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Abstract: Tungsten telluride thin films were successfully prepared on monocrystal sapphire substrates by using atomic layer de-
position and chemical vapor deposition technology, and the effects of different tellurization temperatures on the properties of
tungsten telluride films were investigated. The growth rate, crystal structure and composition of the film samples were character-
ized and analyzed by using scanning electron microscope, Raman spectroscopy and X-ray photoelectron spectroscopy. The res-
ults  showed that  tungsten telluride  thin  films  with  good crystal  orientation  in  (001)  were  obtained at  telluride  temperature  of
550  °C.  When  the  telluride  temperature  reached  570  °C,  the  tungsten  telluride  began  to  decompose  and  unsaturated  mag-
netoresistance was found.
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 1.  Introduction

Two-dimensional  topological  insulators,  also  known  as
quantum  spinning  Hall  insulators,  have  edge  states  protec-
ted by topology[1].  Because this channel can support non-dis-
sipative  electron  transmission,  it  is  expected  to  achieve  the
next  generation  of  low-loss  electronic  devices  and  has  been
widely  studied[2−4].  Since  2006,  the  Zhang  team  from  Stan-
ford  University  predicted  the  existence  of  quantum  spinning
Hall  effect  (quantum  spin  Hall  effect,  QSH)  in  HgTe/CdTe
quantum  wells[5].  In  the  following  year,  the  experiments  of
Molenkamp  team  from  the  Institute  of  Physics  of  the  Uni-
versity  of  Wurzburg  confirmed  it[6].  Researchers  have  carried
out a large number of theoretical predictions and experiment-
al  explorations  to  find  more  practical  natural  QSH
materials[7−9].  Compared  with  complex  quantum  well  struc-
tures, natural QSH materials have advantages in sample prepar-
ation  and  heterojunction  device  construction.  However,  it  is
still  very  difficult  to  realize  QSH effect  in  a  natural  monolayer
two-dimensional system. Top-down mechanical stripping and
bottom-up epitaxial growth are two common methods to suc-
cessfully prepare monolayer QSH materials.

WTe2 is  a  unique  semi-metal  with  a  small  and  complex
Fermi  surface,  which  has  the  properties  of  unsaturated  mag-
netoresistance[10], high voltage superconductivity, linear mag-
netoresistance  and  anisotropic  magnetoresistance[11−14].  It
can  be  used  in  channel  materials  of  field  effect  transistors

and  solar  cells.  The  edge  states  of  monolayer  1T'-WTe2 thin
films  are  verified  by  various  non-local  transport  tests[15, 16],
and  the  edge  channels  show  a  quantized  conductance  value
2e2/h within 100 nm length[16]. However, when the length lim-
it  is  exceeded,  the  conductance  of  the  edge  channel  begins
to decrease. One of the main reasons for this phenomenon is
that  the  intrinsic  monolayer  1T'-WTe2 is  semi-metallic  and
lacks an insulation energy gap[7, 17, 18].

At  present,  there  are  two  kinds  of  preparation  methods
of  tungsten  ditelluride,  including  top-down  methods  such  as
mechanical  stripping  method,  which  suffer  from  problems
such as small size and poor uniformity, and bottom-top meth-
od,  such  as  molecular  beam  epitaxy,  chemical  vapor  depos-
ition and so on. These methods often require a high temperat-
ure  above  800  °C  and  cannot  control  the  thickness  uniform-
ity  of  the  film.  Therefore,  a  new  and  simple  method  to  pre-
pare large area, uniform and high quality 1T'-WTe2 is very im-
portant.

In this  paper,  tungsten telluride thin films were prepared
by  atomic  layer  deposition  (ALD)  and  chemical  vapor  depos-
ition (CVD). ALD process has the advantages of self-limiting, ex-
cellent  three-dimensional  shape  preservation,  large  area  uni-
formity and accurate film thickness control, which is very use-
ful  in  devices  requiring  conformal  and  thickness  require-
ments.  Tungsten  telluride  thin  films  with  large  size,  few  de-
fects  and  high  crystallinity  were  prepared  by  two-step  meth-
od based on the controllable thickness and large area uniform-
ity of ALD. At the same time, the effects of telluride temperat-
ure on the composition of tungsten telluride films and the ef-
fects of film oxidation on the composition and magnetic prop-
erties of tungsten telluride films were studied.
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 2.  Experiments and tests

Tungsten ditelluride was prepared by ALD and CVD two-
step  method.  The  ALD  system  is  the  TALD-100  equipment  of
Jiaxing Kemin Electronic Equipment Technology Co.,  Ltd.,  the
2-inch sapphire  substrate  with  orientation (0001)  is  used,  the
background vacuum is less than 10–4 Torr, tungsten hexafluor-
ide  (WF6,  with  99.99%  purity)  and  ethylsilane  (Si2H6,  with
99.99%  purity)  are  used  as  precursors,  high  purity  Ar
(99.999%)  is  used  as  carrier  gas,  and  the  vacuum  in  the  cav-
ity  is  kept  at  0.15 Torr.  The growth temperature of  the film is
controlled  at  200  °C.  The  flow  rate  and  pressure  of  WF6 and
Si2H6 are regulated by the regulator of anti-corrosive gas. The
deposition formula is as follows: 0.05 s Si2H6 pulse time, 10 s re-
action time, 60 s purge time, 0.05 s WF6 pulse time, 10 s reac-
tion time and 60 s purge time. The time of adding reaction to
the  formula  is  to  make  the  precursor  fully  and  uniformly  ad-
sorb  to  the  substrate  surface.  Tungsten  films  were  obtained
by the growth of 40 and 100 cycles.

The  tungsten  film  was  tellurized  in  the  CVD  equipment.
The  CVD  system  was  the  CVD-2  equipment  of  Jiaxing  Kemin
Electronic Equipment Technology Co., Ltd., which had the func-
tion of double temperature zone control.  Some excessive tel-
lurium blocks were placed in the quartz boat, the sapphire sub-
strate  with  tungsten  film  was  cut  into  8  ×  10  mm2 size,  and
the quartz boat and tungsten film were placed in two temper-
ature  zone  I  and  II,  respectively  (Fig.  1).  The  temperature  in
zone  I  rose  to  550  °C  at  100  min,  and  the  temperature  in
zone II  rose to telluride temperature at 100 min. The telluride
temperature  was  set  at  430–760  °C  through  the  temperature
control module to study the effect of telluride temperature. A
10% Ar/H2 mixture  of  100  sccm passed through zone I  and II
in turn as carrier gas, and then cooled naturally to room tem-
perature after holding for 100 min.

Scanning electron microscope (SEM)  and energy dispers-

ive  spectroscopy  (EDS)  were  tested  by  Japanese  Hitachi
SU5000 thermal field emission scanning electron microscope.
Atomic  force  microscopy  (AFM)  was  tested  by  German  Burk-
er  Dimension  ICON  AFM.  X-ray  photoelectron  spectroscopy
(XPS)  was  tested  by  American  ThermoFisher  ESCALAB  XI+X-
ray  photoelectron  spectrometer.  X-ray  diffraction  (XRD)  was
tested  by  German  Bruker  D2  PHASER  X-ray  diffractometer,
and Raman was tested by German WITec alpha300R rapid Ra-
man  imaging  spectrometer  in  532  nm.  The  magnetoresist-
ance was tested by Quantum design physical  property meas-
urement system (PPMS).

 3.  Results and discussions

The  cross  section  of  W  thin  films  deposited  by  ALD
tested by SEM showed that the thickness of 100 cycle depos-
ition  was  72.57  nm  (Fig.  2(a)),  indicating  the  growth  rate  of
ALD  was  7.2  Å/cycle.  XPS  spectrum  of  W  film  deposited  by
ALD showed that there were peaks of W and WO3 in the spec-
trum  (Fig.  2(b)),  indicating  that  the  film  was  a  mixture  of  W
and WO3.  Since the precursors were Si2H6 and WF6,  and there
was no oxygen element. WO3 may be caused by the water va-
por  adsorbed in  the  chamber  of  the  equipment  participating
in  the  reaction,  or  by  the  partial  oxidation  of  the  W  film  ex-
posed to air. W thin films were cut into 8 × 10 mm2 and tellur-
ized to obtain WTe2 thin films (Fig. 2(c)).
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To  study  the  effect  of  telluride  temperature  on  telluriza-
tion,  the  Raman  spectrum  were  obtained  at  430,  470,  550,
560,  570,  580  and  760°C.  The  Raman  spectrum  showed  sev-
en main peaks at 81, 88, 110, 115, 132, 162 and 211 cm–1[19−21],
corresponding to the vibration modes of , , , , , 
and ,  respectively  (Fig.  3(a)).  The peaks  of ,  and  at
430  and 470 °C were not obvious,  and the heat  of  formation
of  H2Te  is  –146.4  kJ/mol.  This  may  be  due  to  the  low  tellur-
ide  temperature  and  the  limitation  of  chemical  vapor  reac-
tion  rate,  although  sufficient  tellurium  entered  the  tungsten
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Fig. 1. (Color online) (a) Schematic diagram of ALD device. (b) Schematic diagram of CVD device.

 

Fig. 2. (Color online) (a) SEM image of cross section of tungsten thin film. (b) The XPS pattern of tungsten thin film. (c) The photo of tungsten film.
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film, it did not react with tungsten. Tungsten telluride decom-
posed  by  releasing  Te  vapor  at  high  temperature  (about
600  °C).  When  the  telluride  temperature  reaches  760  °C,  the

tungsten  telluride  decomposed,  resulting  in  the  disappear-
ance of the Raman peak of tungsten telluride.

Because the electronegativity  difference between Te and

 

T
e

 :
 W

Fig. 3. (Color online) (a) Raman spectrum at different telluride temperatures. (b) Te : W ratio-temperature curves in EDS results

 

Fig. 4. (a–d) XRD curves of telluride temperature at 470, 550, 560 and 580 °C. (e) FWHM of WTe2(002) at 470, 550, 560 and 580 °C.
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W  was  small  (about  0.4  eV)[22],  the  bonding  between  Te  and
W was weak, it was difficult to obtain Te : W tungsten ditellur-
ide  at  2  :  1  stoichiometry,  and  the  activity  of  Te  was  low,
while  tungsten  telluride  decomposed  by  releasing  Te  vapor
at high temperature (about 600 °C), so Te was reduced to inter-
mediate  hydrogen  telluride  by  H2 at  atmospheric  pressure,
which made it easier for H2Te to react with W thin films. 

H(gas) + Te(vapor) ↔ HTe(gas), (1)
 

HTe +W ↔ WTe + H. (2)

The Te  :  W ratios  under  various  temperature  were  tested
by EDS (Fig.  3(b)).  When the telluride temperature is  430 and
470 °C, Te : W was 2.31 and 2.5 (Fig. 3(b)). It was attributed to
the lower reaction temperature and the excessive Te entered
the W film without reacting with W. With the increase of tem-
perature,  the  atomic  ratio  of  Te  :  W  decreased  gradually.
When  the  temperature  was  570  and  580  °C,  Te  :  W  was  1.9
and  1.89,  indicating  that  the  formed  tungsten  telluride  may
be  partially  decomposed,  resulting  in  the  decrease  of  Te.
When  the  temperature  was  550  and  560  °C,  Te  :  W  was  2.03
(1.97),  which  was  close  to  the  theoretical  value  2.  This  indic-
ates that the telluride films conformed to the stoichiometric ra-
tio  when  the  telluride  temperature  was  between  550  and
580 °C.

Figs.  4(b)  and 4(c)  show  the  XRD  spectrum  at  550  and
560  °C  tellurization  temperature.  The  diffraction  peak  mat-
ched  well  with  (002)  (004)  (006)  (008)  crystal  plane  diffrac-
tion  peak  of  tungsten  telluride[23];  that  is,  WTe2 had  a  better
crystal  preferred orientation at  (00l).  The XRD peak value cor-
responding to 550°C telluride temperature in Fig. 4(b) was lar-
ger  and  had  a  narrower  half-peak  width,  indicating  that  the
crystallinity  was better  at  550 °C tellurization temperature.  At
the same time, no diffraction peak of WO3–x was found in the
XRD  results,  indicating  that  the  oxidized  tungsten  was  also
completely  tellurized  into  tungsten  telluride,  the  exposure
time  in  air  was  short,  and  no  oxidation  occurred.  However,

the diffraction peaks of WO3 and W were found in Fig. 4(a)[24],
indicating that there were still some tungsten films without tel-
lurization reaction at 470 °C[25]. Some diffraction peaks belong-
ing  to  W  were  found  in Fig.  4(d).  The  tungsten  telluride  had
been  partially  decomposed  and  Te  overflowed  at  580  °C,
which  was  consistent  with  the  conclusion  of  Te  :  W  <  2  in
EDS  results.  The  result  showed  that  the  FWHM  of  (002)  is
0.1966° at 550 °C (Fig. 4(e)), indicated better crystallinity.

To  analyze  the  composition  and  valence  state  of  the
sample  at  550  °C,  the  sample  was  tested  by  XPS. Fig.  5(a)
gives the spectrum of W4f, the binding energy was located at
31.7  and  33.7  eV  corresponding  to  the  W  peak  of  W4+4f7/2

and W4+4f5/2,  respectively, Fig. 5(b) gives the XPS spectrum of
Te 3d[26], and the binding energy at 583.6 and 572.6 eV corres-
ponded to Te2– 3d3/2 and Te2– 3d5/2,  respectively, which could
be  attributed  to  the  W–Te  bond  and  proves  that  the  result-
ing thin film was tungsten telluride.

In  the Fig.  5(a),  the  binding  energies  at  35.9  and  37.8  eV
corresponded to  W4f7/2 and W4f5/2,  respectively,  which could
be  attributed  to  the  vibration  of  the  W–O  bond[24−28].  In
Fig. 3(b), the Te4+ peak of binding energy at 587.4 and 576 eV
could  be  attributed  to  the  vibration  of  the  Te–O  bond[29, 30],
which  was  caused  by  the  easy  oxidation  of  tungsten  tellur-
ide in air. Tungsten telluride was extremely sensitive to the en-
vironment. Fig.  5(c)  gives  the  oxidation  principle  diagram.
The  sites  shown  in  the  diagram  were  highly  exothermic
(ΔEads =  –3.6  eV/O2)  during  the  adsorption  process[19],  which
was  beneficial  to  the  dissociation  and  adsorption  of
oxygen[3].  When  oxygen  dissociated,  one  oxygen  atom
bound directly to the W atom, and the other oxygen atom re-
placed tellurium to form a W3O subunit corresponding to the
W–O vibration in XPS.

The  comprehensive  physical  properties  of  the  samples
tellurized  at  550  °C  were  tested. Fig.  6(a)  shows  the  resist-
ance-temperature  curve  of  tungsten  telluride  thin  films  from
2  to  300  K  without  external  magnetic  field.  The  results  show
that  the  resistance  decreased  with  the  increase  of  temperat-
ure,  that was,  the prepared tungsten telluride thin films were

 

Fig. 5. (Color online) (a) The XPS curve of the sample at 550°C. (b) The schematic diagram of oxidation principle. (c) The oxidation principle dia-
gram.
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insulated.  This  is  consistent  with  the  previously  reported  res-
ults[19], which were attributed to the oxidation of tungsten tel-
luride.

Define MR = (ρ(B)–ρ(0))/ρ(0) × 100%. Fig. 6(b) shows that
MR  was  3.8%  and  3.4%  at  5  and  7  K  temperature  under  15  T
magnetic  field,  respectively.  Although  the  magnetoresist-
ance was very small, there was no saturation trend at low tem-
perature[31−33].  At  1.9  K  low  temperature,  MR  could  reach
112.8%.  The  MR  is  less  than  300%  of  the  reported  maximum
magnetoresistance (XMR)[21], which may be due to the expos-
ure  and  oxidation  of  tungsten  telluride  thin  films  in  air.  Due
to oxidation,  the WO3–x formed on the surface of  WTe2 acted
as  a  hole  donor,  which  destroyed  the  perfect  compensation
of  electron  holes  and  greatly  reduced  XMR.  However,  be-
cause  the  surface  oxidation  was  self-limiting,  the  thicker  the
thickness  was,  the  more  difficult  the  oxidation  was,  and  so
the decrease of MR tended to be stable with the increase of ex-
posure time. Nevertheless, the test still showed that the tung-
sten  telluride  thin  films  grown  at  550  °C  had  large  unsatur-
ated magnetoresistance.

 4.  Summary

To  obtain  WTe2 thin  films  with  excellent  crystallinity,  W
simple-substance  thin  films  were  prepared  by  ALD  and  CVD
two-step methods, and were then tellurized at different tellur-
ide temperatures. Tungsten telluride thin films with good crys-
tal orientation were obtained at 550 °C. At the same time, the
effect  of  telluride  temperature  on  the  tellurization  reaction
was  studied.  It  was  found  that  the  telluride  temperature  was
low  and  the  chemical  vapor  reaction  rate  was  limited.  When
the  telluride  temperature  reached  570  °C,  tungsten  telluride
began  to  decompose.  Through  the  test  of  its  electromagnet-
ic properties, the phenomenon of unsaturated magnetoresist-
ance was found.  It  was found that  the tungsten telluride film
was in an insulated state and the MR was small due to the ex-
posure of tungsten telluride to air oxidation.

Because  of  the  self-limiting  of  ALD,  good  thickness  con-
trol  could  be  achieved.  Through  thinning  of  W  single-sub-
stance thin films by ALD technology,  tungsten films could be
further  thinned  and  the  thickness  of  tungsten  films  could  be
controlled at the atomic level. Through the research and con-
trol  of  temperature,  the  growth  of  tungsten  telluride  thin
films  with  different  thickness  could  be  realized,  which  would
be  of  great  significance  for  the  preparation  of  uniform  large
area  tungsten  telluride  thin  films  with  controllable  thickness,

and  provides  new  ideas  and  methods  for  the  preparation  of
two-dimensional tungsten telluride thin films.
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