in
sample S1 at 100 K. We define the threshold voltage V4, as the point (marked
by arrows) at which the current reaches 1 pA. The inset illustrates the conven-
tional asymmetric /-V characteristic of a p—n semiconductor junction. (c) I—
V characteristics of the OD—OP LCCO junction in sample S1 from 250 K to
10 K. Vi, is marked by arrows. The curves are vertically offset for clarity.
(d) Temperature dependences of V4, in both current directions for the OD-OP
LCCO junction in sample S1. Blue squares indicate the threshold voltages for
current flowing from OD LCCO to OP LCCO (VJ), while red circles indicate
the threshold voltages for current flowing from OP LCCO to OD LCCO (V).
The purple and white background regions correspond to OP LCCO with the
negative and positive Hall coefficients, respectively. The black arrow denotes
T.. All dotted lines serve as guides to the eye.

The inset of Fig. 2(b) illustrates the conventional asym-
metric /-V characteristic of a p—n semiconductor junction.

There, the threshold voltage in the positive direction is ob-
viously smaller. Figure 2(c) presents the /-V characteristics
collected at other temperature points from 250 K to 10 K. It is
interesting to note that the same asymmetry persists across the
wide temperature range, irrespective of the apparent change
of Hall coefficient in OP LCCO [Fig. 1(b)] or the supercon-
ducting transition (around 7; = 25 K). For a more quantita-
tive analysis, we define the threshold voltage Vi, as the point
[marked by arrows in Fig. 2(b)] at which the current reaches
1 pA in the I-V curve. Figure 2(d) summarizes the tempera-
ture dependences of Vi, in both current directions. Throughout
this temperature range, the threshold voltage for current flow-
ing from OD LCCO to OP LCCO consistently remains larger
than that in the opposite direction. Furthermore, the asymme-
try becomes more prominent at low temperatures, suggesting
a more pronounced band-bending.

Figure 3 illustrates the /-V characteristics of sample S2
from 100 K to 10 K. We observed asymmetric /-V behavior
again. Here, the threshold is only apparent in the positive di-
rection. In the negative direction, the threshold voltage seems
close to zero. This /-V characteristic is in close analogy to
that of an inverted p—n semiconductor junction. In compar-
isons, sample S1 hosts thresholds in both directions. This con-
trast seems to be related to the two different recipes employed
for masking LCCO. For sample S1, we use PMMA to cover
half of the Hall bars. For sample S2, we employ a thin film of
AlO,. The hard mask of AlO, may be superior than PMMA
mask in terms of realizing a sharply defined junction. The
PMMA mask, in contrast, may result in certain gradient of
doping in the crossover region from OP LCCO to OD LCCO,
giving rise to non-Ohmic behavior.

T T T T
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Fig. 3. The I-V characteristics of the OD-OP LCCO junction in sam-
ple S2 from 100 K to 10 K. The inset illustrates a schematic drawing of
the measurement setup. The curves are vertically offset for clarity, and
all dotted lines serve as guides to the eye.

We now discuss the implications of our experiment. Hall
effect measurements indicate that OD LCCO is p-type, while
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OP LCCO is n-type. Naively, one might expect that an OD-
OP LCCO interface would behave like a p—n semiconductor
junction, with a significantly larger threshold voltage when at-
tempting to pass current from OP to OD LCCO. However, the
experimentally observed asymmetry is the opposite: passing
current from OP to OD encounters a smaller threshold volt-
age. In fact, the electron-doped cuprate hosts both an electron
pocket around (7, 0) and a small hole pocket near (7/2, 7/2)
in the OP regime, while the OD regime features only a large
hole-like FS pocket.!'>-2!1 Based on both the reported experi-
mental results and theoretical calculations,?-32! we schemat-
ically illustrate the band structure of the OD—OP LCCO junc-
tion in Fig. 4(a). On the OP LCCO side, the partially filled
spectral weight near the Fermi level originates from both an
electron-like upper Hubbard band (UHB) and a hole-like band.
The UHB and Zhang—Rice singlet are well-separated, with a
gap between them. On the OD LCCO side, a single hole-
like band extends below the Fermi level, with no gap present.
Ionic liquid gating induces protonation in LCCO, driving it
into an OD regime of electron-doped cuprates, resulting in an
elevated Fermi level for OD LCCO relative to OP LCCO. Con-
sequently, the OD-OP LCCO junction behaves similarly to a
p—n semiconductor junction formed from a heavily electron-
doped OD region to a lightly electron-doped OP region. In
this configuration, the built-in electric field in the LCCO junc-
tion points from OD LCCO to OP LCCO, akin to the electric
field in a traditional p—n junction that extends from the n-type
to the p-type region. Therefore, the band bending from the OD
side to the OP side of the LCCO junction is analogous to the
band bending observed in p—n semiconductor junctions [from
n-type to p-type, as shown in Fig. 4(b)]. This is reflected in
the non-linear, asymmetric /-V characteristics of the OD-OP
LCCO junction, where current flow from OD LCCO to OP
LCCO is less favorable, exhibiting unidirectional conductiv-
ity, similar to that of a p—n junction. However, it is evident
that the directions of the built-in electric field, band bending,
and the asymmetry in the /-V characteristics of the OD-OP
LCCO junction are opposite to, or independent of, the ex-
pected p—n junction behavior (from OD to OP) as indicated
by the Hall coefficient sign. Thus, the electrical behavior of
the OD-OP LCCO junction originates from the potential bar-
rier formed by band bending, which is primarily determined
by the distinct band structures in the different doping regions
of the electron-doped cuprate superconductor. Additionally,
the OD-OP LCCO junction exhibits gap-like features around
1 eV in the I-V curves shown in Fig. 2(c), which is notably
larger than the smaller chemical potential shift (~ 100 meV)
between the OD and OP regions observed in NCCO.*3! This
suggests that the LCCO junction experiences stronger band
bending, due to a significant difference in the band structures
at both ends of the junction. This disparity is presumed to

arise from the varying Hubbard interaction strengths in the
electron-doped cuprates across the different doping regions.
In other words, the gap-like feature is not simply a result of a
chemical potential shift but reflects a more intricate relation-
ship between the electronic states in the OD and OP regions of
the LCCO junction.

(&) op Lcco OP LCCO

Hole-like band

Fig. 4. Schematic drawing of the band structures for an OD-OP LCCO
junction (a) and a typical p—n semiconductor junction (b). For OP
LCCO in panel (a), the partially filled spectral weight near the Fermi
level is contributed by both an electron-like upper Hubbard band (UHB,
blue) and a hole-like band (purple). The Zhang—Rice singlet (gray) is
well-separated from the UHB, with a gap existing between them. For
OD LCCO in panel (a), a single hole-like band (purple) extends below
the Fermi level, with no gap present. The red dashed curve illustrates
the possible band bending for the LCCO junction. The black dotted
lines indicate the Fermi level.

4. Conclusion

In summary, we realized a semiconductor-like in-plane
junction consisted of OD LCCO and OP LCCO. The I-V char-
acteristics across the junction reveal nonlinear and asymmetric
behavior. Flowing the current from OD LCCO to OP LCCO
encounters a larger threshold voltage than driving the current
in the opposite direction. This suggests that the potential bar-
rier at LCCO junction originates from the band bending at the
interface which is governed by the unique band structures of
this electron-doped cuprate.
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