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ABSTRACT: A material with reversible temperature change
capability under an external electric ﬁeld, known as the
electrocaloric eﬀect (ECE), has long been considered as a
promising solid-state cooling solution. However, electrocaloric
(EC) performance of EC materials generally is not suﬃciently
high for real cooling applications. As a result, exploring EC
materials with high performance is of great interest and
importance. Here, we report on the ECE of ferroelectric
materials with van der Waals layered structure (CuInP2S6 or
CIPS in this work in particular). Over 60% polarization charge
change is observed within a temperature change of only 10 K at Curie temperature. Large adiabatic temperature change
(|ΔT|) of 3.3 K and isothermal entropy change (|ΔS|) of 5.8 J kg−1 K−1 at |ΔE| = 142.0 kV cm−1 and at 315 K (above and
near room temperature) are achieved, with a large EC strength (|ΔT|/|ΔE|) of 29.5 mK cm kV−1. The ECE of CIPS is also
investigated theoretically by numerical simulation, and a further EC performance projection is provided.
KEYWORDS: CuInP2S6, ferroelectrics, electrocaloric eﬀect, two-dimensional, room temperature
|ΔE| as EC strength if normalized by electric ﬁeld) and
isothermal entropy change (|ΔS|, |ΔS|/|ΔE| if normalized by
electric ﬁeld) are key parameters for the performance of EC
materials. One of the key challenges in realizing electrocaloric
cooler is the relatively low |ΔT| and |ΔS| in current EC
materials. The realization of EC cooler requires searching EC
materials with high EC performance. Ferroelectric materials
with van der Waals layered structure, featured with a van der
Waals weak interaction between layers and being easy to form
van der Waals heterostructures, may have essential impact on
the ferroelectric polarization switching and EC properties
because of the diﬀerent out-of-plane ferroelectric polarization
switching process due to the van der Waals gap. Meanwhile,
the thermal transport properties of van der Waals layered
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lectrocaloric refrigerators using electrocaloric materials
are low noise and environment friendly, and can be
scaled down to small dimensions, compared to the
common vapor-compression refrigerators.1−13 Electrocaloric
cooling is also much easier and lower in cost to realize
compared to other ﬁeld-induced cooling techniques such as
magnetocaloric and mechanocaloric cooling, because the
electric ﬁeld is easily realized and accessible. Thus, electrocaloric eﬀect is promising for future cooling applications,
especially in micro- or nanoscale such as on-chip cooling.
Electrocaloric eﬀect in ferroelectric materials is of special
interest because of the large polarization change near the
ferroelectric-paraelectric (FE-PE) phase transition temperature
(Curie temperature, TC). It also deﬁnes the working
temperature range for such ferroelectric coolers so that
above but near room temperature TC is important for practical
applications. Therefore, near Curie temperature as working
temperature and adiabatic temperature change (|ΔT|, |ΔT|/
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Cu, In, and P−P pairs and separated by a van der Waals gap.
High-angle annular dark ﬁeld STEM (HAADF-STEM) image
of thin CIPS ﬂake is shown in Figure 1b. Distinct arrangement
of atoms could be clearly identiﬁed, with the fringe space of
(100) planes measured to be 0.57 nm. The corresponding
selected area electron diﬀraction (SAED, at a 600 nm by 600
nm region) shows a set of rotational symmetry pattern with
perfect hexagonal crystal structure, indicating the CIPS ﬂake is
highly single-crystallized (Figure 1b, inset). EDS analysis by
SEM on CIPS ﬂakes conﬁrms the CuInP2S6 stoichiometry.18
Figure 1c illustrates the Raman spectrum of an exfoliated CIPS
thin ﬁlm from 4 to 325 K. The structure of CuInP2S6 in the
ferroelectric phase is in the space group Cc, point group m.19
The primary bands in Raman study are ν(P−S), ν(P−P), ν(S−
P−S), and ν(S−P−P) in the 100−500 cm−1 range,20 which
shows a dramatic loss in intensity and peak broadening as the
temperature is increased from 310 to 315 K, as shown in
Figure 1d for a particular example at 373.8 cm−1. Such
measurements were repeated on multiple CIPS ﬂakes and
show similar loss in intensity and peak broadening at 315 K.
Thus, temperature-dependent Raman measurements conﬁrm a
structural phase transition in CIPS at 315 K.
Temperature-dependent piezo-response force microscopy
(PFM) was studied to investigate the ferroelectricity in CIPS.
Figure 2a−c shows the band excitation PFM (BE-PFM) on a
fabricated CIPS capacitor using Ni as top and bottom
electrodes; the area of the top electrode is 2 μm by 2 μm.
Figure 2a shows the BE-PFM images on an as-fabricated CIPS
device, both up and down polarization can be observed in
PFM phase image, indicating the as-fabricated CIPS device has
multidomains. DC voltage pulses of 1 s and ±6 V were then
applied to the device to switch the polarization electrically.
Clear phase transition can be observed after DC voltage pulses,
suggesting a switchable polarization in the fabricated CIPS
capacitor, as shown in the diﬀerent phases (indicating diﬀerent
polarization directions) in Figure 2b,c. The temperaturedependent ferroelectricity was further characterized by dual
AC resonance tracking piezo-response force microscopy
(DART-PFM). The DART-PFM phase/amplitude images
and raw data of single-point hysteresis loop measurements
can be found in the Supporting Information, section 1. The
phase and amplitude hysteresis loops were achieved by the
DART-PFM at a single point in tapping mode. Figure 2d,e
shows the phase and amplitude versus voltage hysteresis loop of
a 0.23 μm-thick CIPS ﬂake on a Ni/SiO2/Si substrate at 305 K,
showing clear ferroelectric polarization switching under an
external electric ﬁeld (PFM phase change of ∼180°). A 90 nm
SiO2 is used in between Ni and Si for better visibility of CIPS
ﬂakes. Figure 2f shows the temperature-dependent DARTPFM phase hysteresis loop of the same CIPS ﬂake at 300−325
K. Clear ferroelectric PFM hysteresis loops with distinct
polarization switching are achieved at 300−310 K (see also
Figure S2), while no obvious phase change can be observed at
and above 315 K (see also Figure S3). The loss of ferroelectric
phase transition from PFM measurement at and above 315 K
directly conﬁrms that CIPS has a Curie temperature of ∼315
K.
The electrical characteristics of CIPS devices were measured
using a Ni/CIPS/Ni capacitor on top of a 90 nm SiO2/Si
substrate. The detailed fabrication process can be found in
Methods section. Polarization−voltage (P−V) measurement is
used to further investigate the ferroelectric and electrocaloric
properties in CIPS. The voltage-dependent P−V characteristics

materials have strong anisotropicity in in-plane and out-ofplane directions and may provide special properties on heat
absorption, heat dissipation, and the design of practical ECE
cooling devices. Ferroelectricity in 2D materials has recently
started to be studied,14−17 but is rather rare currently because
of the limited research eﬀorts. EC materials with van der Waals
heterostructures remain unexplored. Meanwhile, an insulating
EC material is also required in a EC refrigerator to avoid Joule
heating. CuInP2S6 (CIPS) has been recently explored as a 2D
ferroelectric insulator with TC about 315 K and switchable
polarization down to ∼4 nm.14,15,18 As a 2D ferroelectric
insulator with TC above but near room temperature, CIPS can
be a potential candidate for EC cooling applications.
Here, we report on the ECE on a ferroelectric insulator
CIPS with van der Waals layered structure. The TC at 315 K is
only slightly above human body temperature so that the
material can have a broad range of practical cooling
applications. Over 60% polarization change is observed with
a temperature change of only 10 K. A |ΔT| of 3.3 K and |ΔS| of
5.8 J kg−1 K−1 at |ΔE| = 142.0 kV cm−1 and at 315 K are
achieved, with a large EC strength (|ΔT|/|ΔE|) of 29.5 mK cm
kV−1. These representative values of CIPS suggest that
ferroelectric materials with a van der Waals layered structure
can be competitive EC materials and are of great interest to
further explore EC materials with van der Waals layered
structure for potential applications in microelectronics, bio- or
medical sensing, and nanoenergy areas.

RESULTS AND DISCUSSION
CIPS crystals were grown by solid-state reaction.18,19 Figure 1a
shows the crystal structure of CIPS from top- and side-views. It
is based on a hexagonal ABC sulfur stacking, which is ﬁlled by

Figure 1. (a) Top- and side-views of CIPS, showing an ABC sulfur
stacking, ﬁlled by Cu, In, and P−P pairs and separated by a van der
Waals gap as a ferroelectric insulator with van der Waals layered
structure. (b) HAADF-STEM image of thin CIPS ﬂake viewed
along [001] axis and the corresponding SAED pattern. (c)
Temperature-dependent Raman spectroscopy on CIPS thin ﬁlm.
(d) Temperature-dependent Raman peak intensity at 373.8 cm−1,
showing a large decrease in Raman intensity at 315 K.
B
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Figure 2. (a) BE-PFM amplitude and phase of as-fabricated CIPS capacitor with 20 nm Ni as top electrode on a Ni/SiO2/Si substrate,
measured at room temperature. The area of the top electrode is 2 μm × 2 μm. (b) BE-PFM amplitude and phase of the same device after 6 V
voltage pulse for 1 s. (c) BE-PFM amplitude and phase of the same device after −6 V voltage pulse for 1 s. Stable polarization switching is
achieved upon application of DC voltage pulses of 1 s duration and ±6 V amplitude. (d) Phase and (e) amplitude versus voltage by DARTPFM hysteresis loop of a 0.23 μm-thick CIPS ﬂake without 20 nm Ni top electrode on a Ni/SiO2/Si substrate at 305 K, showing clear
ferroelectric polarization switching under external electric ﬁeld. (f) Temperature-dependent DART-PFM phase hysteresis loop of the same
CIPS ﬂake at 300−325 K. The loss of ferroelectric phase transition since 315 K, suggesting a ferroelectric Curie temperature of 315 K.

3405 kg m−3 at 295 K.19 The heat capacity of CIPS is 557 J
K−1 kg−1 at 315 K.22,23 ρ is assumed to have minor change in
the temperature range of interest because the experiments were
performed in a narrow temperature range between 290 and
330 K. The temperature-dependent heat capacity23 of CIPS is
used in the calculation, although only minor changes happen
within the range of interest. Electrocaloric temperature change
of the 0.95 μm-thick CIPS is plotted in Figure 3c. A maximum
|ΔT| of 2.0 K is achieved at |ΔE| of 72.6 kV cm−1 (maximum
|ΔT|/|ΔE| of 29.5 mK cm kV−1 and |ΔT|/|ΔV| of 0.31 K V−1).
The corresponding |ΔS| versus temperature is shown in Figure
3d, with a maximum |ΔS| of 3.6 J kg−1 K−1 at |ΔE| of 72.6 kV
cm−1. It is worth noting that the absolute value of remnant
polarization of CIPS thin ﬁlm (∼0.03−0.04 C m−2) is rather
small (about 1 order of magnitude smaller than common
ferroelectric ceramics or ferroelectric polymers). The slope of
polarization percentage change with respect to temperature is
actually quite high (Supporting Information, section 4). If this
is the intrinsic property of ferroelectric materials with van der
Waals layered structure, then it is possible to ﬁnd a highperformance 2D ferroelectric material with high remnant
polarization and high EC strength. Thus, ferroelectric materials

show a stable coercive voltage (Vc) versus sweep voltage ranges,
as shown in Supporting Information, section 2, suggesting the
fabricated CIPS capacitor is highly single-crystallized, which is
consistent with the TEM results in Figure 1b. Figure 3a shows
the P−V measurement on a CIPS capacitor with CIPS
thickness (TFE) of 0.95 μm at temperature from 290 to 330 K
in 5 K step, across the Curie temperature of 315 K. A
monotonic decrease of polarization versus temperature is
observed with a peak reduction at 315 K, as shown in Figure
3b, conﬁrms the ferroelectric to paraelectric transition is at 315
K, which is consistent with temperature-dependent Raman
spectroscopy and PFM measurements. Note that a fast over
60% polarization change is obtained within only 10 K
temperature change, which may be related with the van der
Waals layered structure in CIPS. The electrocaloric eﬀect in
CIPS is evaluated by indirect method.6,21 ΔT can be calculated
E2 1
∂P
T ∂T dE ,
E1 Cρ
E

as −∫

( )

where C is the heat capacity and ρ is
E 2 1 ∂P
dE .
E1 ρ ∂T E

density. ΔS can be further calculated as ∫

( )

As can

be seen from the equations of ΔT and ΔS, the fast polarization
change with respect to temperature can signiﬁcantly enhance
the EC strength of the EC material. The density of CIPS is
C
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thickness of 0.169 μm. A maximum |ΔT| of 3.3 K and a
maximum |ΔS| of 5.8 J kg−1 K−1 are achieved at |ΔE| of 142.0
kV cm−1 in the CIPS capacitor with 0.169 μm thickness. Note
that the enhancement of |ΔT| and |ΔS| is because thinner CIPS
ﬁlms can support a higher electric ﬁeld. It is also consistent
with a previous report that thinner CIPS has a larger coercive
electric ﬁeld.15 As shown in Figure 4b, adiabatic temperature
change |ΔT| versus electric ﬁeld |ΔE| of CIPS capacitors at 315
K with diﬀerent CIPS thicknesses from 0.169 to 1.43 μm. The
slope as the actual EC strength is not improved in deep subμm range thin ﬁlms. Figure 4c shows the thickness dependence
of EC strength in CIPS at 315 K. |ΔT|/|ΔE| shows minor
thickness dependence, while the |ΔT|/|ΔV| (Figure 4d) is
inversely proportional to the thickness as expected. A
maximum |ΔT|/|ΔV| of 1.18 K V−1 is obtained on a capacitor
with 0.169 μm CIPS and at a |ΔE| of 70 kV cm−1. Under
electrical breakdown strength, ferroelectric materials with van
der Waals layered structure, which have the potential to oﬀer
atomically thin ﬁlms, can realize large |ΔT| change by applying
very small |ΔV|. The required large heat capacity can be
realized by integration of a large number of such nanocoolers
or nanorefrigerators. However, the leakage current in ultrathin
CIPS ﬁlms at elevated temperatures prevents us from reliably
measuring the P−V hysteresis loop and studying the ECE
eﬀect. The undesired leakage current might also provide a
joule heating eﬀect so that ultrathin CIPS ﬁlm is not suitable
for real cooling applications.
Furthermore, the EC eﬀects in CIPS are theoretically
investigated by numerical simulations. The Landau−Khalatnikov equation is solved by calibrating the Landau coeﬃcients
with experimentally measured remnant polarization (Pr =
∼0.04 C m−2) and coercive ﬁeld (EC = ∼60 kV cm−1) of CIPS
at T = 295 K. Note that the measured temperature-dependent
P−V curves (Figure 3a) show an abrupt phase transition near
T = 315 K. Detailed simulation methods and parameters can
be found in Supporting Information, section 3. Considering
the second-order phase transition with a Curie−Weiss
temperature, T0 (or TC) of 315 K, the simulated temperature-dependent P−V characteristics are shown in Figure 5a.
Similarly, the simulated polarization versus temperature
characteristics are plotted in Figure 5b. To evaluate the EC
eﬀects, |ΔT| at diﬀerent temperatures are calculated for
diﬀerent |ΔE| from 0 to 100 kV cm−1 (using same method
as in Figure 3) and is shown in Figure 5c. The simulation
results (Figure 5a−c) show good agreement with the
experimental results (Figure 3c) and suggest that in the case
of second-order phase transition, maximum EC temperature
change occurs at 315 K. In contrast to the second-order phase
transition, a class of FE materials (such as BTO)24−26 exhibit a
two-step hysteresis loop change, ﬁrst from a single hysteresis
loop to double hysteresis loop and then from a double
hysteresis loop to PE hysteresis loop. Figure 5d shows the
impact of remnant polarization on the EC performance of
ferroelectric materials. It can be clearly seen that EC strength is
higher with higher Pr. Thus, a ferroelectric material with high
remnant polarization with Tc above but near room temperature
is preferred for high-performance EC applications.

Figure 3. (a) Polarization versus voltage characteristics measured at
diﬀerent temperatures of a CIPS capacitor with CIPS thickness of
0.95 μm. (b) Polarization versus temperature at diﬀerent voltage
biases, extracted from (a). (c) Adiabatic temperature change |ΔT|
versus temperature at diﬀerent |ΔE|. A maximum |ΔT| of 2.0 K is
achieved at |ΔE| of 72.6 kV cm−1 and |ΔV| of 6.9 V (maximum
|ΔT|/|ΔE| of 29.5 mK cm kV−1 and |ΔT|/|ΔV| of 0.31 K V−1). (d)
Isothermal entropy change |ΔS| versus temperature at diﬀerent
|ΔE|, with a maximum |ΔS| of 3.6 J kg−1 K−1 at |ΔE| of 72.6 kV
cm−1.

with van der Waals layered structure can be competitive EC
materials and of great interest to explore.
Figure 4 investigates the thickness dependence of ECE in
CIPS. Figure 4a shows the adiabatic temperature change versus
temperature characteristics of CIPS capacitors with a CIPS

Figure 4. (a) Adiabatic temperature change |ΔT| versus temperature at diﬀerent |ΔE| of a CIPS capacitor with CIPS thickness of
0.169 μm. A maximum |ΔT| of 3.3 K and a maximum |ΔS| of 5.8 J
kg−1 K−1 are achieved at |ΔE| of 142.0 kV cm−1. (b) Adiabatic
temperature change |ΔT| versus electric ﬁeld |ΔE| of CIPS
capacitors with diﬀerent CIPS thicknesses. (c) Electrocaloric
strength |ΔT|/|ΔE| of CIPS capacitors with diﬀerent CIPS
thicknesses. (d) Normalized adiabatic temperature change with
respect to voltage of CIPS capacitors with diﬀerent CIPS
thicknesses.

CONCLUSION
In conclusion, the electrocaloric eﬀect on a ferroelectric
material with van der Waals layered structure is investigated.
Over 60% polarization change is observed with a temperature
change of 10 K in CIPS. A |ΔT| of 3.3 K and |ΔS| of 5.8 J kg−1
D
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METHODS
CuInP2S6 Growth. CIPS crystals were grown by solid-state
reaction. Powders of the four elements were mixed and placed in an
ampule with the same ratio of the stoichiometry (246 mg of Cu, 441
mg of In, 244 mg of P, and 752 mg of S). The ampule was heated in
vacuum at 600 °C for 2 weeks to obtain the CIPS crystals.
Device Fabrication. CIPS ﬂakes were transferred to the 20 nm
Ni/90 nm SiO2/p+ Si substrate by scotch tape-based mechanical
exfoliation. A top electrode using 20 nm nickel and gold was
fabricated using electron-beam lithography, electron-beam evaporation, and lift-oﬀ process.
Material Characterization. The HAADF-STEM was performed
with FEI Talos F200x equipped with a probe corrector. This
microscope was operated with an acceleration voltage of 200 kV.
DART-PFM was carried out on Asylum Cypher ES, and the
conductive AFM tip has averaged spring constant ∼5 N/m.
Temperature-dependent Raman measurement was done with
Montana Instruments S100-CO with a 100× 0.75NA objective
integrated with a Princeton Instruments FERGIE spectrometer using
a 1200 g/mm grating blazed at 550 nm. A single mode ﬁber coupled
532 nm laser with a <1 MHz bandwidth was used as the excitation
source.
Device Characterization. The thickness of the CIPS device was
measured using a Veeco Dimension 3100 AFM or a KLA-Tencor
Alpha-Step IQ. DC electrical characterization was performed with a
Keysight B1500 system. Temperature-dependent electrical data were
collected with a Cascade Summit probe station.
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P. Room-Temperature Crystal Structure of the Layered Phase
CuIInIIIP2S6. J. Alloys Compd. 1995, 218, 157−164.
(20) Vysochanskii, Y. M.; Stephanovich, V.; Molnar, A.; Cajipe, V.;
Bourdon, X. Raman Spectroscopy Study of the FerrielectricF

DOI: 10.1021/acsnano.9b01491
ACS Nano XXXX, XXX, XXX−XXX

