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Abstract: The negative capacitance effect in ferroelectric materials holds significant
potential for reducing the energy consumption of transistors, and the experimental
demonstration and mechanism analysis of these phenomena have attracted substantial

attention. In this study, by depositing ferroelectric BaTiO3 thin films with thicknesses
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ranging from 212 to 390 nm onto semiconducting SnO,:F substrates, we directly
measured two distinct types of negative capacitance. One type, observed under large
bias (NCl), originates primarily from injection and delayed migration of carriers
across the ferroelectric/semiconductor interface, while the other type, captured under
small bias for the 390 nm sample with a larger initial polarization, corresponds to the
intermediate state of ferroelectric polarization switching where intrinsic negative
capacitance emerges (NCs). The direct measurement of the latter was enabled by a
“dual-delay” mechanism established by the stepwise DC bias and oxygen vacancy
migration, which effectively delayed both the ferroelectric polarization switching and
the charge compensation, thereby provided a critical window for capturing the
transient process of polarization switching. For the 390 nm BaTiO; film, the total
capacitance measured at biases of 16 V and —16 V were approximately —50.69 nF and
—7.92 nF (100 Hz), respectively. Furthermore, it was found that 275 nm ultraviolet
illumination could modulate the negative capacitance by altering carrier transport and
charge-screening behavior, resulting in the magnitude changes of the negative
capacitance under large bias and the disappearance of negative capacitance under
small bias. These findings contribute to a deeper understanding of the physical
mechanisms underlying negative capacitance and provide valuable insights for the
development of novel low-power integrated electronic devices based on ferroelectric

materials.

Key Words: BaTiOs; Ferroelectric/semiconductor heterojunction, Negative
capacitance, Light modulation
PACS: 77.80.Fm, 77.55.fe, 73.40.Lq, 73.50.Pz, 77.22.Gm
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1. Introduction

Negative capacitance (NC) in ferroelectrics, predicted by
Landau-Ginzburg-Devonshire ~ theory  through  the negative slope of
polarization-electric field (P—E) curves near the origin, !'*! has garnered significant

(581 Zhao et al. demonstrated a 2D ferroelectric

attention in recent years.
CulnP,Se(CIPS)-based ferroelectric negative capacitance field-effect transistor
(FE-NCFET) with a SS of 14 mV/dec at 0.3 V using WS, and Al,O; passivation
layer.!”! Kamaei e al. achieved an average SS of 50 mV/dec in FE-NCFETs with
Si-doped HfO, gate stacks integrated with WSe,.'”) Chi ez al. reduced the minimum
SS to 15.2 mV/dec in CIPS/MoS; heterostructures by applying magnetostrictive strain
from a Terfenol-D substrate.."! While these studies demonstrate the potential of the
NC effect for low-power electronics, the underlying phenomena and related
mechanisms remain insufficiently explored.

Intrinsic NC of ferroelectrics occurs during dynamic polarization switching,
making its detection and analysis challenging."'® Typically, NC is displayed
indirectly by two experimental methods: steady state and transient state.!'’ " Steady
NC refers to a stable state in a ferroelectric-dielectric series circuit under certain
conditions, where the total capacitance exceeds the dielectric layer capacitance. For
example, Tasneem et al. connected ferroelectric Hfy sZry 50O, with amorphous HfO, in
series.[?"] Qiao et al. fabricated Hfj sZrgs0,-Al,O3 series capacitors.[m It has been
reported that once the series dielectric layer exceeds a certain thickness, the
ferroelectric layer can no longer acquire sufficient screening charges, leading to the
suppression of polarization switching and the eventual emergence of steady-state

[

. . 222 . . .
negative capacitance.*>>"! Transient negative capacitance refers to the case where a

ferroelectric material is connected in series with a fixed resistor. The screening
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charges from the external circuit cannot keep up with the change of polarization
charges during switching. By subtracting the resistive voltage drop, one can capture a
short transient regime where the actual voltage across the ferroelectric layer and the
charge amount vary inversely with time, as was done on PZT,[I] CIPS,[24] and

V:HfO,."” By constructing a (111)-PZT ferroelectric superdomain, Chen et al. even

detected multilevel transient negative capacitance.!'

Direct detection of negative capacitance has also been reported in the literatures.
In 2016, Hou er al. observed negative capacitance in BaTiO3;/BiFeO; bilayer
capacitors, with values of several nanofarads at bias >3.5 V and frequencies <10*
Hz.*! In 2020, Wang et al. measured negative capacitance in the nanofarad range for
BaTiO3/SrTiO5 core-shell particles under MHz-level electric fields.®! Acharya et al.
detected negative capacitance in FeO,/Al,Os capacitors, with values of 0.015 F/m? at
+10 mV bias and 5 kHz frequency.””” In 2023, we discovered negative capacitance in
BaTiOs/p-Si heterojunctions, with values of 0.1 puF/cm® at -4 V bias and 10> Hz
frequency.*® It should be noted that, previously-reported directly measured negative
capacitance relied mostly on the interfacial charge distribution/migration modified by
applying external stress or by changing the amplitude and frequency of applied
voltage. They can hardly be mechanically correlated with the intermediate
polarization switching state where intrinsic ferroelectric negative capacitance

emerges.

In this work, BaTiOs; (BTO) films were prepared on n-type SnO,:F (FTO)

substrates to construct ferroelectric/semiconductor heterojunctions. BTO, as a widely

[29-31]

used classic ferroelectrics, possesses simple perovskite structure, large
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spontaneous polarization, and reproducible domain switching. While FTO, as a

commonly used oxide electrode in solar cells,”>*"]

not only provides a semiconductor
interface (rather than a metallic one), but also favors optical gating due to its high
transparency. For this BTO/FTO heterostructure, we present interesting experimental
results where two negative capacitance regions were directly measured at low
frequencies: one, similar to our previous findings in BaTiOs/p-Si heterostructures, is
the extrinsic negative capacitance region under large bias (NCIl) corresponding to
carrier injection and lagged migration across the interface.”®** The other, more
importantly, marks the first observation of the negative capacitance region under
small bias (NCs), corresponding to the intermediate state of polarization switching.
The successful measurement of the latter is enabled by a "dual-delay" mechanism:
stepwise DC bias retards polarization switching, while the relaxation migration of
easily interface-trapped oxygen vacancies delays shielding charge compensation,
providing a critical time window to capture the polarization reversal dynamics. In
addition, current approaches to modulating negative capacitance rely mainly on
electrical means. In this work, 275 nm ultraviolet illumination was introduced, and the
generation and transport of photocarriers were utilized to achieve noninvasive

modulation of the negative capacitance. This work provides valuable insights for

revealing the mechanism and promoting the applications of negative capacitance.

2. Experimental Methods

BaTiO;(BTO) films were deposited on n-type SnO,:F (FTO, sheet resistance: 15
Q) substrates by pulsed laser deposition (A=248 nm) at a substrate temperature of
650 °C, an oxygen pressure of 20 Pa, a fixed target-to-substrate distance of 50 mm, a

laser energy of 250 mJ, and a repetition frequency of 5 Hz. BTO films with different
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thicknesses (212, 302, and 390 nm) were obtained by controlling the deposition time
(27, 44, and 60 min). Before the electrical measurement, circular Pt electrodes with 2
mm diameter and 20 nm thickness were deposited on top of the film by magnetron
sputtering. The microstructure of the films was characterized by X-ray diffraction
(XRD, Bruker D8 Advance, Cu Ka), scanning electron microscopy (SEM, ZEISS
Gemini 500) and atomic force microscopy (AFM, Bruker icon). The absorption
spectra of the samples were measured by ultraviolet-visible spectrophotometer
(Shimadzu, UV-3600), and the binding states of Ols electrons and Ti 2p electrons
were analyzed by X-ray photoelectron spectroscopy (XPS, ESCALab MK-II). A
standard ferroelectric tester (TF-2000, aix-ACCT, Aachen, Germany), a source
measure unit (Keithley 6482), and an LCR impedance analyzer (4294A, Agilent,
Santa Clara, CA) were used to measure the polarization-voltage (P-V) hysteresis loops,
current-voltage (I-V) curves, and capacitance-voltage/frequency (C-V/f) curves,
respectively. The power density of the 275 nm ultraviolet light was about 5600
uW/cm?, calibrated by an ultraviolet radiometer (LS125).

3. Results and Discussion

3.1 Basic Structural characteristics and Electrical Properties

The cross-sectional SEM images and corresponding EDS elemental analysis of
the BTO films with three different thicknesses (212 nm, 302 nm, and 390 nm)
prepared with increasing deposition time are shown in Figure S1. The BTO films
continuously cover the surface of the FTO substrates with tight adhesion and clear
layering, exhibiting uniform thickness and no obvious structural defects. The signals

of Ba/Ti and Sn concentrate in the BTO and FTO regions, respectively, indicating no
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interdiffusion between these two materials and confirming the formation of a
high-quality heterointerface. The film surfaces are smooth and dense, with an average
grain size (AGS) ranging from approximately 0.18 to 0.27 pm and a root-mean-square
(RMS) roughness varying between 12.0 and 14.8 nm [Figure 1(a—)]. The X-ray
diffraction (XRD) patterns indicate a polycrystalline tetragonal phase [Figure 1(d)],
with the (110) diffraction peak significantly higher than the other peaks
(PDF#05-0626).

Figure 1(e-g) present the O 1s XPS spectra of the BTO films. Each spectrum can
be fitted with two sub-peaks: O1 at ~529.6 eV, corresponding to lattice oxygen, and
02 at ~531.2 eV, associated with adsorbed oxygen (indicating the relative content of
oxygen vacancies). As the film thickness increases, the ratio of the integral intensities
of 02 to O1 (Ipo/lo;) decreases, with values of 1.07, 0.95, and 0.85 for the 212 nm,
302 nm, and 390 nm thickness, respectively, revealing a gradual reduction in oxygen

. . . . . 4+ 3+
vacancies, and consistent with the increased relative content of Ti*" compared to Ti’

35,36]

ions (Figure S2).!
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Figure 1. (a-c) AFM surface morphology. (d) XRD patterns of the BaTiOs films with
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different thicknesses. (e-g) O 1s XPS peak fitting. (h) Tauc plots of BTO films with
different thicknesses, the bandgap fitted by the Tauc plot: (ahv)? = b(hv — E;),
where is a the absorption coefficient, h is Planck's constant, v is the incident
photon frequency, b is a constant, E; is the bandgap.

Figure 1h is the Tauc plots of the optical absorption. The bandgaps (£;) of the
three BTO films with different thicknesses are nearly identical, being about 3.55 eV.
The valence-band (VB) spectra (Figure S3) show that Ef,fBM, namely the energy
difference between the Fermi level Ef and the valence-band maximum Evpwm,
gradually decreases from 2.15 eV to 2.07 eV and finally to 2.01 eV for the BTO films
with thicknesses of 212, 302, and 390 nm, respectively. These values are all larger
than half of the BTO band gap (£, = 3.55 eV), indicating weak n-type conductivity of
the films. Since oxygen vacancies carry positive charges, it is generally accepted that
the charge carriers in samples with oxygen vacancies are negatively charged electrons.
As the film thickness increases, the decrease in E\E,%M implies the lowering of Ef
while the increasing of E.-Ef (E., conduction band minimum), which means, the
electron carrier concentration n (°<exp[-(E.-Ef)/kT]) reduces, consistent with the

aforementioned decrease of oxygen vacancies.
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Figure 2. Equilibrium band diagrams of BTO and FTO (a) before and (b) after the formation of
heterojunction. (c) I-V curves of the samples with different BTO thicknesses in dark. (d-f) P-V
loops of the samples with different BTO thicknesses at 1 kHz under different applied voltages. (g-i)
C-V loops of the samples with different BTO thicknesses at 10 kHz. The insets in (c, d, g) are the

schematic diagram of the measurements.

Based on the above structural characterizations, the initial state of the samples
can be anticipated.

There are two interfaces in the samples: Pt/BTO and BTO/FTO. As BTO is
n-type conductive with a work function (5.30 eV) slightly lower than that of Pt (5.65
eV), there is a weak Schottky barrier at the Pt/BTO interface, which can be
approximately regarded as ohmic contact. Therefore, the BTO/FTO interface plays the
dominant role in the samples. Figure 2(a-b) present the band alignment diagrams of

BTO and FTO before and after the formation of the heterojunction. When n-type FTO
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with a smaller work function (4.4 eV) contacts with weak n-type BTO, electrons
transfer from FTO (with a higher Fermi level) to BTO (with a lower Fermi level) until
their Fermi levels align. Consequently, positively charged ionized donors accumulate
on the FTO surface, while electrons gather on the BTO surface, forming an upward
built-in electric field (pointing towards BTO), i.e., an n-n heterojunction. As
mentioned above, with increasing BTO film thickness, E‘EEM gradually decreases
and the Fermi level gradually lowers. The work functions of the BTO films with
thicknesses of 212 nm, 302 nm, and 390 nm are 5.16 eV, 5.24 eV, and 5.30 eV,
respectively. Correspondingly, the built-in potentials at the BTO/FTO heterointerface
gradually increase, with values of 0.76 eV, 0.84 eV, and 0.90 eV, respectively,

indicating a gradually increased interfacial barrier.

The existence of the interfacial barrier can be validated by the /-V characteristics.
As shown in Figure 2(c), all the three Pt/BTO/FTO samples with different BTO
thicknesses exhibit pronounced rectification behavior and forward conduction, with
the 212 nm sample demonstrating the smallest turn-on voltage, corresponding to the
lowest interfacial barrier. The upward built-in electric field at the BTO/FTO interface
can promote the partial aggregation of oxygen vacancies near the BTO bottom surface.
Meanwhile, it induces an initial upward (pointing from FTO to Pt) polarization in the
as-grown BTO film, as verified by the Piezoresponse Force Microscopy (PFM)
(Supplementary Figure S4). Furthermore, with the increase in the BTO thickness and
the interfacial barrier height, the induced initial polarization in BTO may strengthen.

Considering the wunidirectional conduction of the heterojunction, a
two-top-electrode configuration was adopted for the macroscopic P-V loop

measurement, where two Pt/BTO/FTO capacitors connected back-to-back.*® As

10
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shown in Figure 2(d-f), samples with different BTO thicknesses all exhibit

pronounced ferroelectric hysteresis loops. The slightly rounded ends of the P-J" loops

at high voltages may be attributed to the carrier injection and migration across the

BTO/FTO interface. Figure 2(g-i) illustrate that at 10 kHz, DC bias can significantly

modulate the capacitance with hysteresis, which, accompanied by dielectric loss in

normal range, further confirming the good ferroelectricity and the reversible

polarization switching of the BTO (Figure S5).
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Figure 3. C-f curves under (a-c) negative and (d-f) positive bias, and (g-i) C-V curves at 100 Hz

for the 212 nm, 302 nm, and 390 nm samples. Inset in (a) is the schematic diagram of the circuit,

while the insets in (d, e, i) are the magnified images of the purple dashed box in each Figure. For

the 390 nm sample, a negative total capacitance of approximately —1.53 nF emerges at a bias of

5.4V, while the total capacitance under large biases of —16 V and +16 V are approximately —7.92

nF and —50.69 nF, respectively.

3.2 Capacitive Characteristics

11
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Figure 3(a-f) present the C-f curves of the as-grown samples with different BTO
thicknesses under negative and positive DC bias. At 0 V bias, all three samples exhibit
polarization relaxation characteristics: with the increase of frequency from 100 Hz,
the capacitance decreases slowly first, then drops rapidly around 10°~10* Hz, and
finally tends to stabilize at high frequencies above 10° Hz. This typical step-like
variation in capacitance also indicates that the BTO is a ferroelectric with good
insulating properties. Furthermore, at 0 V bias, the lower frequency limit for
capacitance stabilization of the 212, 302, and 309 nm samples decreases gradually,
being approximately 224 kHz, 119 kHz, and 84 kHz, respectively (indicated by black
arrows in Figure 3(a-c)). This is consistent with the above anticipation on the initial
polarization. The larger initial polarization in thicker samples possesses larger
“inertia”, and the dielectric activity of the dipoles in such samples is suppressed at
lower frequencies.

Under negative and positive bias, generally, a significant decrease in capacitance
at frequencies < 10* Hz is observed, while that at frequencies > 10° Hz hardly changes.
At low frequencies, negative capacitance emerges under larger bias voltages. This
phenomenon, observed here on BTO/FTO heterostructure with n-n junction, is similar

(261 indicating

to that reported earlier on BTO/p-Si heterostructure with p-n junction,
that it is not limited to any specific heterojunction type.

An import new phenomenon is that, under moderate positive bias, all three
samples exhibit an “abnormal” increase in low-frequency capacitance, as shown by
the insets of Figure 3(d, ) and indicated by the black arrow in Figure 3(f).

Note that only some specific DC biases were applied during the measurement in

Figure 3(a-f), to carefully analyze the influence of DC bias on negative capacitance,

we selected a fixed frequency of 100 Hz, which favors the emergence of negative

12
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capacitance, and measured the variation of sample capacitance by quasi-continuously
increasing the voltage from the maximum negative bias to the maximum positive bias
in 200 ascending steps. As shown in Figure 3(g-i), under negative bias, the
capacitance monotonically decreases to negative values as the negative voltage
increases. Under positive bias, two capacitance peaks (I and II) emerge sequentially
with increasing voltage, followed by a sharp drop to negative values. These two
capacitance peaks should correspond to the aforementioned “abnormal” increase in
low-frequency capacitance. More interestingly, the 390 nm sample also exhibits a
negative capacitance region under small bias, around the valley between the two

capacitance peaks, as shown in the inset of Figure 3(i). As a comparison, no negative

capacitance was observed in the BTO/Pt control sample we prepared.
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Figure 4. Polarization switching and charge transfer of the sample under different bias.

3.3 Mechanisms of Capacitance Evolution

When a step voltage AV is applied, the total capacitance C of the sample can be

13
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given by equation (1).

1 doj@) | .
Cl)~Cot— [ 22 fsin ot d=CyC, (1)

Where Cy represents positive geometric capacitance, dominated by the dipoles
(polarization). C, is the additional capacitance due to relaxation current (9j(¢)) from

lagged charge migration (including oxygen vacancies and carriers).”®*¥ If &j(¢)

increases over time (7), C, and even the total capacitance (C) can be negative.’’>*) In
this case, equation (1) can be simply expressed as:
C=0Co—lCql )

It is noteworthy that both the polarization response and the lagged migration of
charge carriers, as two representative dielectric relaxation processes, exhibit
significantly enhanced activity in the low-frequency regime.””®**! In the following, we
would interpret the two negative capacitance behaviors observed for the Pt/BTO/FTO
structure at low frequencies, on the basis of equation (2) (Figure 4). For clarity, we
denote the negative capacitance under large bias and that under small bias as NCI and
NCs, respectively, and the evolution of capacitance is elucidated in a stepwise manner
across the entire bias sweep sequence, which spans from the maximum negative bias
to the maximum positive bias.

(1) Under a negative bias from bottom to top, the heterojunction is
reverse-biased, the interface barrier is enhanced, and the AC testing voltage division
across the BTO layer decreases, leading to a suppressed total capacitance.

At maximum negative bias, the electric dipoles are maximally oriented upward,
corresponding to low dielectric activity and a small Cy. Meanwhile, although a large
number of oxygen vacancies in BTO are electrostatically driven toward the top
interface by the applied negative bias, with suppressed dielectric activity, the minority

carriers (holes) in FTO are driven across the interfacial barrier into BTO to

14
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compensate for the polarization charges. Their lagged motion under the AC testing
voltage dominates the relaxation current, leading to a large | C, |, which in turn gives
rise to a negative total capacitance C (NCI, inset a in Figure 4). For the 390 nm BTO
film, the total capacitance is approximately -7.92 nF (100 Hz) under a bias of -16 V.

At moderate negative bias, although the dipoles still point upward, the dielectric
activity is significantly enhanced and C increases. Meanwhile, the minority carriers
(holes) in FTO return, and the oxygen vacancies at the upper interface migrate toward
the bottom interface driven by the depolarization field of BTO, contributing a
relatively small relaxation current and additional capacitance | [ | under the AC
testing electric field. The total capacitance C transitions from negative to positive
values (inset b in Figure 4).

As the negative bias approaches zero, a small portion of dipoles may deviate from
the direction of the external electric field, and the geometric capacitance C, of the
sample continues to increase. Meanwhile, as a large number of oxygen vacancies in
BTO are confined at the bottom interface as screening charges, their dielectric activity
is suppressed, and the relaxation current and | C, | also decreases, resulting in a
gradual increase in the positive total capacitance C (inset ¢ in Figure 4).

(2) Under a positive bias from top to bottom, the heterojunction is
forward-biased, the interface barrier is lowered, and the AC testing voltage division
across the BTO layer increases, leading to an enhanced total capacitance.

As the positive bias slightly increases from zero, more dipoles deviate from the
vertical upward direction, the dipole activity continues to strengthen, and Cy increase
monotonically. At this moment, a large number of oxygen vacancies in BTO still
reside at the bottom interface, the relaxation current and | C, | are maintained at a

relatively low level, and the total capacitance C exhibits a gradual increasing trend
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(inset d in Figure 4).

When the positive bias exceeds V., the dipoles in the BTO layer begin to switch
from the upward to the downward direction, and the polarization intensity, together
with Cy, decreases accordingly. Concurrently, the oxygen vacancies that were
originally confined at the bottom interface of BTO as screening charges are gradually
released into the BTO interior, the relaxation current and the additional capacitance
| C, | increase slightly, and the total capacitance C gradually decreases, forming peak
I (inset e in Figure 4)

When the positive bias reaches Vj, nearly half of the dipoles have completed
switching, the polarization intensity of BTO is nearly zero, and C, reaches its
minimum value. At this time, the number of oxygen vacancies inside BTO reaches its
maximum value, and the relaxation current and | C, | contributed under the
alternating electric field also reach their maximum values, so the total capacitance
C exhibits a minimum value (inset f in Figure 4).

When the positive bias exceeds Vj, the dipoles in BTO continue to switch
downward, and the polarization intensity of the sample increases from zero, so does
Cy. Simultaneously, oxygen vacancies are electrostatically driven toward the upper
interface as screening charges, the number of oxygen vacancies in the BTO bulk that
contribute to the relaxation current decreases, and | [] | decreases accordingly.
Consequently, the total capacitance C increases. When the bias increases to V,, nearly
all dipoles in BTO have turned downward, and a large number of oxygen vacancies
are confined at the upper interface, giving rise to total capacitance peak II (inset g in
Figure 4).

As the positive bias continues to increase, the ordering degree of dipoles aligned

downward along the external field increases while the dielectric activity decreases,
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and Cj begins to decrease. Meanwhile, the oxygen vacancies at the upper interface are
driven by the larger external field to migrate toward the BTO interior and even to the
bottom interface. The oxygen vacancies remaining inside BTO contribute to the
relaxation current and the increased | C, |, and the total capacitance begins to
decrease again. When the bias increases to V}, the total capacitance C transitions from
positive to negative values (inset h in Figure 4).

At maximum positive bias, the dielectric activity of dipoles aligned along the
external electric field is strongly suppressed, and Cy decreases significantly. At this
time, although a large number of oxygen vacancies are driven by the external field to
the vicinity of the BTO bottom interface, with their dielectric activity suppressed, the
majority carriers (electrons) in FTO are driven across the barrier into BTO to
compensate for the polarization charges. Their lagged migration under the AC testing
electric field generates a large | [J |, causing C to drop sharply (NCI, inset i in
Figure 4). For the 390 nm BTO film, the total capacitance is approximately -50.69 nF
(100 Hz) under a bias of 16 V.

The above discussions reveal that the two capacitance peaks (Peak I and Peak II)
that appear during the gradual increase of positive bias correspond to the onset and
termination of dipole switching, respectively. For the 390 nm sample between
capacitance peaks I and II, on the one hand, during dipole switching, the sample
passes through a zero-polarization state, corresponding to a small Cy. On the other
hand, as discussed above, a stronger initial polarization is induced in the thicker BTO
film. Accordingly, during the intermediate stage of dipole switching, a larger number
of oxygen vacancies, acting as screening charges, migrate from the interface into the
BTO bulk, resulting in a larger relaxation current and an additional capacitance

[ 1 | under the AC testing electric field. If the additional capacitance of the 212 nm
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sample is denoted as | [I; |, that of the 390 nm sample can be expressed as
| O, (n>1). The above two factors lead to the presence of a negative total
capacitance even under a relatively small bias (NCs). For the 390 nm sample, the total
capacitance is approximately —1.53 nF (100 Hz) under a samller bias of 5.4 V.
Notably, between peak I and peak II, which precisely corresponds to the intermediate
regime of polarization switching where the intrinsic negative capacitance effect
theoretically emerges in ferroelectric materials,”! we experimentally observed a

negative total capacitance value for the first time.
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Figure 5. (a) I-V curves of samples with different BTO thicknesses under 275 nm ultraviolet light.
Influence of ultraviolet light on the C-V curves for the (b) 212 nm, (¢) 302 nm, and (d) 390 nm
sample. (¢) Schematic diagram of the UV light impact on the charge migration in the samples under
large negative and positive bias. Under UV illumination, the total capacitance of the 390 nm

sample at 5.4 V bias increases from —1.53 nF to 2.92 nF; while at large bias magnitude of —-16 V
and +16 V, the total capacitance values evolve to approximately —0.23 nF and -129.29 nF,
respectively.
3.4 UV light Modulation of Capacitance

Light illumination can regulate the electrical properties of the Pt/BTO/FTO

structure. To demonstrate this, the sample surface was illuminated with 275 nm
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ultraviolet (UV) light, which has an energy higher than the absorption edge of BTO.
Unlike in dark (Figure 2(c)), all the three samples exhibit pronounced current at zero
bias under UV illumination (Figure 5(a)), and the photocurrents are negative. This
indicates that the BTO film can absorb UV light, and the photocarriers can be
efficiently separated and directed by the built-in electric field at the BTO/FTO
interface.

Figure S6 and Figure 5(b-d) show the impact of UV light illumination on the C-f
and C-V curves of the samples. Three phenomena need to be noticed and explained.

1. Under large negative or positive bias, UV light oppositely influences NCI due
to different dominant charge carriers. At large negative bias (Figure 5(¢)), the minority
carrier (hole) migration from FTO to BTO dominates. Under UV light, the
photoelectrons in BTO move towards FTO and easily recombine with holes, reducing
the hole concentration in FTO, and leading to smaller relaxation current and NC
(absolute) value. For the 390 nm BTO film, under a bias of -16 V, the total
capacitance changes from approximately -7.92 nF to -0.23 nF (100 Hz). Conversely,
at large positive bias, the majority carrier (electron) migration from FTO to BTO
dominates. Under UV light, photoelectrons in BTO move towards the Pt electrode
(Figure 5(e)), in the same direction as the majority carriers, increasing the relaxation
current and the NCI (absolute) value. For the 390 nm BTO film, under a bias of 16 V,
the total capacitance changes from approximately -50.69 nF to -129.29 nF (100 Hz).

2. Under positive bias, the capacitance peak Il becomes more pronounced and
shifts to smaller bias. The directional movement of photocarriers accelerates the
polarization switching in BTO, allowing it to accomplish at smaller bias. Meanwhile,
photogenerated carriers can partially screen the polarization charges, reduce the

migration of oxygen vacancies accompanying the aforementioned polarization
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switching, and correspondingly decrease the relaxation current and | [ | which
increases the total capacitance near peak II and eliminate the NCs region between

peaks I and II in the 390 nm sample.

3. The impact of UV illumination is more pronounced in thicker samples. As
mentioned above, the influence of UV light mainly manifests in the directional

movement of photocarriers under external bias. Under steady-state illumination, the

effective photocarrier concentration can be expressed as [***%:
KP
An o« — (2)
Ned

where K is a parameter that incorporates the effects of the carrier-generation
quantum efficiency 7, reflectivity R, photon energy hv, absorption coefficient a,
defect capture cross-section o, and carrier thermal velocity V,,, while P, d, and N,
denote the incident light power density, the effective light-absorbing layer thickness,
and the defect concentration, respectively. Considering that the absorption coefficient
of BTO in the deep-ultraviolet region has been reported to reach the order of 10°cm™
(43441 "if the depth at which the light intensity decays to i of its initial value is taken
as the effective light-absorbing layer thickness d, d for 275 nm light in BTO is
approximately 100 nm, which is much smaller than the BTO layer thicknesses in our
samples. In other words, for all the samples with BTO thicknesses of 212, 302, and
390 nm, the 275 nm ultraviolet light is strongly absorbed within an effective
near-surface absorbing layer of approximately 100 nm. Then, it can be seen from

Equation (2) that, for a constant d, the effective photocarrier concentration in the

absorbing surface layer of the three samples is positively correlated with the incident
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light power density and inversely correlated with the defect concentration. In this case,
on the one hand, our samples contain noticeable oxygen vacancy defects that can
readily trap the small amount of photocarriers generated under weak illumination,
making the changes in the negative capacitance visible only under relatively strong
ultraviolet illumination with a power density of 5600 uW/cm?. On the other hand, the
thicker 390 nm sample contains a lower concentration of oxygen vacancy defects,
which enables a higher effective photocarrier concentration and thus a more
pronounced modulation of negative capacitance.

It should be noted that, 275 nm ultraviolet light was selected in this work for two
main reasons: band alignment and experimental comparability. On the one hand, the
photon energy of 275 nm light is approximately 4.51 eV, which is significantly higher
than the BTO band gap (3.55 eV). Therefore, 275 nm illumination can effectively
induce interband transitions and generate sufficient electron-hole pairs within the
films, thereby modulating the negative capacitance behavior under different bias. On
the other hand, as discussed above, the penetration depth (effective light-absorbing
thickness) of 275 nm ultraviolet light is similar in the BTO films with thicknesses of
212, 302, and 390 nm. This facilitates comparison of the experimental results from the
three samples and helps obtain a reliable and reasonable understanding of the
underlying mechanism.

3.4 Discussion on Underlying Mechanisms and Potential Applications

Building upon the experimental observations of the two distinct types of negative
capacitance, we further discuss their underlying mechanisms and potential
applications.
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The negative capacitance detected at small bias (NCs) corresponds to the
intermediate state of polarization switching. If a highly conductive metal electrode is
used, the ferroelectric polarization charge can be screened instantly, and the system
would leap over the metastable state and reach thermodynamic equilibrium almost
immediately. As a result, the fleeting intrinsic NC signature is masked. In a
ferroelectric-insulator series stack, the insulating dielectric layer blocks the screening
charges, suppresses ferroelectric polarization switching, and yields a distinct voltage
window where the total capacitance exceeds the bare dielectric layer capacitance,!*!'¥
which corresponds to the regime where intrinsic negative capacitance effect emerges.
Considering that polarization switching and charge carrier migration are two typical
relaxation processes in ferroelectric oxides -- both of which exhibit high sensitivity to
external conditions such as electric fields and interfaces -- in this work, the BTO film
was deposited on a semiconducting FTO substrate. On one hand, the stepwise DC
bias sweep effectively retards the polarization-switching dynamics. On the other hand,
the relaxation migration of oxygen vacancies, which are readily trapped at the
interface, significantly slows down the screening charge compensation process. This
dual-delay effect provides a critical time window for capturing the metastable process
of ferroelectric polarization switching, and is also responsible for the minimum in the
C-V curve under small bias for all the samples with different thicknesses. The thicker
390 nm sample possesses a larger initial polarization, and the dipole switching of
which is correlated with the migration of a larger number of oxygen vacancies (as
screening charges), corresponding to a larger relaxation current/negative additional
capacitance, enabling the emergence of a negative total capacitance (5.4 V bias, —1.53
nF, 100 Hz). In this work, a negative total capacitance is directly measured within the

voltage range corresponding to the intermediate state of polarization switching, which
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can provide a material and structural reference for the design of low-power NCFET
devices.

The negative capacitance observed under large bias (NCI) primarily originates
from carrier injection across the interfacial barrier and their subsequent lagged
migration, following the completion of polarization switching. The relaxation current
accompanying the NCI can be utilized to emulate biological synaptic behavior ,
potential for applications in the field of neuromorphic computing.

Furthermore, we elucidate the underlying physical mechanism for modulating
the negative capacitance effect via UV induced non-equilibrium carriers. This finding
not only provides a novel pathway for multi-degree-of-freedom control of
reconfigurable synaptic devices, but also expands the application scope of

ferroelectric/semiconductor heterojunctions in in-sensor computing systems.

4. Conclusion

We prepared ferroelectric BaTiOs films on FTO substrates using pulsed laser
deposition, the Pt/BTO/FTO heterostructure exhibits two distinct negative capacitance
(NC) under DC bias. One occurs at small positive bias, corresponding to the
intermediate state of ferroelectric polarization switching, and attributed to the delayed
polarization switching and oxygen vacancy migration. The other occurs at large
positive and negative bias, originating from carrier migration across the interfacial
barrier. UV illumination increases the carrier density in BTO, which effectively
regulate the NC values through synergistically adjust the polarization switching and
charge migration. The two types of negative capacitance, possessing distinct physical
mechanisms, are applicable in different fields: the former can provide core support for

the construction of ultra-low-power negative-capacitance field-effect transistors,
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while the latter is suitable for simulating artificial biological synaptic behavior.
Furthermore, UV illumination offers a non-invasive route to tune the performance of
NC-based devices. It should be noted that the present study only focuses on BTO thin
films with three distinct thicknesses deposited on conventional FTO substratess, along
with a single fixed wavelength and light intensity for UV illumination. The analysis of
the negative capacitance effect and its underlying regulation mechanism remain at the
qualitative level. From the experimental perspective, subsequent work will expand the
scope of explored material systems, carry out more systematic and in-depth
investigations on the light modulation phenomena, and precisely regulate the carrier
concentration of FTO substrates via microfabrication processes, so as to explore the
fabrication routes for high-performance NCFET devices. From the theoretical
perspective, the Landau-Ginzburg-Devonshire model and Poisson-Schottky equation
will be introduced for co-simulation, to further deepen the understanding of the
physical essence of the negative capacitance effect and realize the quantitative control
of the negative capacitance value. On this basis, a more adaptable theoretical model
will be established to quantitatively predict the subthreshold swing limit of the
corresponding NCFET and the weight modulation interval of artificial synapse,
providing key experimental support and theoretical reference for the future
development of low-power logic, neural morphology computing, and optoelectronic

integrated systems based on ferroelectric/semiconductor heterojunctions.
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