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1. Introduction

Ultrahigh-speed absolute temperature sensing
using ferroelectric HfO, enabled by transient
negative differential capacitancet

*a.b

Mohit Kumar,**® Hayoung Park® and Hyungtak Seo

Conventional ferroelectric polarization-driven temperature sensors, like pyroelectric sensors, often face
challenges such as slow response times, limited compatibility with conventional nanoelectronics, and
inability to operate under constant temperature conditions. These shortcomings hinder their adaptability
to a broad range of applications, especially when compared to thermal and optical sensors. To address
these challenges, we introduce a proof-of-concept methodology that enables ferroelectric-based pyro-
electric sensors to measure absolute temperatures with high accuracy and speed. Specifically, we demon-
strate that a perturbation pulse (+0.8 V, duration = 180 ns) can serve as an effective probe for quantifying
both absolute and dynamic temperatures across ferroelectric hafnium zirconium oxide (HZO) nano-
laminates. The device demonstrates an ultrafast response time of ~50 nanoseconds, offering one million
readings per second and a temperature sensing accuracy comparable to the state-of-the-art temperature
sensing accuracy of 1.0 K. The observed performance is attributed to the temperature-dependent change
of transient negative differential capacitance and effective ferroelectric polarization of HZO. For potential
applications, we successfully integrated the sensor with a commercially available universal serial bus inter-
face, thereby demonstrating real-time temperature monitoring during data transfer and environmental
heating activities. Our research significantly broadens the range of applications for pyroelectric sensors
for both steady-state and rapid dynamic temperature measurements.

their fundamental operating principles that depends on the
rate of charge (i.e., d7/dt). Consequently, the potential of the

The pyroelectric effect, an intrinsic feature of ferroelectric
materials, stimulates the generation of transient electric poten-
tial in response to temperature changes."” For instance, a
temperature change, AT, in a time period, At, generates a pyro-
electric response current, I,, which is mathematically
expressed as: I, = pA‘fi—f, where p represents the pyroelectric
coefficient of the material, A is the effective area of the device,
and d7/dt¢ signifies the rate of temperature change."** This
feature reveals vast potential across a multitude of appli-
cations, including energy harvesting, augmented night vision
technologies, and sophisticated environmental monitoring.*
While pyroelectric sensors exhibit notable sensitivity to temp-
erature variations, they fall short when it comes to determin-
ing their absolute temperature values - a deficiency rooted in
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ferroelectric-based pyroelectric effect, despite its transforma-
tive prospects, has been somewhat underutilized, especially in
comparison with traditional temperature and optical
sensors.>® Indeed, the inability to measure absolute tempera-
ture remains a substantial roadblock hampering the large-
scale adoption of pyroelectric sensors in diverse temperature-
dependent applications.

Moreover, conceptually new pyroelectric sensors, with
absolute temperature-sensing capabilities and simply inte-
grated into existing complementary metal-oxide-semi-
conductor (CMOS) frameworks, hold promise as a platform for
high-performance, real-time temperature monitoring and
warning alarm system design. Such advancements could
signal a transformative change in reliability in the field of
modern nanoelectronics by allowing rapid validation of oper-
ational integrity and immediate mitigation of temperature-
related issues, thereby improving the overall efficiency and
performance.”® One significant challenge in nanoelectronics
is the issue of excessive heat, especially Joule heating, which
can cause unwanted failures when operating at high
frequencies.”'® Traditional temperature sensors and alarms
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are less effective in this scenario due to their high latency and
significant energy consumption. Likewise, pyroelectric sensors
typically have slow response times that often exceed the milli-
second range and enable us to measure absolute temperature
values, especially when integrated into nanoelectronics.* As a
result, the formidable challenge of developing temperature
sensors compatible with CMOS technology that are also
capable of performing ultra-high-speed operation persists. To
effectively manage thermal challenges, it is essential to
develop more robust warning alarm systems capable of detect-
ing a small temperature increase in real-time and triggering
safety measures instantly.

To address the limitations inherent to conventional pyro-
electric-based temperature sensors—such as slow response
times, restricted compatibility with nanoelectronics, and the
inability to operate reliably under constant temperature con-
ditions—our study introduces a proof-of-concept methodology.
This approach enables ferroelectric-based pyroelectric sensors
to measure absolute temperatures with both high accuracy and
ultrafast speed. Particularly, utilizing a perturbation signal in
the form of a short electric pulse (+0.8 V with a duration of 180
ns), we have effectively quantified both absolute and dynamic
temperatures across devices fabricated from ferroelectric
hafnium zirconium oxide (HZO) nanolaminates. Remarkably,
these devices exhibited an ultrafast response time of approxi-
mately 50 nanoseconds, thereby offering a measurement rate
of one million readings per second and achieving a state-of-
the-art temperature sensing accuracy of 1.0 K. The superior
performance of these sensors is attributed to their transient
negative differential capacitance due to the HZO material, a
finding corroborated through both transient response analysis
and piezoresponse force microscopy. To evaluate the sensor’s
real-world applicability and versatility, we successfully inte-
grated it with a commercially available universal serial bus
(USB) interface, demonstrating real-time temperature monitor-
ing capabilities during data transfer and environmental
heating activities. Thus, our research significantly broadens
the range of applications for pyroelectric sensors, positioning
them as highly versatile and accurate tools for scenarios
requiring both steady-state and rapid dynamic temperature
measurements.

2. Experimental section
2.1 Device growth

A ferroelectric layer was prepared by growing HfO, (~2 nm)
and ZrO, (~2 nm) nanolaminates on SiO, (~2 nm)/Si sub-
strates using plasma-enhanced atomic layer deposition, as
shown in Fig. S1.f We used TDMAH as a source material for
HfO, layer formation. The entire operation was performed at
an ambient temperature of 250 °C using a precursor canister
maintained at 60 °C. Additionally, both argon and oxygen
lines were temperature-stabilized at 80 °C. The experiment was
conducted under a steady working pressure of 0.5 Torr.
Initially, the lines for argon and oxygen were cleaned and pre-
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heated for 200 seconds. The argon flow rates were set at 300
sccm towards the source material and 100 sccm to maintain
vapor pressure, while the oxygen flow rate was adjusted to 300
sccm. After this, TDMAH was introduced for a period of 2
seconds and then cleared from the lines for 15 seconds, which
was immediately followed by a 4-second oxygen input.
Subsequently, an oxygen plasma treatment was applied for 2
seconds at either 50 W or 100 W of RF energy, and then the
system was cleared of oxygen for an additional 10 seconds.
This cycle continued until the required film depth was
reached. For the development of ZrO, layers, the process con-
ditions included a substrate heat setting of 200 °C and utilized
TEMAZ as the precursor. This involved a quick 2-second
TEMAZ injection, followed by a 15-second clearing phase.
Oxygen was then fed into the system for 4 seconds and cleared
out for 10 seconds. The gold (Au) and chromium (Cr) layers,
which serve as electrodes, were deposited on top of HZO and
Si, respectively.

2.2 Measurement techniques

Piezoresponse force microscopy (PFM) evaluations were
carried out using an AC240 TM conductive atomic force micro-
scope (AFM) tip. PFM was performed at a resonant frequency
of 365 kHz, with the AFM probe subjected to an alternating
voltage of +1 V. To mitigate the risk of unintentional mechani-
cal modifications during data collection, a uniform applied
force of 68 nN was maintained in all AFM-based analyses. For
detailed structural and elemental analyses, we employed a
JEOL JEM-2100 F transmission electron microscope (TEM)
along with electron energy-loss spectroscopy (EELS) and
energy-dispersive X-ray spectroscopy (EDS) mapping.

2.3 Electrical measurements

A proportional integral derivative (PID) controller was
employed to adjust and track the temperature. Short electrical
pulses were delivered to the top Au/Cr electrode using a
Keithley 4200A-SCS parameter measurement unit featuring
RPM modules. Simultaneously, the voltage difference across
the device was captured using a Tektronix MDO32 oscillo-
scope. The corresponding negative pulses and the current were
graphically represented as functions of time. A pulse duration
of 180 nanoseconds was carefully selected to minimize hyster-
esis effects. External heat sources were used to alter the temp-
erature, while an oscilloscope was used to record the voltage
fluctuations across the device.

3. Results and discussion

Fundamentally, ferroelectric-based temperature sensors, like
pyroelectric sensors, operate based on the principle of temp-
erature variation. In fact, when the device is subjected to
heating or cooling through infrared light or thermal energy,
the degree of polarization undergoes a corresponding
change."**"" This alteration subsequently triggers an electri-
cal response by altering the density of free carriers, as illus-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Working concept and device geometry. (a) Cartoon diagram illustrating the principle of pyroelectric sensing. The device remains electrically
neutral at both low and high temperatures. Free carriers move in response to temperature changes (i.e., dT/dt), generating pyroelectric current
peaks as depicted by the bottom red curve. The device remains passive at a constant temperature, as indicated by the green background. (b)
Schematic representation of the pulse response of a ferroelectric device. The response is distinguishable at low, high, and varying temperatures, as
indicated by the active parts. (c) Circuit diagram of the measurement system, showing the voltage pulse, V,, and voltage across the device, Vi z0. The
device's temperature is externally varied through heating. (d) Cross-section TEM image of HfO,/ZrO,/HfO,/ZrO,/HfO, on SiO,/Si, showing a clear
contrast change. (e) EDS maps of oxygen (left), Zr (middle), and Hf (right), respectively. (f) High-resolution TEM image, showing uniform layers on
native oxide-covered Si. The scale bars for (d), (e), and (f) are 10, 10, and 4 nm, respectively. (g) Inverse FFT image converted from the FFT image, as

shown in the inset, of HfO,/ZrO,.

trated in Fig. 1a. However, unfortunately, the sensor remains
in a passive state and maintains charge neutrality, offering no
response under constant temperature conditions even though
the magnitude of polarization may differ, as shown by green
backgrounds in the output of Fig. 1a."*""

Since the magnitude of polarization depends on the absol-
ute value of temperature, we propose that a small perturbation
signal, such as a nanosecond duration electric pulse V,, could
enable us to examine the magnitude of polarization, as
depicted schematically in Fig. 1b. Indeed, this perturbation
signal will serve as a probe to measure the response of a ferro-
electric device, which is directly correlated with the effective
polarization—or the magnitude of absolute temperature. This
concept introduces a new type of sensor that is responsive to
both temperature changes and absolute temperature values, in
contrast to the typical pyroelectric sensor. It is important to
note that the magnitude and duration of the perturbation
signal must remain sufficiently small to avoid causing any sig-
nificant shift in the direction of polarization.

We depicted a schematic diagram of the measurement
setup in Fig. 1c, where a small perturbation electric pulse

This journal is © The Royal Society of Chemistry 2024

(Va, duration in the range of nanoseconds) was applied to a fer-
roelectric device, and the resulting current (Ip) was measured.
Detailed information about the measurement process is pro-
vided in the Experimental section. Cross-sectional scanning
transmission electron microscopy (STEM) confirms the uni-
formity of the HfO, and ZrO, layers parallel to the Si substrate,
as shown in Fig. 1d and Fig. S1.1 Additionally, TEM images
allow us to distinguish the HfO, and ZrO, layers, with an
aggregate thickness of around 10 nm (Fig. 1d). The contrasts
between the HfO, and ZrO, layers result from differences in
atomic numbers between Hf and Zr. EDS elemental mapping
reveals a uniform distribution of oxygen (green), zirconium
(blue), and hafnium (pink), which are desirable for a high-per-
formance device.

Furthermore, in Fig. 1f, a high-resolution TEM image
shows the bottom Si along with native oxide, SiO,. This
image also highlights well-defined interfaces between HfO,
and ZrO,. A fast Fourier transform (FFT) image and the
corresponding generated inverse FFT image of the HfO,/ZrO,
layer are depicted in the inset of Fig. 1g and Fig. 1g, respect-
ively. The appearance of two bright spots, as marked by the

Nanoscale, 2024, 16,18027-18037 | 18029
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black circles in the inset of Fig. 1g, indicates the existence of
an orthorhombic phase, namely Pca2, (polar phase),
oriented along the [111] direction, confirming the presence
of the ferroelectric HfO, phase (see Fig. S1).">7"°
Additionally, the inverse FFT image shows the well-defined
planes from HfO, to ZrO,, which are in alignment with a
planar orientation of approximately 0.309 nm, corresponding
to the (111) plane in the orthorhombic crystalline structure
of Hf0,.'*'®'7 Overall, the TEM imaging confirms the
growth of a crystalline HfO,/ZrO, nanolaminate over Si. At
this stage, the ferroelectric nature of the device was also
tested by recording its polarization (P)-voltage (V) curves and
performing related positive up and negative down (PUND)
measurements, as depicted in Fig. S2.}

Following this, we measured the transient response (Ip-
time, ¢) of the device in response to a single +0.8 V pulse with
a duration (d) of approximately 180 ns (ie., perturbation),
while incrementally increasing the temperature from room
temperature (RT, approximately 300 K) to 465 K. Upon appli-
cation of the pulse, the I, rapidly increases to reach its peak
value before decaying towards the negative peak and returning
to its initial level (approximately 0 pA), as shown in Fig. 2a.
Indeed, a single pulse generates both positive and negative
current peaks during the ‘on’ and ‘off’ phases of the pulse.
Importantly, similar sharp current peaks resulting from the
impact of a single pulse have frequently been observed in fer-
roelectric materials and are generally attributed to the
dynamic response of ferroelectric polarization.'>'87°
Additionally, when the device underwent a controlled, gradual
temperature change, a corresponding temperature-dependent
shift in I, was observed. For instance, the peak value of I
increased from 29 pA to 310 pA as the temperature increased
from RT to 465 K, as indicated by the blue dotted arrow in
Fig. 2a. This shift in I, is likely due to changes in the effective
polarization as the temperature changes.'®'®?! This signifi-
cant trend underscores the strong temperature-dependent
characteristics of Iy, thereby offering a potential platform for
sensing temperature variations.

For a better understanding, Fig. 2b illustrates the peak
value of I as a function of temperature, ranging from RT to
465 K. The plot reveals two distinct behaviors: initially, the
current shows a linear increase with a shallow slope up to
420 K, and then beyond this temperature, the I, rises more
steeply. These results could be attributed to the temperature-
dependent degradation of the ferroelectric properties of
HZO.>*?* Linear behavior is particularly important for the
practical applications of this device, while the rapid increase
in current could be leveraged to design a warning system. To
quantitatively understand these trends, we calculated the sen-
sitivity, defined as S = %. This metric, closely related to the
slope of the linear region, was found to be 124% pA K™* from
RT to 420 K. Beyond 420 K, the sensitivity increased to 258%
pA K™'. This enhanced sensitivity, more than twice the initial
value, could serve as a valuable indicator for setting warning
alarms in nanoelectronics by integrating this device, thereby
helping to prevent heat-induced damage. Indeed, the device is
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capable of sensing temperature changes, much like pyroelec-
tric sensors.™*

It is also noteworthy that, as shown in Fig. 2a, the I
exhibits a linear increase with temperature up to 420 K, after
which the relationship becomes more complex due to the
temperature-dependent degradation of the ferroelectric pro-
perties of HZO. To perform a quantitative analysis, we
plotted the peak value of I, as a function of temperature, as
illustrated in Fig. 2b. This plot demonstrates a linear
relationship with an S of approximately 124 pA K' up to
420 K. Beyond this temperature, the sensitivity increases to
258 pA K, reflecting a steeper slope. This initial linearity
allows for accurate temperature determination based on the
current signal. Additionally, we have included more data
points and a fitted linear regression line in Fig. 2b to high-
light the predictability of temperature based on current
measurements. The equation derived from this linear fit can
be utilized to directly convert current outputs to temperature,
thus enhancing the sensor’s usability for real-time tempera-
ture monitoring.

Further investigations were conducted to measure the tran-
sient response of the device (V, = 0.8 V, d = 180 ns) at two con-
stant temperatures: 360 + 1 K and 450 + 1 K, across multiple
measurement cycles. As depicted in Fig. 2c, the device exhibits
temperature-dependent, highly stable, and sharply defined dis-
tinguishable current peaks, offering constant temperature
sensing. In fact, remarkable consistency was observed, charac-
terized by a low standard deviation (o) of less than 2.7% at
360 K and 4.7% at 450 K, respectively, over numerous cycles
(refer to Fig. 2c). This emphasizes the device’s robustness in
constant-temperature sensing, contrasting it with typical pyro-
electric sensors.®* Indeed, these results indicate that
different temperature surroundings cause corresponding
device responses when subjected to nanosecond pulses. This
could potentially pave the way for the development of ultrafast,
highly precise absolute thermal sensors. Moreover, our quanti-
tative analysis reveals modest energy consumption (E), calcu-
lated as E = V x I, x d = 43 picowatts, making the device even
more efficient than current state-of-the-art temperature
Sensors.

As further evidence for the ability to measure temperature
consistently, we found that the peak value of I, was stable over
200 cycles at various but constant temperatures. The current
level showed a notable dependency on temperature but dis-
played remarkable stability (o < 2%) when the temperature was
held constant. This enables more accurate and reliable temp-
erature sensing, as shown in Fig. 2d. Indeed, when the
thermal environment is fixed, the I, level appears to stabilize,
consistently supporting the hypothesis that temperature is a
primary factor affecting current levels.

To probe into the details of accurate temperature sensing,
we examined the mean value and standard deviation of
maximum I, over forty pulses (with d = 180 ns and a separ-
ation of 1 ps) in the temperature range of 305-310 K,
coinciding with an incremental temperature change of 0.5 K,
as depicted in Fig. 2e and Fig. S3.f This reveals clearly

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Dynamic and constant temperature sensing. (a) Transient response upon increasing the temperature from room temperature (RT) to 465 K,
as indicated by a blue dotted arrow. The color scale bar represents the temperature range. The top inset displays the applied voltage pulse, V,. (b)
Variation in the peak value of I as a function of absolute temperature. S denotes the sensitivity value. A background color highlights the warning
range specifically relevant to nanoelectronics. Variation in the peak value of I as a function of absolute temperature. A linear relationship is observed
up to 420 K, with a sensitivity (S) of 124 uA K™, Beyond 420 K, the sensitivity increases to 258 pA K. The linear fit equation offers a method for con-
verting current outputs into specific temperature values. (c) Transient response over 200 cycles at two distinct but constant temperatures of 360 K
and 450 K. ¢ represents the standard deviation. (d) Stability of /p across multiple measurements at different temperatures. The temperature range
was +1 K. (e) Ip variation upon increasing the temperature from 305 to 310 K with an interval of 0.5 K. For this measurement, the device was main-
tained in thermal equilibrium for sufficient time. (f) Humidity-dependent response at three varying temperatures.

separable mean values that gradually increase with tempera-
ture, offering accuracy close to 1.0 K (~1.0 °C). Indeed, the
mean value is dependent on the absolute temperature, leading
to a sensitivity close to 1.0 K. This distinctive feature substanti-
ates its potential for delivering high-precision temperature

This journal is © The Royal Society of Chemistry 2024

readings with high stability over time, even under conditions
that necessitate monitoring subtle temperature changes.

We further investigated the stability of current responses
under varying humidity conditions—specifically at levels of
20%, 40%, and 60%—across three distinct temperatures. The

Nanoscale, 2024, 16,18027-18037 | 18031
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current showed high stability across these different humidity
levels at each temperature setting, as illustrated in Fig. 2f. This
remarkable stability under fluctuating environmental con-
ditions confirms the device’s robustness, making it a highly
dependable sensor in scenarios where variations in humidity
are expected, such as in nanoelectronics. It is worth mention-
ing that the versatility of our approach is not limited to ferro-
electric HfO,-based devices; it can also be generalized to other
systems, including those requiring higher temperature
sensing, by selecting appropriate ferroelectric materials.

To rigorously assess the response to applied short pulses,
the cumulative charge Q(t), defined by the equation

Q) :jél(t)dt, where I(¢t) represents the current flowing
19

through the device,” was calculated in response to nano-

c
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second pulses (d = 180 ns) at various voltage magnitudes
ranging from 0.1 to 3.5 V. Fig. 3a illustrates the transient
charge behavior, displaying the maximum charge (Qpuax, i€,
peak value) supplied to the device, as indicated by the blue
dotted vertical arrow. Additionally, a residual charge, Qcs, per-
sists even after the removal of the voltage pulses (noticeable at
800 ns), as shown by the black dotted arrow in Fig. 3a. It is
important to note that this Q.s accounts for leakage
current.'®2' Furthermore, the difference between Qna.x and
Qres, labeled as Qyoral, represents the actual charge that is rever-
sibly stored and released from the device.'®*° Notably, both
Qmax and Qs are dependent on the magnitude of the applied
voltage, indicating the dynamic behavior of the device. It is
worth noting that the device may not be fully charged during
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Fig. 3 Working mechanism. (a) Charge versus time curves for varying applied electric fields showing saturation charge (Qmax) and residual charge
(Qres). (b) Charge versus voltage curves depicting Qmax. Qres, and the total charge (Qiotal)- (€) Curves for Qgeyice Versus Egevice (blue curve) and Qiotal
versus Epzo (pink curve), respectively. (d) PFM phase hysteresis loops as a function of tip voltage (Vyp), with the red arrows indicating the direction of
polarization. (e) PFM phase image at —3 V (upper half) and —6 V (lower half), illustrating the domain structure. The mapped area is 500 x 500 nm?.
(f) Distribution of the phase from the PFM image. (g) Temperature dependence of Q. and Q... (h) Polarization versus voltage curves at various
temperatures, measured at 1 kHz frequency. (i) Polarization decay with increasing temperature, indicating phase transition behavior.
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these short pulses (i.e., 180 ns); however, this does not com-
promise the device’s effective performance, as shown in
Fig. S4.1 Importantly, Qmax, Qres, and consequently Qa1 are
all dependent on the applied voltage, as demonstrated in
Fig. 3b. For instance, when the voltage is relatively low (<0.9
V), Qres is negligible (close to zero), making Qmax and Qioal
essentially equivalent and thus indicating nominal leakage
current. This contrasts with higher voltages, where a signifi-
cant Qs was measured (see the blue curve in Fig. 3b). This
discrepancy could be attributed to the higher electric field,
which might allow for leakage current to flow. A critical obser-
vation is that the Q.—V curve reveals a capacitance enhance-
AQtotal
AV

ment (ie., the slope of the curve, > 2.4, especially in

low voltage ranges greater than 0.9 V). This enhancement is
significant and can be attributed to the negative differential
capacitance of the device.'®2°

To understand the charge boosted behavior of the device,
the average electric field (Eyzo) within the HZO layer was calcu-

Cq
where Cjy is the capacitance per unit area of SiO, considered to
be a constant value of 1.38."*?° As clearly shown by the pink
curve in Fig. 3¢, the Q4—Enzo relationship closely resembles an
‘S’ shape, indicating that the device exhibits negative differen-
thotal

HZO
of —0.1 to 0.1 MV cm™. This behavior is in contrast to tra-

ditional capacitors, which generally show a linear variation
with voltage. In contrast, the typical P-V loop does not exhibit
the NDC, as shown by the blue curve in Fig. 3¢ with Qgevice—
Edevices Where Qgevice and Egevice are charge and electric field
across the device. This observation aligns well with the
reported literature and highlights the essential ferroelectric
characteristics of HZO films, including a coercive field of 1.5
MV cm ™" and a remanent polarization (P;) of ~26 uC cm™2. It
is typically regarded that generating relatively higher voltages
(or fields) is required to realize the NDC. However, the
observed NDC at relatively lower voltages could arise from a
combination of ferroelectric (FF-HfO,) and antiferroelectric
(AFE-ZrO,) layers and in the range of recently reported
values.” This arrangement is like a ferroelectric-dielectric
(polar-nonpolar) multi-layered structure, which could induce
depolarization fields in the ferroelectric layer.'”**>2¢ These
depolarization fields locally stabilize the ferroelectric material
in an energy state higher than its inherent ground state, result-
ing in an energy landscape characterized by a negative curve
and thus leading to a negative capacitance effect.'”*”

Various approaches, including both single-domain and
multi-domain theories, have been proposed to explain the
negative differential capacitance (NDC)."* To gain microscopic
evidence, piezoresponse force microscopy (PFM) measure-
ments were performed. To investigate polarization flipping,
the phase change as a function of the applied tip voltage, Vip,
was measured over twenty cycles. As illustrated in Fig. 3d, the
phase—which is related to polarization—changes gradually,

. . 1
lated using the equation as: Eupzo = - (Vg,1 - % - VHZO),
t

tial capacitance, as evidenced by < 0, within the range
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rather than abruptly, from —90 to +90 degrees as Vy;;, increases
from —6.0 to +6.0 V. The phase remains high at a Vi, of 0 V
during the reverse voltage scan (i.e., from +6.0 to —6.0 V),
leading to a clear and highly stable hysteresis loop. This
gradual change in polarization is crucial for achieving a hyster-
esis-free NDC in the ferroelectric/dielectric structure.

In addition, PFM maps displaying the phase (which is
related to the direction of polarization) were taken over the
same 500 x 500 nm”> area at different switching stages (see
Fig. 3e). Initially, the device was uniformly pre-polled at +6.0 V,
resulting in a uniform positive polarization in the ferroelectric
material, as shown in Fig. S5.1 Subsequently, a mixed state
was induced by applying a voltage of —3.0 V, which is close to
the negative coercive field observed in P-V measurements. As
expected, some domains changed their polarization, while
others remained fixed; this is evident in the top panel of
Fig. 3e. Moreover, to induce the opposite state, the maximum
voltage allowable by the setup, i.e., —6.0 V, was applied. It
should be noted that even with an applied voltage of —6.0 V,
localized domain flipping was observed, indicating the pres-
ence of multi-domains in the device. Therefore, the presence
of nanodomains in the nanolaminate structure could enable
the low energy operative thermal sensor. At this point, the dis-
tribution of the phase is also plotted in Fig. 3f, which shows
two clear peaks separated by 180°.

Indeed, it is noted that both transient NDC and leakage
current contribute to the increase in the I, value. To demon-
strate this, the values of Qnax and Q,.s are plotted as functions
of temperature, as shown in Fig. 3g. It is important to note
that Qes, which is related to the increase in leakage current,
gradually increases with temperature. This indicates a degra-
dation of the ferroelectric nature of HZO and matches well
with previous literature reports.*®*° Therefore, the increase in
I, can be attributed to changes in the ferroelectric polarization
of HZO. To confirm the role of temperature, P-V hysteresis
loops were obtained at different temperatures, as depicted in
Fig. 3h, showing a clear temperature-dependent shift of the P-
V loops. For clarity, the values of 2P, at 0 V are plotted as a
function of temperature, as shown in Fig. 3i. Fig. 3i shows a
significant change in polarization from 26 to 17 pC em™> when
the temperature is increased from RT to 460 K. Hence, based
on the observations in Qs (Fig. 3g) and the change in effective
polarization (Fig. 3i) with increasing temperature, the ferro-
electric nature of HZO diminishes. This leads to an increase in
transient current, as observed in Fig. 2a. The response of the
device to the applied short pulses is primarily driven by the
NDC effect, associated with the effective polarization of
HZO0.'®2° Since the effective polarization of HZO depends on
the absolute temperature, the transient response of the device
is consequently influenced by the NDC effect.

Leveraging the device’s ultrafast and accurate temperature-
sensing capabilities, we tested its compatibility with nanoelec-
tronics through integration with a commercially available
universal serial bus (USB) drive. Subsequently, we monitored
real-time temperature variation caused by both laptop
data transfers and external heat sources. Fig. 4a provides a
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Fig. 4 Real-time temperature monitoring. (a) Schematic diagram of data transfer from a laptop to a USB and temperature measurement using the
device. The top inset shows an original photograph of the integrated device. Heating was also performed using external sources. (b) Measurement
of Ip values for various time intervals during data transfer. A shift in the /5 peak value is indicated by a blue dotted arrow. The scale bar represents
the change in temperature. (c) Temperature measured using a K-type thermocouple (x-axis) compared with temperature measurements from our
device and thermal mapping. The insets display original photographs captured using a thermal imaging tool. (d) Response speed versus accuracy of
temperature mapping, offering a clear comparison between state-of-the-art thermal sensors and our device. Response speed versus accuracy of
temperature mapping, offering a clear comparison between state-of-the-art thermal sensors and our device. Table 1 provides a detailed comparison
of our HfO,-based sensor with other related pyroelectric sensors, highlighting its superior performance in terms of response time and accuracy. The

minimal detectable change in absolute temperature using our sensor is approximately 1 K.

comprehensive illustration of the seamless integration of the
device with USB ports, as well as a schematic outlining the
data transfer process from the laptop. Initially, the device was
stabilized at RT and transferred a large data set (12 GB) from
the computer to the USB drive. During this process, we moni-
tored the transient response by applying perturbing pulses (0.8
V, d = 180 ns) at two-minute intervals, noting that the entire
data transfer was completed within 20 minutes. Fig. 4b depicts
the collected responses, which display dynamic behavior, as
marked by the blue dotted arrow. For instance, the peak value
of Ip gradually increased as the monitoring time extended
from 2 to 14 minutes, signifying a rising temperature in the
USB drive. This rise equated to an approximately 8 K increase
above RT, aligning well with the specifications in the standard
data sheet. Indeed, to further validate these findings, we uti-
lized a K-type temperature sensor and measured the tempera-
ture change, which was found to be 7.9 K, confirming that the
measured temperature changes with our device are accurate.
This confirms the device’s robustness in both integration and
temperature sensing.

18034 | Nanoscale, 2024, 16,18027-18037

To emulate real-world conditions that could potentially
damage nanoelectronics, we subjected the integrated device to
external heating using hot air, which gradually increased the
temperature from 297 to 309 K. This can generate a similar scen-
ario to that generated due to overheating resulting from the
excess use of nanoelectronics. The primary aim of this test was to
measure the temperature using three different tools: a K-type
sensor, thermal imaging, and our device. The temperature
measurements from our device and thermal imaging, plotted as
a function of temperature measured using the K-type sensor, are
shown in Fig. 4c. The insets depicted in Fig. 4c provide a detailed
temperature map, facilitating a rough comparison with estab-
lished thermal monitors. Impressively, our device exhibited a
one-to-one correspondence with existing thermal image sensors,
thereby affirming its high performance and reliability in compari-
son with commercially available K-type sensors. This comprehen-
sive analysis not only demonstrates the sensor’s superior accuracy
and responsiveness, but also its resilience under environmental
stresses, positioning it as a potential industry leader in thermal
monitoring applications.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Comparison of the sensing properties among related pyroelectric sensors

S. no. Sensor type Response time Accuracy Sensitivity Operational temperature range Ref.

1 PZT-based ~1 ms +2.0K 21.4 mV nm™" 263-300 K 1

2 ZnO/ZnTe-based 62 pus 19.9-22.8 °C 31

3 Cu(In,Ga)Se, 6.8/7.9 us 235.4 mV mm™" 32

4 P(VDF-TYFE) 0.5s 0.82 VK™ 33

5 P(VDF-TIFE) 1.7 s 6.4VK™" 0.05-10 K 34

6 HfO,-based (this Work) ~50 ns +1.0 K 124 pAK™! RT to 465 K This work

With an ultrafast response time of just 50 nanoseconds—
measured from 10% to 90% of the peak value of the output
In—our device outperforms conventional temperature sensors
by several orders of magnitude. Specifically, it operates up to
one million times faster than its state-of-the-art commercial
counterparts, as depicted in Fig. 4d. This ultrahigh speed
translates to a theoretical capacity to support as many as
million readings per second, in stark contrast to the limited
100 readings per second achievable with standard sensors.
This leap in speed is facilitated by the unique utilization of fer-
roelectric polarization as the operative mechanism. Unlike
conventional sensors that rely on thermocouples, RTDs, or
thermistors, often made from ceramics or polymers, our inno-
vative approach harnesses the negative differential capacitance
effect of ferroelectric materials. This allows for almost instan-
taneous responsiveness to temperature variations. In terms of
measurement accuracy, the device has a margin of error less
than 1.0 K, comfortably falling within the industry-standard
accuracy ranges of +1-+2 K. The unique combination of ultra-
fast response time and exceptional accuracy offers ground-
breaking opportunities for scenarios demanding real-time
monitoring and instant decision-making processes. In
addition to highlighting the advantages of our HfO,-based
sensor in terms of response time and accuracy, we have com-
pared its performance with other related pyroelectric sensors.
Table 1 provides a comprehensive comparison of the sensing
properties, including response time, accuracy, sensitivity, and
the operational temperature range. This comparison illustrates
the superior performance of our sensor in key aspects. Our
developed method for pyroelectric measurements of absolute
temperature achieves an accuracy of approximately 1 K, a
notable result for Si-compatible ferroelectric HfO,. It is impor-
tant to highlight that dynamic methods can measure tempera-
ture changes as small as 0.001 Kelvin or even less, as discussed
by Sidney B. Lang.’® To evaluate the sensitivity of our sensor
further, we analyzed the data from Fig. 4d and found that it
can detect minimal changes in absolute temperature as small
as 1 K. This high sensitivity, combined with an ultrafast
response time of 50 ns, underscores the potential of our
sensor for precise, real-time temperature monitoring.
Considering its ultrafast response characteristics and high
accuracy, the device has the potential to revolutionize appli-
cations that hinge on nanosecond-level fluctuations, such as
high-frequency trading systems. Likewise, it has promising
applications in advanced scientific endeavours. Industries like
nanoelectronics, automotive, and aerospace can also benefit

This journal is © The Royal Society of Chemistry 2024

from integrating such high-speed and reliable sensors to boost
performance and safety measures.

4. Conclusion

In conclusion, our research has addressed the significant
limitations that have historically plagued conventional pyro-
electric sensors, such as slow response times, limited compat-
ibility with nanoelectronics, and operational difficulties under
constant temperature conditions. Through the introduction of
a pioneering proof-of-concept methodology, we have enabled
pyroelectric sensors to measure absolute temperatures with
unparalleled accuracy and rapidity. A key innovation of our
approach is the use of a perturbation signal, specifically a
short electric pulse (+0.8 V with a duration of 180 ns), serving
as an effective probe for temperature measurement. This tech-
nique has been successfully implemented in devices fabricated
from ferroelectric hafnium zirconium oxide (HZO) nano-
laminates. These optimized sensors exhibited an impressive
response time of approximately 50 nanoseconds and a temp-
erature sensing accuracy comparable to state-of-the-art
sensors, measuring up to 1.0 K with a throughput of one
million readings per second. This enhanced performance can
be attributed to the negative differential capacitance character-
istics of the HZO material, a fact substantiated through transi-
ent response analysis and piezoresponse force microscopy.
Further extending the practical applicability of our sensor, we
demonstrated its seamless integration with a commercially
available universal serial bus interface, enabling real-time
temperature monitoring in various applications including data
transfer and environmental heating. Overall, our findings sig-
nificantly expand the utility and adaptability of pyroelectric
sensors, making them highly suitable for applications
demanding both steady-state and rapid dynamic temperature
measurements.
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