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a b s t r a c t 

With increasing interests in emergent wearable technologies such as e-skin healthcare devices, it is essen- 

tial to develop new materials that can satisfy their demanded attributes; e.g., mechanical strain-invariant 

electrical and thermal properties. In this regard, two-dimensional (2D) transition metal dichalcogenide 

(TMD) layered materials have received tremendous attention owing to their intrinsic suitability, such as 

large tolerance limits under mechanical deformation coupled with decent electrical and thermal prop- 

erties. However, these intrinsic advantages are often compromised upon their large wafer-scale integra- 

tions onto deformable substrates, which is commonly observed with conventional liquid-based or me- 

chanical exfoliation approaches. In this paper, we demonstrate high-performance electrically-stretchable 

heaters by combining 2D platinum ditelluride (PtTe 2 ) layers – a relatively unexplored class of 2D TMDs –

with a strain engineering design scheme. We directly grew wafer-scale 2D PtTe 2 layers on soft polyimide 

(PI) substrates by taking advantage of their low growth temperature. We verified their intrinsically low 

sheet resistance as low as 19.4 Ω / � (thus, high electrical conductivity), which is superior to most other 

2D TMDs. We then explored their Joule heating efficiencies and demonstrated they greatly surpass the 

performances of previously explored flexible heaters employing state-of-the-art nanomaterials including 

graphene, silver nanowires (Ag NWs), carbon nanotubes (CNTs) and their hybrids. By employing Kirigami 

patterning approaches for judicious strain engineering, we developed high-efficiency skin attachable 2D 

PtTe 2 layers-based Kirigami heaters, which exhibited nearly strain-invariant excellent electrical-thermal 

properties; e.g., voltage-driven reliable heat generation upon a cyclic application/termination of 70% ten- 

sile stretch for 10 0 0 times. We believe this study on intrinsically metallic 2D layered material will open 

up new venues for futuristic high-performance large-scale stretchable electronic applications of wearable 

thermotherapy, e-textile, and soft actuators. 

© 2020 Elsevier Ltd. All rights reserved. 
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Abbreviations: (vdW), Van der Waals; (TMDs), Transition metal dichalcogenides; 

PtTe 2 ), 2D platinum ditelluride; (CNTs), Carbon nanotubes; (Ag NWs), Silver 

anowires; (CVD), Chemical vapor deposition; (PI), Polyimide; (AFM), Atomic force 

icroscopy; (TEM), Transmission electron microscopy; (IR), Infrared; (FEM), Finite 

lement method; (EDS), Energy-dispersive X-ray spectroscopy; (STEM), Scanning 

ransmission electron microscope; (SAED), Selected area electron diffraction; (XPS), 

-ray photoelectron spectroscopy; (FFT), Fast Fourier transform. 
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. Introduction 

Two-dimensional (2D) van der Waals (vdW) crystals employ-

ng transition metal dichalcogenides (TMDs) have inspired numer-

us innovations in a wide range of electrical applications pre-

iously foreseen to be impossible. Substantial efforts have been

riven to explore refractory metals (e.g., molybdenum (Mo) or

ungsten (W))-based semiconducting 2D TMD layers pursuing ap-

lications in digital electronics. Recently, metallic or semi-metallic

D TMD layers are gaining increasing interests projecting unprece-

ented opportunities beyond them. These materials are in the form

https://doi.org/10.1016/j.apmt.2020.100718
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
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of MX 2 , where M represents noble metals in place of Mo or W,

and X represents chalcogen elements. For instance, platinum (Pt)-

based 2D TMDs \ layers, i.e., 2D PtX 2 , exhibit a large number of un-

usual yet attractive properties such as intrinsic electron-magnetic

responsiveness and low synthesis temperature absent in conven-

tional semiconducting 2D TMDs [1-4] . Particularly, 2D Pt ditel-

luride (PtTe 2 ) layers are an emerging class of metallic vdW crys-

tals possessing unusual band structure and topological transition

as well as extremely high electrical conductivity, i.e., ~10 6 - 10 7 

S/m [5-7] . Moreover, they exhibit high air- and thermal-stability,

unlike the black phosphorus of comparable electrical conductivity,

which suffers from significant oxidation-driven properties degrada-

tion [ 8 , 9 ]. These combined attributes of high electrical conductiv-

ity and superior air/thermal stability coupled with their extremely

small thickness project unprecedented opportunities that is dif-

ficult to achieve with any conventional 2D TMD layers or other

metallic materials. Out of vastly projected applications, we par-

ticularly note their potential as an atomically thin “electrothermal

material” which converts electric current into thermal energy. For

decades, a large number of metallic materials with high electric-

to-thermal conversion rates have been explored for a variety of

electrothermal applications such as window defrosters/defoggers

[ 10 , 11 ], thermotherapy pads [ 12 , 13 ], heating textiles [14] , soft actu-

ator [15] , and smart drug delivery [16] . Recent advances in emerg-

ing technologies of various form factors, e.g., stretchable or fold-

able heaters, have demanded “ultra-light” electrothermal materi-

als in mechanically adaptable forms. A variety of low-dimensional

materials have been explored to overcome the intrinsic limitations

(e.g., rigidity and bulkiness) of conventional electrothermal materi-

als [17] . Earlier effort s have f ocused on combining one-dimensional

(1D) conductive nanomaterials such as carbon nanotubes (CNTs)

or silver nanowires (Ag NWs) with elastic and conjugated poly-

mers [18-21] benefiting from their process simplicity. However,

several drawbacks are noted in this approach; (1) It is difficult

to achieve the high spatial homogeneity of electrothermal con-

versions on large areas as they occur by the percolation-driven

transport of electrons/phonons owing to the intrinsic randomness

of the way that the 1D nanomaterials are integrated. (2) Result-

ing composites are prone to thermally-driven mechanical deforma-

tion owing to the thermal instability of polymer constituents com-

bined with their uneven interfaces with the 1D nanomaterials. Ac-

cordingly, significant performance degradations are noted upon re-

peated heating [ 22 , 23 ]. (3) It is challenging to reduce their thick-

ness and maintain the high conductivity of 1D component-based

composites at the same time, while the recent advances in wear-

able technologies have been driven toward incorporating thinner

and more flexible/stretchable materials [17] . 

Recently, standalone inorganic 2D materials such as graphene

or MXenes have been explored for mechanically deformable elec-

trothermal heaters owing to their intrinsically superior electri-

cal conductivity and mechanical adaptability [ 10 , 13 , 24-27 ]. How-

ever, several major drawbacks are noted in these approaches. For

graphene, its very high growth temperature (e.g., > 900 °C for
growth on copper substrates [ 10 , 24 , 25 ]) inevitably requires addi-

tional steps for transferring and integrating it on secondary target

substrates, often causing unstable interfacial adhesion to the sub-

strates [10] . Also, the crystallinity of MXenes integrated by conven-

tional solution-based integration methods can significantly degrade

with repeated humidity exposure, which requires additional pro-

tection layers leading to weight increment [27] . Accordingly, these

approaches incongruently fail to achieve the originally projected

advantages of ultra-low weight with high electric-to-thermal con-

version rates accompanying high structural adaptability. 

In this study, we explore electrothermal properties of

chemically-grown 2D PtTe 2 layers and demonstrate their ap-

plication for high-performance extremely stretchable wearable
eaters. We grew wafer-scale 2D PtTe 2 multilayers via a chemical

apor deposition (CVD)- tellurization of Pt thin films at a low

emperature of 400 °C, which is compatible with some polymeric

ubstrates. We characterized their electrical properties and identi-

ed intrinsically small sheet resistance down to 19.4 Ω / �, signif-

cantly smaller than those of previously developed any other 2D

aterials. By taking this combined advantage of low growth tem-

erature and high electrical conductance, we developed 2D PtTe 2 
ayers-based stretchable and wearable heaters by directly growing

hem on strain-engineered polymeric substrates of Kirigami forms

nd evaluated their electrothermal performances. These 2D PtTe 2 
ayers-based heaters exhibited remarkably fast electric-to-thermal

onversion rates even at low applied voltages (i.e., 26.6 °C/sec of
he heating rate at 5 V). Moreover, these superior properties were

dentified to be strain-invariant with extremely high mechani-

al tolerance, benefiting from the judiciously-designed Kirigami

atterns– i.e., persistent heat generation even after 1,0 0 0 times

yclic stretching. Overall, the electrothermal performances of these

VD-grown wafer-scale 2D PtTe 2 layers greatly surpass those of all

ther state-of-the-art 1D or 2D materials previously explored for

uch applications, including Ag NWs, graphene, and MXenes. 

. Material and methods 

.1. 2D PtTe 2 synthesis 

Pt seed films of controlled thickness from 0.5 to 9 nm were

eposited on two kinds of substrates, i.e., silicon dioxide (SiO 2 )/Si

afers (300 nm oxide layer thickness) and polyimide (PI) sheets

50 mm thickness) by an electron beam evaporator (Thermionics

E-100) at a deposition rate of 0.15 Å/sec. The Pt-deposited sub-

trates were placed at the center of the quartz tube inside a CVD

hermal furnace (Blue M Mini-Mite, Lindberg). Tellurium (Te) pow-

er (CAS No. 13494-80-9, 200 mesh, 99.8%, Sigma-Aldrich, Inc.)

ontained in an alumina boat was placed at the upstream side of

he furnace. The quartz tube containing the samples was evacuated

o a basal pressure of < 20 mTorr, and argon (Ar) gas was subse-

uently supplied at a rate of 100 sccm to maintain the working

ressure of 75 mTorr. Then, the furnace was heated up to 400 °C
n 50 min, and the temperature was maintained for an additional

0 min before its natural cool-down to ambient temperature. Af-

er sample preparation, the thicknesses of 2D PtTe 2 layers were

easured using atomic force microscopy (AFM, NanoIR2, Anasys

nstruments) with tapping mode at 0.3 Hz of the scan rate. 

.2. Crystal structure characterization 

Aberration-corrected transmission electron microscopy (Cs-

orrected TEM, ARM 200F, Jeol, USA) was utilized with 200 kV of

n accelerating voltage. For the plane-view TEM observation, as-

rown 2D PtTe 2 layers were detached from SiO 2 /Si wafers by us-

ng a buffered oxide etchant, and they were subsequently trans-

erred onto copper TEM grids. For the cross-sectional TEM obser-

ation, standard focused ion beam lift-out techniques were em-

loyed for sample preparation. Also, X-ray diffraction (XRD, PAN-

lytical Empyrean) was carried out for revealing the crystal struc-

ure of 2D PtTe 2 layers on SiO 2 /Si substrates with a copper X-ray

ource (K α1 , λ= 1.5406 Å). 

.3. Raman and electrical characterization 

Raman spectra of 2D PtTe 2 layers were acquired by inVia TM 

onfocal Raman microscope (Renishaw, UK) at ambient condition.

 laser source with 532 nm of wavelength was used for analysis,

nd the excitation power was set to 1 mW to minimize damage

n the samples. The electrical properties of 2D PtTe layers were
2 
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Fig. 1. (a) Schematic of CVD growth of wafer-scale 2D PtTe 2 layers. (b) A photo of 2D PtTe 2 layers grown on a SiO 2 /Si wafer on a size of 12 cm 
2 . (c) Thickness relation of 

initial Pt films vs. resulting 2D PtTe 2 layers. (d) Raman spectra corresponding to the four spots marked on the sample in (b). (e) Cross-sectional TEM/EDS mapping images 

showing the spatial distribution of Pt and Te within 2D PtTe 2 layers. (f) EDS profile quantifying the atomic ratio of Pt and Te corresponding to (e). 
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haracterized by current-voltage (I-V) measurements using a semi-

onductor parameter analyzer (HP 4156 A, Hewlett-Packard, USA)

onnected to a home-built probe station. Sheet resistances of 2D

tTe 2 layers were obtained by a 4-point resistivity probe (SP4, Sig-

atone, USA) connect to a source meter (Keithley 2400, Keithley

nstruments, USA). 

.4. Heating performance test 

Joule heating performances of 2D PtTe 2 layers were evaluated

y measuring their temperature change under an application of

lectrical bias. 2D PtSe 2 layers grown PI substrates with a size of

.5 × 1.5 cm 
2 were prepared, followed by the deposition of gold

Au) electrodes (100 nm thickness), achieving the active heating

one of 1 × 1.5 cm 
2 in a two-terminal configuration. A power

upply (TP3005T Variable Linear DC Power Supply, Tekpower, USA)

as used to apply DC voltage to the samples in the range of 1 to

0 V. The maximum temperature profiles of the electrically-biased

amples were recorded by an infrared (IR) camera (FLIR C2, FLIR®

ystems, Inc., USA) with 9 Hz, and the heating and cooling rates

ere calculated from the temperature profile per second. 

.5. Kirigami-pattern fabrication and finite element method 

Kirigami patterns were engraved on PI substrates by a com-

ercial mechanical cutter (Cricut Explore Air 2, Cricut, Inc., USA).

hen, 2D PtTe 2 layers were grown on the patterned substrates

y the CVD tellurization method, as described above. Deforma-

ion behaviors of the Kirigami patterns were analyzed by the fi-

ite element method (FEM) simulation using commercial software

Abaqus 6.13). S4R type element with an approximate mesh size of

0 mm was used. 

. Results and Discussion 

.1. 2D PtTe 2 layer growth 

2D PtTe 2 layers were grown by the CVD tellurization of Pt-

eposited growth substrates following the growth recipe presented
n the Material and methods section ( Fig. 1 a). Briefly, Pt-deposited

ubstrates are placed in the furnace center zone and vaporized Te

s supplied from the upstream side of the furnace. The CVD tellur-

zation reaction occurs at 400 °C at which the vaporized Te lowers

he melting temperature of Pt by eutectic formation, enabling the

rowth of 2D PtTe 2 layers [ 28 , 29 ]. This CVD tellurization method

an grow wafer-scale 2D PtTe 2 layers of controlled thickness, as

hown in Fig. 1 b, which shows a sample of 2D PtTe 2 layers on a

iO 2 /Si wafer on an area of ~12 cm 
2 . The thickness of as-grown

D PtTe 2 layers was measured with the AFM characterization col-

aborated with cross-sectional TEM imaging. The plots in Fig. 1 c

orrelate the thickness of initially deposited-Pt films vs. resulting

D PtTe 2 layers, revealing high linearity indicating ~5 times thick-

ess increase after the CVD tellurization. For convenience, 2D PtTe 2 
amples are labeled by the thickness of Pt films; e.g., Pt PtTe 2 -

nm denotes the sample prepared with Pt films of 1 nm thickness.

he surface roughness of as-grown 2D PtTe 2 layers was also deter-

ined using AFM characterization. Representative AFM topography

mages of PtTe 2 -0.5nm and PtTe 2 -6nm samples are presented in

upporting Information, Fig. S1, confirming very small roughness

alues of ~0.7 and ~1.89 nm, respectively. Raman spectroscopy was

sed to investigate the spatial and chemical uniformity of the sam-

le shown in Fig. 1 b, where the color-marked four different spots

ere inspected. Two characteristic Raman peaks were observed,

s presented in Fig. 1 d, i.e., E g peak at 117 c-1 and A 1g peak at

59 cm 
–1 corresponding to the in-plane and out-of-plane vibra-

ion modes of 2D P 2 , respectively. The results are consistent with

revious studies on single-crystal 2D PtTe 2 layers of much smaller

imensions (e.g., typically, a few μm2) [ 5 , 6 , 30 ]. Also, each spec-

rum exhibits nearly identical intensity ratio of Eg/A1g and peak

ositions irrespective of the different probe locations, suggesting

he high uniformity of the sample. Energy-dispersive X-ray spec-

roscopy (EDS) in TEM was employed to analyze the spatial distri-

ution of constituting elements and quantify their atomic concen-

rations. Fig. 1 e presents the cross-sectional EDS elemental map-

ing images of a PtTe 2 -1.5nm sample, confirming the highly uni-

orm distribution of both Pt and Te. Fig. 1 f shows the correspond-

ng EDS spectrum, which identifies the atomic concentration of
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Fig. 2. (a) Plane-view HRTEM image of 2D PtTe 2 layers and the corresponding SAED pattern in the inset. (b) Cross-sectional HR-STEM image of 2D PtTe 2 multilayers along 

with the detailed atomic structure model in the inset. (c) Digital micrograph line intensity profile obtained along the red line in (b), indicating the interlayer distance of 5.22 

Å. (d) Plane-view HR-STEM image of single-crystalline 2D PtTe 2 layers revealing 1T-phased structure. (e) Digital micrograph line intensity profile obtained along the blue line 

in (d), indicating the alternating location of Pt and Te atoms. (f) The HRTEM image of multi-grained 2D PtTe 2 layers. The inset images show FFT patterns corresponding to 

the square marked regions of the HRTEM image. (g) HR-STEM images of identical 2D PtTe 2 layers revealing the grain boundary obtained in BF and DF modes. 
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Pt:Te = 32.8:67.2 (i.e., 1:2.04), confirming the growth of stoichio-

metric 2D PtT2 layers. 

The atomic structure and crystallinity of 2D PtTe 2 layers were

thoroughly identified by scanning transmission electron micro-

scope (STEM). Fig. 2 a shows a representative dark-field STEM im-

age of 2D PtTe 2 layers, revealing their polycrystalline structure.

The entire sample is composed of multiple crystalline grains of

distinct crystallographic orientational angles, and each grain con-

sists of horizontally-aligned 2D PtTe 2 multilayers. The inset im-

age is the selected area electron diffraction (SAED) pattern cor-

responding to the STEM image, revealing the dominant appear-

ance of (100) and (110) crystalline planes. The SAED analysis in-

dicates that 2D PtTe 2 layers are horizontally aligned, exposing

their hexagonal basal planes parallel to the growth substrate sur-

face. XRD characterization confirms that (001) crystalline peaks are

dominantly observed in the same sample, further confirming the

horizontally-aligned orientation of 2D PtTe 2 basal planes (Support-

ing Information, Fig. S2a). In addition, X-ray photoelectron spec-

troscopy (XPS) characterization identifies that the chemical com-

position of 2D PtTe 2 layers is nearly identical regardless of their

thickness. (Supporting Information, Figs. S2b and c). Fig. 2 b shows

a high-resolution STEM (HR-STEM) image of 2D PtTe 2 multilayers

possessing ~15 layers with a cross-sectional view, clearly reveal-

ing their horizontally-aligned orientation and evenly-spaced vdW

gaps without any discontinuity. Fig. 2 c shows a digital micrograph

line intensity profile corresponding to the red arrow denoted in

Fig. 2 b, indicating the highly uniform interlayer spacing of ~5.22 Å,

which corresponds to the 1T phase of hexagonal PtTe 2 [6] . The cor-

responding atomic structure illustration of stacked 1T-phased 2D

PtTe 2 layers is provided in the inset of Fig. 2 b. Fig. 2 d shows a

representative plane-view HR-STEM image of 2D PtTe 2 layers, fur-

ther clarifying their 1T phase structure. The overlaid atomic struc-

ture model obtained by simulation indicates an octahedral con-

figuration in which one centered Pt atom is coordinated with six

Te atoms, corresponding to the crystalline structure of CdI 2 -type

2D layers [6] . The line intensity profile in Fig. 2 e corresponds to

the blue arrow in Fig. 2 d, and the intensity variation along the

line indicates a periodic repetition of two Te atoms (lower inten-

sity) in between one Pt atom (higher intensity). The distance be-

tween each Pt atom is measured to be 0.697 nm, which well agrees

with previous studies [ 5 , 6 ]. We investigated the crystallinity of in-

dividual 2D PtTe 2 grains shown in Figs. 2 a and 2 f shows a rep-

resentative HRTEM image of some grains. Compared to other Pt-

based 2D TMD, such as PtSe 2 grown by the similar thermal sel-

enization method, these 2D PtTe 2 layers contain a large number

of individual grains accompanying well-defined grain boundaries
 o  
nd sharp interfaces [1] . The images on the right panel of Fig. 2 f

resent a series of fast Fourier transform (FFT) corresponding to

he color-boxed regions in the HRTEM image. The deviation of an-

les with respect to the orientation of each diffraction spot in the

FT patterns is less than 0.1 ̊, indicating that the 2D PtTe 2 grain

onsists of a large single grain. Additional dark-field HR-STEM im-

ge and four different FFT patterns obtained from the same sam-

le are presented in Supporting Information, Fig. S3a, further con-

rming that the 2D PtTe 2 layer possesses a polycrystalline struc-

ure composed of multiple grains with random orientations. The

ateral dimensions of the crystalline grains in Fig. 2 a are approxi-

ated by image analysis, and the average value for their equiva-

ent diameters ( = 4 × Area/Perimeter) is determined to be 28.4 ±
.2 nm (Supporting Information, Fig. S3b). Fig. 2 g presents repre-

entative HRTEM images of two adjacent crystalline grains across

 grain boundary in bright-field (BF: left) and dark-field (DF: right)

iews, respectively. It is evident that the grain boundary contains

 large number of vacancies owing to the misalignment of each

rain, which reveals Moiré patterns with diverse fringe orienta-

ions – pronouncedly visible in the DF image. The observation of

uch Moiré fringe patterns indicates that each grain is composed

f vertically-stacked 2D PtTe 2 multilayers whose basal planes mis-

ligned along [001] zone axis. 

.2. Electrical and electrothermal properties of 2D PtTe 2 layer 

Before investigating the electrothermal performances of 2D

tTe 2 layers in mechanically stretchable forms, we first stud-

ed their electrical conductivities. Fig. 3 a presents the thickness-

ependent sheet resistance ( R s ) of 2D PtTe 2 layers obtained with

t films of varying thicknesses. R s values steadily decrease with

ncreasing Pt thickness, and the PtTe 2 -9 nm sample exhibits a

alue as low as 19.4 Ω / �. This value is quite lower than those

f other electrothermal nanomaterials previously developed for

tretchable heaters; e.g., 43 Ω / � for doped multilayer graphene,

nd 215 Ω / � for MXene based composites [ 24 , 27 ]. Such low R s 
alues are essential for efficient electrothermal energy conversion

s the Joule-heating efficiency is expressed by P = V 2 /R s , where

 is power and V is voltage [ 25 , 27 ]. Moreover, the low R s val-

es should be maintained even in a wide range of high tem-

erature under actual operating conditions, which is essential for

eliable and practical electrothermal device applications. Fig. 3 b

hows temperature-dependent R s values normalized to that ob-

ained at room temperature ( R s,RT ), revealing that they are nearly

nchanged ( < 0.1% degradation) even up to 225 °C. Unlike most

f the metal-based heaters that suffer from resistivity degradation
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Fig. 3. (a) Sheet resistances of 2D PtTe 2 layers prepared with Pt films of various 

thicknesses. (b) The temperature-dependent ratio of sheet resistance ( R s ) normal- 

ized to the room-temperature sheet resistance ( R s,RT ) obtained from PtTe 2 -6nm sam- 

ple. 
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ith increasing temperature, 2D PtTe 2 layers exhibit very stable

emperature-invariant electrical properties [31] . These combined

ttributes of intrinsically superior electrical conductivity and ther-

al stability coupled with the low CVD growth temperature (i.e.,

00 °C) of 2D PtTe 2 layers make them a promising candidate for

igh-performance mechanically stretchable heaters. 

To pursue this projected opportunity, we first demonstrated the

irect growth of 2D PtTe 2 layers on mechanically flexible PI sub-

trates. By applying the identical CVD recipe adopted for SiO 2 /Si

s growth substrates, we grew 2D PtTe 2 layers on PI substrates

hich are highly stable even above 400 °C [1] . XPS characteriza-
ion confirmed that the Pt 4f and Te 3d core-energy spectral peaks

nd positions are nearly identical for 2D PtTe 2 layers grown on

oth PI and SiO 2 /Si substrates (Supporting Information, Fig. S4),

onfirming the generality of our CVD method. Fig. 4 a shows op-

ical images of as-grown 2D PtTe 2 layers on PI substrates prepared

ith Pt films of varying thickness, revealing decreasing optical

ransparency with increasing thickness. Electrothermal properties

f these samples were characterized by identifying their tempera-

ure variation upon an application of electrical biasing, determined

y IR imaging. Fig. 4 b presents a diagram that correlates the max-

mum temperature ( T max ) of 2D PtTe 2 /PI samples prepared with

arying Pt thickness obtained at three different applied voltages.

 max steadily increases with increasing thicknesses due to lower

heet resistance ( Fig. 3 a) as predicted by the Joule-heating effi-

iency equation ( P = V 2 /R s ). Indeed, we note that the electrically-

riven temperature change of these samples well follows the Joule-

eating efficiency equation irrespective of their thickness, as pre-

ented in Supporting Information, Fig. S5a. Particularly, we observe

hat these 2D PtTe 2 /PI heaters exhibit significantly high tempera-

ure even at very low operation voltages, e.g., ~170 °C for PtTe 2 -
 nm at 7 V, much lower than the voltage regarded as non-
azardous according to International Electrotechnical Commission 

IEC 60950-1) [32] . Fig. 4 c shows the time-dependent variation

f T max for 2D PtTe 2 layers prepared with varying Pt thickness

perated at a constant voltage of 5 V for 30 sec. Upon the on-

et/termination of the voltage denoted by the first/second dashed

ines, respectively, T max rapidly increases/decreases within 10 secs

or all samples. Fig. 4 d presents the first derivatives of the time-

emperature plots in Fig. 4 c, clarifying the heating/cooling kinetics

f the 2D PtTe 2 layers more precisely. The PtTe 2 -9nm sample ex-

ibits the heating/cooling rate of 26.6 °C/sec and 24.2 °C/sec un-
er 5 V, respectively, which allows the heater to reach T max much

aster (5 sec) than that obtained with other nanomaterials pre-

iously explored for heater applications; e.g., nano graphite [33] ,

r reduced graphene oxide (rGO) [34] , as summarized in Table 1 .

hese heating/cooling rates can be further increased to 46.8 °C/sec
nd 36.6 °C/sec by applying a higher voltage of 7 V, respectively,
chieving significantly faster thermal responses - Supporting Infor-

ation, Figs. S5b-e. Moreover, we also evaluated the electrother-

al endurance of these samples by applying/terminating a con-

tant voltage in a cyclic manner and identifying resulting tempera-

ure variation. The plot of cycle number vs. temperature in Fig. 4 e

resents the cyclic heating/cooling of an identical sample (i.e., 2D

tTe 2 -6nm) obtained under a cyclic application/termination of 4 V

or 50 times. Considering the fast heating/cooling rate of the sam-

le for achieving T max /ambient temperature, a fixed interval of 10

ec was assigned for the voltage application/termination in each

ycle. It is noteworthy that the average T max of 81.9 °C is well re-

ained throughout the entire cyclic period accompanying a very

mall deviation of ~1.0 °C, confirming excellent electrothermal en-

urance essential for practical applications. Fig. 4 f presents IR im-

ges of the same sample in Fig. 4 e, obtained at specific periods of

 
st , 25 th , and 50 th cycles, showing the stable operation with multi-

le cycles. Furthermore, in a way to assess the technological poten-

ial of 2D PtTe 2 /PI materials as a portable heater for practical appli-

ations, we characterized their electrothermal performances driven

y solar energy. Fig. 4 g shows a representative image (left) of a

D PtTe 2 -6nm sample connected to a portable solar panel and its

orresponding IR images without (mid) and with (right) sunlight

llumination. Fig. 4 h presents the variation of temperature for the

amples of various thickness operated at ~4 V driven by solar en-

rgy. (Air mass: ~1.3, Ambient temperature ~30 °C) It is noteworthy

he 2D PtTe 2 -6nm sample reaches T max of 53.0 °C in its ON state

with illumination), which is > ~25 °C increase compared to its

FF state (without illumination). All these results comprehensively

ndicate that 2D PtTe 2 layers possess a large set of electrothermal

roperties essential for high-performance heating devices; i.e., low

perational voltage, rapid responsiveness as well as high thermal

tability and endurance. 

.3. Flexibility of 2D PtTe 2 layer 

Having confirmed the intrinsically suitable properties of 2D

tTe 2 layers, we then explored their opportunity for mechani-

ally flexible and stretchable heaters towards personalized wear-

ble technologies. In designing such devices, we have to consider

he human body motions of various forms, e.g., stretching, bending,

otating, and folding at joints [35] , and their influences on resulting

evice performances. We first evaluated the electrothermal prop-

rties of 2D PtTe 2 layers undergoing a simple mechanical bending

y using the 2D PtTe 2 -6nm/PI sample as a representative case (PI

hickness is 50 μm). Prior to the experimental evaluation, we car-

ied out FEM calculations that simulate the bending of 2D PtTe 2 -

nm/PI with different bending radius ( r ) and angle ( α), as shown

n Supporting Information, Fig. S6. The FEM results show that the

tTe 2 layers experience a tensile or compressive strain during the

utward (Figs. S6a and b) or inward (Figs. S6c and d) bending sit-
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Fig. 4. (a) Photos of 2D PtTe 2 layers-grown flexible PI substrates prepared with Pt films of various thicknesses. (b) The maximum temperature of 2D PtTe 2 /PI samples 

prepared with various Pt thickness achieved at biases of 3, 5, and 7 V. (c) Time-dependent temperature fall/rise of the same samples in (b) obtained at 5 V. (d) Determination 

of the heating/cooling rate corresponding to (c). (e) Temperature variation obtained from a 2D PtTe 2 -6nm/PI sample during the cyclic heating/cooling of 50 times at 4 V. (f) 

Representative IR images of the sample in (e) at three different cycle numbers. (g) Demonstration of the solar energy-driven operation of 2D PtTe 2 /PI heaters. (h) Temperature 

variations achieved with 2D PtTe 2 /PI heaters of various thickness driven by solar energy. 

Table 1 

Comparison of the electrothermal performance and the flexibility with the recently developed nanomaterial-based wear- 

able heaters. 

Material T max ( °C)/Voltage (V) Time required for T max Flexibility Ref. 

Cu/PI 95 °C/3.8 V 2 sec Bendable, Stretchable (800%) [39] 

Liquid-metal/PDMS 90 °C/3.5 V > 180 sec Stretchable (100%) [38] 

Ag dendrites/PET 135 °C/4 V 35 sec Bendable [42] 

Graphite/PVC 35 °C/5 V 30 sec Bendable [43] 

Graphite nanoplatelet/PI 50 °C/6 V ~ 100 sec Bendable [33] 

rGO/PI 86 °C/9 V ~ 10 sec Bendable [34] 

Ag + rGO/PI 70 °C/9 V ~ 5 sec Bendable [26] 

Ag NW + SWCNT/PDMS 87 °C/5 V ~ 120 sec Bendable, Stretchable (~50%) [12] 

MXene/PET 35 °C/5 V ~ 40 sec Bendable [27] 

2D 

PtTe 2 /PI 

120 °C/5 V 5 sec Bendable This 

work 58 °C/5 V 5 sec Stretchable (~130%) 

 

 

 

 

 

 

 

 

 

o  

t  

h  

p  

w  

t  

t  

a  

n  
uations, respectively. The amount of the strain increases with de-

creasing the bending radius as well as increasing the bending angle

irrespective of bending orientation. Meanwhile, it is insensitive to

the bending orientation given the bending radius/angle of an iden-

tical value. We experimentally evaluated the electrothermal per-

formance of the sample by measuring its temperature and resis-

tance changes under outward bending, circumventing any notice-

able degradation caused by crack generation [36] . Fig. 5 a presents

IR images of the sample subjected to the mechanical deformation
f controlled bending angle from 0 ̊ to 180 ̊, which are viewed in a

op-to-bottom orientation. It is noted that the sample does not ex-

ibit any significant performance degradation manifested by tem-

erature reduction even under the bending up to 180 ̊, measured

ith a bending radius of 2 mm at 3 V. The inset in Fig. 5 b presents

he side-view schematic illustration of the sample corresponding

o Fig. 5 a, defining measurement parameters of bending angle ( α)

nd radius ( r ). Fig. 5 b presents the change of T max (top panel) and

ormalized resistance, R / R o , where R o denotes the resistance at un-
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Fig. 5. (a) IR images of a PtTe 2 -6nm/PI sample at various bending angles obtained 

with the bending radius of 2 mm at 3 V. (b) Variation of the maximum temperature 

and relative resistance for the same sample in (a) as a function of bending angle 

and bending radius. 
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ent state (bottom panel) as a function of bending angle ( α) and

adius ( r ). It is rational to assume that smaller bending radii and

arger bending angles would lead to more significant deformation

n 2D PtTe 2 layers as their outward surface will experience high

echanical tension. Indeed, the plots in Fig 5 b confirms a signifi-

ant increase in R / R o and decrease in T max with increasing bending

ngles, noticeably observed with the sample with a small bend-

ng radius of 1 mm (2.3% of tensile strain, Fig. S6b). However, with

 larger bending radius of 5 mm (0.5% of tensile strain, Fig. S6b),

uch a significant change is not observed in both R / R o and T max 

ven under deformation up to the bending angle of 180 ̊. 

This observation confirms that 2D PtTe 2 layers do not undergo

ny significant structural degradation even under a large extent of

echanical deformation, preserving their intrinsic property advan-

ages. With consideration of the realistic deformation range in hu-

an body joints, the results are highly encouraging for the appli-

ation of 2D PtTe 2 layers in wearable and attachable heater devices

or personalized applications. 

.4. Kirigami-patterned stretchable heater based on 2D PtTe 2 

Encouraged by these intrinsically superior electrothermal prop-

rties and deformation-insensitive structural integrity inherent to

D PtTe 2 layers, we set on exploring them for skin-attachable flex-

ble heaters. To this end, it is particularly essential to configure

he 2D PtTe 2 /PI heaters in mechanically stretchable forms well to

uit the demands of complex human body motions. Notably, re-

ent studies suggested that stretchability up to at least 70% is de-

anded to accommodate maximum human body linear elongation

nto wearable device technologies [ 12 , 37 ]. Various strain engineer-

ng schemes employing judiciously designed patterns and struc-

ures have been explored to achieve strain-invariant properties in
tretchable devices, which includes wavy [38] , island-interconnect

39] , and Kirigami geometries [ 2 , 40 , 41 ]. Adopting these pattern-

ased strategies to the wearable heater application, we developed

train-invariant 2D PtTe 2 /PI heaters by employing the concept of

irigami pattern designing and evaluated their electrothermal per-

ormances under varying stretch levels. Kirigami patterning ap-

roaches inspired the ancient paper-cutting arts have been em-

loyed to efficiently relieve externally applied tensile stress within

D objects by converting it to 3D torsional stress. Fig. 6 a shows

he schematic illustration of fabrication procedures for Kirigami-

atterned 2D PtTe 2 /PI stretchable heaters. Kirigami patterns con-

aining periodic uni-directional cuts were fabricated on a PI sub-

trate by a mechanical cutting machine, which was designed to ac-

ommodate large stretchability [2] . Subsequently, Pt was deposited

n the patterned PI, followed by the above described CVD thermal

ellurization, which yielded the Kirigami-patterned 2D PtTe 2 /PI.

astly, gold (Au) electrodes were deposited on both ends of the

irigami-patterned 2D PtTe 2 /PI for electrical measurements under

echanical stretching. A simple Kirigami pattern composed of pe-

iodic straight cut lines perpendicular to stretching direction was

dopted in this work. Fig. 6 b illustrates the schematic of the cor-

esponding Kirigami pattern specifying geometrical parameters; a

s the length of the cut, b is the spacing between two cuts in the

ransverse direction, and c is the spacing in the longitudinal direc-

ion. In this model, the critical tensile force ( F ) accommodated by

he Kirigami pattern is expressed as follows; [2] 

 ∝ Ec/ ( a − b ) 
3 

(1) 

here E is Young’s modulus of the Kirigami material. The

q. (1) implies that F should decrease by decreasing c and in-

reasing a −b , indicating that the pattern can accommodate larger

train without distortion. To clarify the above predicted dimen-

ional effects on resulting stretchability, we conducted the FEM

imulation to quantify the spatial distribution of maximum in-

lane principal strain, εmax , within our Kirigami device upon a sim-

lated tensile strain. We then experimentally measured the ten-

ile strain-driven variation of electrical resistance and compared

he results to the FEM simulation predictions. The top panels in

igs. 6 c-e present the FEM simulations predicting the variation

f εmax within the Kirigami pattern as a function of longitudinal

ensile strain for three different cases of varying a, b , and c . The

ottom panels in Figs. 6 c-e show the experimentally determined

ariation of resistance ( R ), which were measured with PtTe 2 -9nm

ased Kirigami heater, corresponding to the top-panel FEM simu-

ations for each case. At first, we compare the trend of εmax and

 change with/without creating the Kirigami pattern correspond-

ng to Fig. 6 b, which is defined by a = 15 mm, b = 3 mm, and

 = 3 mm. As shown in Fig. 6 c, the 2D object without the Kirigami

attern exhibits significantly high εmax in the entire area upon ap-

lying the longitudinal tensile strain (top panel), which is mani-

ested by significantly increasing R with the increasing strain (bot-

om panel). By introducing the above-defined Kirigami pattern into

he same object, we achieve nearly strain-invariant mechanical de-

ormation and electrical responses, i.e., an insignificant increase

f εmax (top panel) and R (bottom panel) even up to the tensile

train of ~120 %. This analysis indicates that incorporation of ju-

iciously designed Kirigami patterns can introduce remarkably im-

roved stretchability into our 2D PtTe 2 /PI heaters without compro-

ising their intrinsic electrothermal superiority. 

We further investigated the strain-invariant mechanical and

lectrical responses of our Kirigami patterns by systematically

arying the geometrical parameters. In Fig. 6 d, we compare the

EM simulation of εmax with the experimentally determined R

hile varying a −b values (unit of mm) while keeping c = 3 mm

onstant. As the Eq. (1) predicts, we note that the mechanical

tretchability of the Kirigami pattern steadily increases with in-
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Fig. 6. (a) Schematic illustrations for the fabrication process of Kirigami-patterned 2D PtTe 2 layers-based stretchable heater. The insets show representative images of a 

fabricated heater before/after stretching. (b) Sketch of the Kirigami pattern adopted in this experiment defining the geometrical parameters of a, b , and c . (c-e) Comparisons 

of strain-invariant mechanical deformations predicted by FEM simulations (top panels) and electrical responses confirmed by experiments (bottom panels) in various in 

Kirigami patterns; (c) Comparison between with/without Kirigami patterns, (d) Comparison with varying a −b and constant c . (e) Comparison with varying c and constant 

a −b . (f) FEM simulation images showing the spatial distribution of in-plane principal strain in a Kirigami pattern at various stretch levels. (g) IR images of a 2D PtTe 2 /PI 

Kirigami heater (insets) and the corresponding plots of T max vs. strain rate for various applied voltages. (h) Variations of T max and R/R 0 obtained from the same sample in (g) 

during the cyclic stretch of 1,0 0 0 times with 70% of strain. 
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creasing a −b (top panel), which leads to improved strain-invariant

electrical responses (experimental bottom panel). We also identify

similar trends by systematically increasing c while keeping a −b

constant, as shown in Fig. 6 e. It is worth mentioning that we ob-

serve that the experimentally demonstrated electrical responses of

our Kirigami patterns well agree with the FEM simulation-based

predictions throughout Figs. 6 d-e; i.e., the onsets of εmax (FEM) and

R (experiments) increase are observed at nearly identical strain %

values. For instance, for the case of c = 1.5 mm in Fig. 6 e, both εmax 

and R drastically increase at a strain value of ~300 %. This high co-

herency of simulations vs. experiments indicates that our Kirigami

fabrication approach ( Fig. 6 a) ensures high controllability and ac-

curacy of pattern definition. Considering the linear elongation ra-

tio of any human body motions is limited to ~70% [ 12 , 37 ], we have

judiciously selected the geometrical parameters to be a = 15 mm,

b = 3 mm, and c = 3 mm and incorporated them into our Kirigami

devices for electrothermal demonstrations. Note that these param-

eters are anticipated to ensure the stable operation of the Kirigami

devices up to ~130 % strain (the red plot in the bottom panel of

Fig. 6 d), which is to be verified as follows. Fig. 6 f presents the

FEM global strain map images detailing the spatial distribution of

εmax within the Kirigami pattern defined by the above geometri-
al parameters as a function of tensile strain levels. With increas-

ng tensile strain levels, the Kirigami pattern steadily undergoes a

ransition from 2D in-plane to 3D out-of-plane deformation involv-

ng the twist of the pattern cut edges. It is visualized that internal

train is gradually developed and concentrated on the cut edges

orange boxes) with increasing tensile strain levels; e.g., εmax re-

ains ~0.11 until the tensile strain reaches ~70% and increases to

0.2 with 100% strain, indicating its efficient relaxation through the

D-to-3D structural deformation. Further stretching to the strain

f 130% leads the εmax to be 1.37, which is > 10 times than that

bserved at 70 %, indicating a significant concentration of partial

train at the cut edges. Detailed εmax distribution and the out-of-

lane deformation for each strain steps are summarized in Sup-

orting Information, Fig. S7. We then experimentally demonstrated

lectrothermal performances of 2D PtTe 2 /PI Kirigami heaters under

arying tensile stretch conditions and compared them to the FEM

redictions. The insets in Fig. 6 g show the representative IR im-

ges of a Kirigami-patterned 2D PtTe 2 -9nm/PI sample (initial size;

8 × 12 mm 
2 ) in a range of 3 to 10 V under varying stretch lev-

ls. The plots in Fig. 6 g show that the temperature of the corre-

ponding Kirigami sample increases with increasing voltage, which

s well retained up to 110 % strain at each applied voltage. For in-
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Fig. 7. (a) Demonstration of skin-attachable 2D PTe 2 layers-based Kirigami heaters in accordance with the mechanical motions of a human wrist. The IR images on the 

bottom panels show temperature distribution on the wrist when the heater was electrically biased. (b) IR images showing the temperature distribution of the wrists with 

(right) and without (left) attaching the heater. 
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tance, T max of ~115 °C achieved by 10 V remains nearly constant

p to ~ 130% of strain after which it drastically drops to ~44 °C
s a result of mechanical fracture at the cut edges of the Kirigami

attern. Voltage-driven temperature variations of the same sample

ere also identified, as presented in Supporting Information, Fig.

8; e.g., a high heating rate of 22.4 °C/sec was observed to reach

 max of ~119.3 °C at 10 V. Next, we examined the durability and

obustness of this 2D PtTe 2 /PI Kirigami heater by repeatedly apply-

ng/releasing a fixed tensile stain in a cyclic manner. Fig. 6 h shows

he plots of T max and R/R o obtained from the same sample during

he course of 1,0 0 0 cycles at 70% strain under 7 V. It is observed

hat T max varies within ± 1 °C and R/R 0 slightly increases by less
han 2% after the 1,0 0 0 times cyclic stretching, indicating its out-

tanding fatigue tolerance. 

Lastly, we demonstrated the applicability of our 2D PtTe 2 /PI

irigami devices for skin-attachable wearable heaters. Fig. 7 a

hows the optical images (top panel) and the corresponding IR

mages (bottom panel) of a large 2D PtTe 2 /PI Kirigami heater

size: 36 × 24 mm 
2 ) attached to a wrist undergoing realized and

tretched motions. The images confirm the excellent attachability

nd stretchability of the Kirigami heater, which well performs even

ntegrated on the highly curved surface in dynamic motions of the

uman body. Fig. 7 b compares the IR images of the wrist with and

ithout the Kirigami heater operated at 10 V, revealing a temper-

ture difference of > 10 °C. 

. Conclusions 

In summary, we explored wafer-scale CVD-grown 2D PtTe 2 lay-

rs for high-performance mechanically deformable heaters by em-

loying their intrinsically superior mechanical, electrical, and ther-

al properties. CVD-2D PtTe 2 layers directly grown on large PI

ubstrates at 400 °C exhibited excellent Joule heating efficiency

i.e., the fast rise of high temperature at a given voltage – su-

erior to those of previously explored all other state-of-the-art

anomaterials. Furthermore, we prepared for them in the form

f judiciously-designed Kirigami patterns and demonstrated high-

erformance skin-attachable heaters, which exhibited strain invari-

nt electrothermal properties and large stretchability. This study

onfirms the high promise of these emerging metallic 2D layered

aterials for a wide range of futuristic stretchable device technolo-

ies. 
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Supporting Information. Additional characterization data in- 

luding AFM, XRD, XPS, TEM, FEM simulation, and plots of bias-

ependent temperature variation. The Supporting Information is

vailable free of charge on the web. 
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