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The switchable electric polarization is usually achieved in ferroelectric materials with noncentrosym-
metric structures, which opens exciting opportunities for information storage and neuromorphic
computing. In another polar system of p-n junction, there exists the electric polarization at the interface
due to the Fermi level misalignment. However, the resultant built-in electric field is unavailable to
manipulate, thus attracting less attention for memory devices. Here, we report the interfacial polarization
hysteresis (IPH) in the vertical sidewall van der Waals heterojunctions of black phosphorus and quasi-two-
dimensional electron gas on SrTiO;. A nonvolatile switching of electric polarization can be achieved by
reconstructing the space charge region (SCR) with long-lifetime nonequilibrium carriers. The resulting
electric-field controllable IPH is experimentally verified by electric hysteresis, polarization oscillation, and
pyroelectric effect. Further studies confirm the transition temperature of 340 K, beyond which the IPH
vanishes. The second transition is revealed with the temperature dropping below 230 K, corresponding to
the sharp improvement of IPH and the freezing of SCR reconstruction. This work offers new possibilities

for exploring the memory phenomena in nonferroelectric p-n heterojunctions.

DOI: 10.1103/PhysRevLett.130.196801

Interfaces in p-n heterostructures give rise to many extra-
ordinary physical properties, such as rectification, photo-
voltaic effect, electroluminescence, etc. [1-5]. Usually, a
space charge region (SCR) is induced at the interface due to
the complete depletion of major carriers [6]. Residual space
charges enable the formation of built-in electric field to
prevent a further recombination of electrons and holes [6].
The naturally formed SCR is a suitable platform to study
nonequilibrium carriers (NECs), eliminating the interfer-
ence of intrinsic carriers [7,8]. For example, a usual strategy
is to inject photons into the SCR to create the photocarriers
as a type of NECs [9,10]. In this case, the built-in barrier is
temporarily controlled through the generation and recombi-
nation of photocarriers, thus causing several intriguing
photoelectric properties [11,12]. An interface of p-n junction
is regarded as a polar system. A piezoelectric effect can be
induced through the interfacial electric polarization [13,14].
However, in most cases, such an interfacial polarization
can be changed only by the current physical stimulation
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but not by its history. This volatile nature limits the possible
application of p-n heterostructures for memory.

The nonvolatile switching of electric polarization has
been widely reported in ferroelectric materials, originating
from the ordered arrangement of electric dipoles [15-22].
Ferroelectrics must show electric hysteresis and pyroelec-
tricity, reflecting the nonvolatile change of electric polari-
zation [23-25]. The noncentrosymmetric structure is a
crucial premise to achieve the ferroelectricity [26]. For this
goal, many methods are employed to break the lattice sym-
metry of centrosymmetric materials, such as lattice twist,
interlayer sliding, strain, and doping [27-33]. Compared
with the bulk polarization in ferroelectrics, the interface
polarization in heterostructures depends on the distribution
of space charges instead of electric dipoles. To achieve the
nonvolatile switching of built-in potential, a reasonable
strategy is to fill the SCR with long-lifetime NECs through
a bias voltage. The switchable interface polarization may
emerge due to the reconstruction of the SCR.

© 2023 American Physical Society
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FIG. 1. (a) Structural schematic of BP-Q2DEG heterostructure.
(b) AFM image showing the surface morphology of the hetero-
junction. Inset: photograph of the heterojunction. (c) /-V loop
measured in the bias range of —3-3 V at 300 K. Inset: semilog
I-V loop. The arrows reveal the direction of the voltage sweeps.
(d) Junction resistance as a function of V ;. with V. = 0.2V,
where Vi 1S a pulsed voltage to drive the device with the pulse
width of 1 s. Wait time between V. and V .,q is 30 s. (e) I-V
curves in the bias range of 0-2 V after V. pulses of 0, —5, and
+5 V. The arrows mark the turn-on voltages.

In this Letter, we report the interfacial polarization
hysteresis (IPH) in a vertical sidewall van der Waals
(vdW) heterojunction of black phosphorus (BP) and
quasi-two-dimensional electron gas (Q2DEG) on SrTiO,
(STO). A nonvolatile switching of electric polarization is
experimentally verified by electric hysteresis, polarization
oscillation, and pyroelectricity. A transition is observed at
340 K, where the IPH vanishes. The theoretical model is
proposed to explain the observed effects based on long-
lifetime NECs. This work enriches the functionalities of
heterostructure interfaces and extends the applications of
p-n heterostructures to information recording and elec-
tronic storage.

The BP-Q2DEG heterostructures are fabricated using an
Ar*-ion bombardment assistant method reported by our
recent works (see Sec. 1 and Fig. S1 in the Supplemental
Material [34]) [9,35,36]. Figure 1(a) shows a structural
schematic of the IPH device on a STO substrate. A vdW
contact is formed at the edge of the BP layer and the
Q2DEG. Because of the p-type conduction of intrinsic BP, a
p-n junction should be constructed in the interface of BP
and the Q2DEG. The excessive Ar™-ion bombardment is
applied to etch a vertical sidewall of Q2DEG on STO during
the fabrication, forming a sharp interface in nanoscale. Such
a quasi-one-dimensional junction contact can constrain the
drift and diffusion processes of free carriers at the interface,
thereby reducing the recombination of NECs. This is a
structural basis for the ferroelectricitylike effect. For com-
parison, we fabricated a BP-Q2DEG heterojunction with
two-dimensional junction contact [see Fig. S2(a) in the
Supplemental Material [34] ]. No hysteresis behavior can be
observed in this device. Their difference demonstrates the
important role of the quasi-one-dimensional interface in

the charge trapping [see Figs. S2(b) and S2(c) in the
Supplemental Material [34]]. In Fig. 1(b), the atomic force
microscopy (AFM) image and photograph (inset) display
the surface morphology of the device with BP thickness of
51 nm and the Ar*-ion etching depth of 100 nm. Figure 1(c)
shows the current-voltage (/-V) characteristic investigated
in the bias range of —3-3 V at 300 K, demonstrating a
rectifying behavior. Hysteresis in the current is observed in
the BP-Q2DEG heterostructure [inset in Fig. 1(c)], distin-
guishing it from normal p-n junctions. Along the positive
bias voltage, the backward current is greater than the
forward current, while the negative bias voltage gives rise
to an opposite effect. Furthermore, a large pulsed write
voltage (Vi) 1S applied to drive the device for the resistive
switching, and a small read voltage (V,,q4) is used to
measure the junction resistance. In Fig. 1(d), we observe
the hysteresis dependence of junction resistance on V.
with an on/off resistive ratio of ~100. The device exhibits a
resistive hysteresis behavior similar to a ferroelectric tunnel
junction (FTJ) [37-39]. The FTJ is constructed of a
ferroelectric layer sandwiched between two conductors,
where the polarization of the ferroelectric layer induces
the resistive switching. Because of their similarity, the
nonvolatile switching of electric polarization must exist at
the BP-Q2DEG interface, showing a FTJ-type resistive
switching. This FTJ-like device based on the IPH possesses
a good retention in on/off resistance states (see Sec. 2 and
Fig. S3 in the Supplemental Material [34]). And the
hysteretic resistance curve maintains highly reproducible
over 300 circles of voltage sweep, showing good endurance
(see Sec. 2 and Fig. S4 in the Supplemental Material [34]).
In Fig. 1(e), we compare the /-V curves in the bias range of
0-2 V after 0, =5, and +5 V pulsed voltages. The bias
voltage causes the nonvolatile change of turn-on voltage.
Since the turn-on voltage is attributed to the built-in
potential in a p-n junction, our observations reflect the
nonvolatile dependence of built-in potential on the external
electric field, supporting the IPH effect.

As is well known, there is a permanent spontaneous
electric polarization at the interface of a p-n heterojunction,
which is described by the built-in electric field (Ey;) [6].
Normally, the built-in potential (Vy;) is determined by the
carrier densities of p and n materials and thus independent
of any external electric field. However, in the BP-Q2DEG
heterostructure, we think that the NECs, injected by an
external electric field, cannot recombine instantly after
removing the electric field. The remaining NECs will
reconstruct the space charge region. So-formed metastable
Vi enables the nonvolatile switching through the external
electric field, similar to the electric polarization in ferro-
electricity. To verify this, few-layer BP and Q2DEG are
respectively measured for their photoelectric properties,
demonstrating a very long lifetime of NECs (see Sec. 3
and Fig. S5 in the Supplemental Material [34]). In Fig. 2(a),
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FIG. 2. (a) Schematic showing the dependence of built-in
potential on the bias voltage for normal and IPH heterojunctions.
(b) Vi,;-bias hysteresis loop at 300 K, exhibiting the nonvolatile
electric polarization. (c¢) Displacement current detected by a
PUND method. Interval time of voltage pulse is 0.2 s. The second
derivatives of PUND currents (¢”1/dV?) are shown in upper left
and lower right, to exclude the influence of background current.

the schematic diagram compares normal and IPH p-n
junctions. For a normal p-n junction, Vy; is changed by
the external electric field but recovers to its intrinsic value
at zero field. In contrast, the change in V,; is maintained in
the absence of external electric field and proportional to the
change of electric polarization at the interface. Based on
the above understanding, we propose that the change of
remanent built-in potential (V},) should satisfy the follow-
ing formula (see Sec. 4 in the Supplemental Material for the
theoretical model [34]),

. 1
AV = Vi = Vi = (1 —;)V, (1)

where j is a parameter determined by the NEC lifetime
(j>1), Vit is the intrinsic built-in potential, and V is
the bias voltage. Vil is an initial state in analogy with
zero polarization in ferroelectricity. AVy, reflects the
reconstruction of SCR, which remains after removing
the bias voltage. Such a linear relation indicates that a
transient application of bias voltage can induce a nonvola-
tile change of built-in potential, demonstrating a ferroelec-
tricitylike hysteresis behavior, that is, the IPH. The long
lifetime of NECs distinguishes IPH junctions from normal
junctions (see Fig. S6 in the Supplemental Material [34]).
It is noted that the j value depends on both NEC lifetime
and temperature. For a normal p-n junction, the lifetime of
NEC:s is extremely short, making j equal to 1. Bias voltage
cannot cause the nonvolatile change of built-in potential. To
have j > 1, it is necessary to prolong the NEC lifetime and
lower the temperature. In an IPH junction, the NECs
created by the bias voltage will maintain the reconstruction
of the SCR even with the field removed.

The change of electric polarization in the IPH effect is
realized by SCR reconstruction, differing from the reversal

of electric dipoles in the ferroelectricity. A ferroelectric can
switch between positive and negative polarizations. In
contrast, for an IPH junction, the built-in potential is
determined by p- and n-type materials, whose sign cannot
be flipped. Its remanent built-in potential tends to decrease
or increase by applying a positive or negative bias voltage.
However, the different physical processes induce similar
polarization switching results, thus leading to similar
ferroelectric properties. To verify them, we attempt to
investigate hysteresis behavior, positive-up-negative-down
(PUND) and pyroelectricity in BP-Q2DEG heterostruc-
tures. Figure 2(b) shows the Vi, — V. hysteresis loop of a
BP-Q2DEG heterojunction at 300 K, supporting the
nonvolatile dependence of built-in potential on the electric
field. Through the slope along the bias voltage, we can
calculate the value of j that is about 5.4. Figure 2(c) shows
the PUND measurement to detect the displacement current
caused by the switching of interface polarization. At
negative bias, the PUND current is significantly observed
due to the low leakage current, and reaches the peak value
at —0.35 V. By contrast, at the positive bias, the back-
ground current is so large as to conceal the PUND current.
Only a small bulge of current emerges to confirm the
existence of PUND current, highlighted by a circle in
Fig. 2(b). For ferroelectricity, the PUND current peaks at

P = 0, where electric dipoles have the maximum speed of
rotation [40]. Similarly, for the IPH, the PUND peak
corresponds to the peak voltage (V) to satisfy AVy; =
Viok — in — (0. Combining the hysteresis loop in Fig. 2(b),
it is worth pointing out that the position of the PUND peak
along negative bias reflects the intrinsic built-in potential.
After the saturated electric polarization at positive bias, the
increase of negative voltage will enlarge Vy;. With the
negative voltage equal to Vi, all of the NECs, filled by
previous positive bias, are completely exhausted. At this
point, V,; reaches the maximum rate of change, thus
deducing Vi ~ Vit In order to exclude the influence of
background current, we take the second derivative for the
measured current [see the insets in Fig. 2(c)]. It is intriguing
to observe the interface polarization oscillations in the
BP-Q2DEG heterostructure, which originates from two
competing physical processes. The SCR width will decrease
(or increase) with the positive (or negative) bias applied. On
the other hand, it always tends to recover to its intrinsic status.
Experimentally, the competition between change and recov-
ery of SCR is reflected by the oscillation curve of the PUND
current [see Fig. S7(a) in the Supplemental Material [34] ].
Our theoretical model indicates that such a polarization
oscillation obeys the Bessel function [see Sec. 5 and Figs. S7
(b) and S7(c) in the Supplemental Material [34]]. The
observation of polarization oscillations is important evidence
to distinguish the IPH p-n heterojunction from a normal one.
In addition, it is worth pointing out that the observed IPH
effect cannot be attributed to the bias-induced structural
change. Previous works demonstrated that the filament
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FIG. 3. (a) Pyroelectric responses upon heating from 100 to
300 K after applying different V. ,. The electric poling is
performed by cooling the heterojunction to 100 K at the bias
range of 0-2 V. (b) Junction resistances as a function of
temperature at bias voltages of 1 and 2 V, where the temperature
drops to 100 K and then rises to 300 K. (c) PUND responses at
different temperatures. (d) Temperature dependence of PUND
current, showing the first and second transition temperatures.

channel formation can induce a low resistive state by opening
up conductive channels [41,42]. But there is no switching
of electric polarization in this case, disagreeing with our
experimental results.

The significant pyroelectric currents are observed upon
heating from 100 to 300 K in Fig. 3(a), with the hetero-
junction polarized at various poling voltages (V..,) upon
cooling. The IPH pyroelectricity shows a different mecha-
nism from that of ferroelectricity. For the IPH, after a
positive polarization, the SCR is filled by more carriers than
its intrinsic state. With the temperature rising over the
pyroelectric temperature (T7,), the IPH effect disappears
and the extra carriers are released to the external circuit,
observed as a pyroelectric effect. Another intriguing
observation is that the 7, of IPH decreases as the V.,
increases, different from the pr of ferroelectricity that
depends only on the ferroelectric phase transition but not
the electric polarization degree. This implies that the [PH
transition temperatures are different at different depths of
SCR (see Sec. 6 and Fig. S8 in the Supplemental Material
[34]). Figure 3(b) shows the junction resistance as a
function of temperature at bias voltages of 1 and 2 V,
where the heterojunction is first cooled to 100 K, and then
heated to 300 K. It is noted that the heating curve exhibits a
sudden drop in junction resistance precisely at T, com-
pared to the cooling curve. The current change upon
heating cannot be attributed only to the pyroelectric current,
since the former is over 4 orders of magnitude larger than
the latter. A reasonable explanation is that the sharp
shortening of SCR causes the junction resistance to
decrease due to the excessive gain of NECs during the

pyroelectric process. The experimental results in Figs. 3(a)
and 3(b) provide strong evidence to support the conclusion
that the IPH originates from the nonvolatile change of local
NEC density induced by an external electric field, which
rules out the possible mechanism of ion drift (see the
detailed analysis in Sec. 7 in the Supplemental Material
[34]) [43]. Generally speaking, the IPH shows similar
physical phenomena to the ferroelectricity, but there are
still specific differences (see Table SI in the Supplemental
Material for comparison [34]).

PUND measurements were performed to investigate the
temperature dependence of IPH in Fig. 3(c). The PUND
current peak shifts to the small bias as the temperature rises,
indicating the decrease of VL‘}. Here, we use the PUND
current to quantify the IPH. Figure 3(d) shows that the [IPH
vanishes above the first transition temperature (77) of
340 K, with the PUND current less than 1 pA. The first
transition refers to the emergence of IPH effect. The
BP-Q2DEG heterojunction exhibits a potential application
as a room-temperature IPH memory device. Another
interesting observation is the second transition temperature
(Tsecona) Of 230 K, where the PUND current increases
sharply over 1 order of magnitude. The heterojunction has a
larger IPH below 230 K. Moreover, the dependence of IPH
on BP thickness is investigated as shown in Fig. S9 in the
Supplemental Material [34]. The on/off resistive ratio and
T4 are enhanced with the increase of BP thickness. With
the thickness over 50 nm, the IPH becomes saturated and
independent of the BP thickness.

As a IPH device, the BP-Q2DEG heterojunction pos-
sesses some new features besides those ferroelectricitylike
behaviors. Here, we report the freezing effect of intrinsic
SCR accompanied by the second transition. Figure 4(a)
shows the junction resistance-temperature (R;-T) curves at
the bias voltage of 1.5 V. The electrical measurements start
at 10 K, where the device is insulating. With the electric
voltage applied, the device is heated up to 300 K, and then
cools back to 10 K. Surprisingly, R; upon heating is almost
5 orders of magnitude higher than that upon cooling. A
giant separation of junction resistances upon heating and
cooling occurs within a narrow temperature window of
180-230 K. To understand this phenomenon, we plotted the
R;-T curves upon cooling in different temperature ranges, as
shown in Fig. 4(b). It is found that the initial temperature
(Tin), where to start an R;-T measurement upon cooling,
plays an important role in determining the electronic
transport at low temperature. With T;, higher than
230 K, the R;-T curves coincide with each other, indicating
that the application of bias voltage at 230-300 K cannot
induce a permanent change of low-temperature resistance.
The low-temperature resistance tends to increase as Ty
decreases in the range of 180 to 230 K. With the temperature
below 180 K, all junction resistances remain almost con-
stant, no matter what the 7, is. Our experimental results
demonstrate that an application of bias voltage to the
BP-Q2DEG heterojunction at high temperature has a
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FIG. 4. (a) Junction resistance versus temperature at a bias
voltage of 1.5 V. Before the electrical measurement, the BP-
Q2DEG heterojunction is cooled down to 10 K at zero bias. Then,
the measurement is performed upon heating from 10 to 300 K
with a bias voltage applied to obtain the heating curve. The
cooling curve is made with the temperature decreasing from 300
to 10 K at the same bias voltage. (b) R;-T curves upon cooling
from different T, to 100 K at a bias voltage of 2 V, where T}, is
the initial temperature to start the measurement. (c) PUND
measurements at 200 K with different V.. Inset: the linear
relation between Vit and V¢.p- (d) Temperature dependence of
PUND peak voltage, where the heating curve is measured with
zero poling and the cooling curve is obtained at V.., =2 V.

permanent effect on the junction resistance at low temper-
ature, which cannot be explained only by the IPH. We think
that the freezing of SCR reconstruction occurs when the
electric polarization at the interface is maintained below
Teecona- The metastable built-in potential shaped by bias
voltage at high temperature becomes an intrinsic state at
low temperature. Figure 4(c) shows the PUND currents under
the negative voltage at 200 K after various V._,. Despite the
same temperature, the PUND peak voltages are different
from each other, greatly determined by V.. As we know,
the V,, reflects the intrinsic built-in potential. The value of
Vin is significantly decreased by V. »» with the linear relation
of AV{,‘} = V... The inset in Fig. 4(c) verifies the linear
dependence of V{,“i onV,_,. The freezing SCR reconstruction
can also be investigated by measuring Vit as a function of
temperature. In Fig. 4(d), in the absence of V._,,, the PUND
peak voltage decreases significantly from —2.8 to —0.34 V
upon heating. However, with V.., =2V, the BP-Q2DEG
heterojunction shows a slight increase of V. from —0.34 to
—0.75 V upon cooling. The separation of intrinsic built-in
potentials upon cooling and heating is just observed near
230 K, which is consistent with the experimental results in
Figs. 4(a) and 4(b). One can control the intrinsic built-in
potential as desired at low temperature, implying an

application for temperature memory. The second transition
does not only signify the further improvement of the IPH, but
also the freezing effect of SCR reconstruction. It indicates
that the NECs injected above T .,,g can transform into
equilibrium carriers upon cooling below 7. ,nq- The emer-
gence of IPH is a necessary prerequisite for the freezing
effect. The nonvolatile change of SCR is achieved due to
the IPH through the first transition. Then, such a metastable
change of SCR can be turned into the intrinsic state through
the second transition, with the temperature dropping below
Tsecond'

In summary, we have fabricated the BP-Q2DEG vertical
sidewall vdW heterostructures through the Ar*-ion bom-
bardment assistant method. A new physical effect of IPH is
found at room temperature, based on the nonvolatile
switching of Vy; induced by bias voltage. The IPH shows
several properties similar to the ferroelectricity, such as
electric hysteresis, PUND current, and pyroelectricity. The
IPH transition occurs at 7, = 340 K. In addition, the
second transition is observed with the temperature drop-
ping below 230 K, causing the sharp improvement of IPH
and the freezing of SCR reconstruction. Our theoretical
model indicates the IPH is attributed to the NECs with a
long lifetime. Our work establishes a new platform for
switchable electric polarization and expands the scope of
ferroelectric materials.
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