
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 20 February 2013, At: 13:28
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office:
Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and subscription
information:
http://www.tandfonline.com/loi/gmcl16

Electrical Conductivity of Pristine and
Halogen-Doped Polycrystalline Tungsten
Disulfide
Theodore J. Klingen a & Roger Tolbert a
a Department of Chemistry, The University of Mississippi, University, MS,
38677
Version of record first published: 20 Apr 2011.

To cite this article: Theodore J. Klingen & Roger Tolbert (1984): Electrical Conductivity of Pristine and
Halogen-Doped Polycrystalline Tungsten Disulfide, Molecular Crystals and Liquid Crystals, 107:1-2, 247-255

To link to this article:  http://dx.doi.org/10.1080/00268948408072089

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial
or systematic reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that
the contents will be complete or accurate or up to date. The accuracy of any instructions,
formulae, and drug doses should be independently verified with primary sources. The
publisher shall not be liable for any loss, actions, claims, proceedings, demand, or costs or
damages whatsoever or howsoever caused arising directly or indirectly in connection with or
arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948408072089
http://www.tandfonline.com/page/terms-and-conditions


Md. CIYS~. Liq. Cyst. 1984, Vol. 107, pp. 247-255 
OO26-894 1 /&1/1072-0247/$18 SO/O 
0 1984 Gordon and Breach, Science Publishers, Inc. 
Printed in the United States of America 

E L E C T R I C A L  C O N D U C T I V I T Y  O F  PRISTINE A N D  
H A  L O G  E N - D O P E  D P O L  Y C R Y S T A L L I N E  T U N G S T E N  
DISULFIDEt 

THEODORE J. KLINGEN and  R O G E R  TOLBERT 
D e p a r t m e n t  of C h e m i s t r y ,  The  University of Mississippi,  
Universi ty ,  MS 38677 

A B S T R A C T  P o l y c r y s t a l l i n e  t u n g s t e n  disulf ide is shown  to b e  
a n  e l e c t r i c a l  s e m i c o n d u c t o r  with a m o d e r a t e  r e s i s t i v i ty  in t h e  
p r i s t i ne  state. Doping t u n g s t e n  disulf ide with bromine and  
iodine p roduced  e l e c t r i c a l  s e m i c o n d u c t o r s  w i th  e n e r g y  gaps  of 
1.2 a n d  1.1 e.V., r e spec t ive ly .  T h e  major c h a r g e  c a r r i e r  is 
nega t ive ly  c h a r g e d ,  &, bo th  WS2Br0.1 and  WS210.1 a r e  
n- type ma te r i a l s .  

INTRODUCTION 

In t h e  p a s t  25  yea r s ,  many  l a y e r e d  t r ans i t i on  me ta l  compounds 

h a v e  been  shown  to exh ib i t  s emiconduc t ing  p rope r t i e s .  However ,  in 

a r ev iew of t h e  l i t e r a t u r e  f o r  s emiconduc to r  p r o p e r t i e s  of t u n g s t e n  

compounds ,  it w a s  found t h a t  l i t t l e  h a d  been  d o n e  wi th  t h e s e  

c o m p ~ u n d s l - ~ .  O n e  of t h e  s imple compounds  of t u n g s t e n  is t h e  

d i su l f ide ,  which h a s  been shown to b e  a p- type semiconduc to r  

when  s ing le  c r y s t a l s  w e r e  doped  with  AS^-^. More  r e c e n t l y  Baglio 

et a1 h a v e  p r e p a r e d  both t h e  p - type  mater ia l ' '  a n d  t h e  n - type  

m a t e r i a l ' '  as s ing le  c r y s t a l s  for  use as e l e c t r o c h e m i c a l  

p h o t o c a t h o d e s  and  pho toanodes .  To d a t e ,  however ,  t h e r e  h a s  b e e n  
n o  r e p o r t e d  work on t h e  semiconduc t ing  p r o p e r t i e s  of 

po lyc rys t a l l i ne  WS 2' 
Tungs ten  disulf ide has  a 2H1 l aye r  s t r u c t u r e  (MoS s t r u c t u r e ,  

s p a c e  g roup  P6 /mmc) in which t h e  r e p e a t i n g  uni t  is a sandwich  
2 
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248 T. J .  KLINGEN AND R. TOLBERT 

consisting of a hexagonal sheet of tungsten atoms between two 

hexagonal sheets of sulfur atoms. The stacking in the sandwich is 

such that the sulfur sheets are superposed and the tungsten 

position i s  shifted so as to put each tungsten at the center of a 

trigonal prism formed by six sulfur atoms12. The dominant forces 

between these sandwich-like layers are presumed to be the 

relatively weak ones between the sulfur atoms of adjacent layers. 

This leads to properties similar to those of graphite13. WS2 and 

the non-isostructural T i S  and TaS are layered compounds, which 

can include dopants between the layers to form inclusion 

compounds. These inclusion compounds have been reviewed 

extensively 4-7914,15; in their crystal structure, the third dimension 

(normal to the layer) increases to accommodate the guest 

molecule. In WS this dimensional increase most probably would 

occur between the sulfur-sulfur layers. 

2 2 

2 

Moreover, there i s  a potential technological interest in such 

compounds. The transition metal dichalcogenides similar to WS2, 

&, isostructural to MoS2, are all semiconducting, but 

intercalation of alkali and alkaline earth metals into the MoS2 

structure yields metallic and superconducting compounds with 

crit ical temperatures, Tc, of the order of 7 K ’ ’ ’ l 6 , l 7 ;  also, the 

superconduct with T of the MxMo6X(8-y) C 
Chevrel-type phases 

order of 15 K 18-22 

EXPERIMENTAL 

The tungsten disulfide used in this study was obtained in 

powdered form from Alfa Inorganics Inc. with a stated purity of 

99.5%. The bromine and iodine used in this study were Reagent 

Grade with a purity > 99.9% and were obtained from MCB, Inc. All 

chemicals were used without further purification. 
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ELECTRICAL PROPERTIES OF TUNGSTEN DISULFIDE 249 

The W S  po lyc rys t a l l i ne  pe l l e t s  w e r e  made  by in t roduc ing  a 2 
we ighed  a m o u n t  of WS2 i n t o  a d ie ,  e v a c u a t i n g  t h e  d i e  to 

t o r r ,  a n d  compress ing  t h e  WS2 at 10,000 psi in a C a r v e r  l a b o r a t o r y  

press .  The  r e s u l t a n t  pe l l e t s  w e r e  1.25 c m  in d i a m e t e r  by 1 mm in 

th i ckness .  

The doped  pe l l e t s  w e r e  p r e p a r e d  by a d d i n g  we ighed  amoun t s  of 

b romine  and  iodine to a WS p e l l e t  in a s e a l e d  P y r e x  vessel .  The  

WS2 p e l l e t  a n d  t h e  doping a g e n t  r ema ined  in c o n t a c t  unt i l  a l l  of 
t h e  dop ing  a g e n t  w a s  a b s o r b e d  by t h e  pe l l e t ,  t w o  to fou r  days.  

Doping by t h i s  me thod  r e s u l t e d  in approx ima te ly  5 mole% u p t a k e  of 
Br 

2 

or  I2 in t h e  WS2 pe l l e t .  

Res i s t iv i ty  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  using t h e  four-point  
2 

p r o b e  m e t h ~ d ' ~ - ' ~ .  Si lver  c o n t a c t  points  on t h e  WS 

vacuum vapor-deposi ted o n t o  t h e  s u r f a c e  of t h e  pe l l e t .  The  

four-point  p r o b e  r e s i s t i v i ty  unit  w i th  t h e  sample  in p l a c e  w a s  

c o n t a i n e d  inside a Andonian C r y o g e n i c  chamber  which cou ld  be 

o p e r a t e d  b e t w e e n  120 K a n d  ambien t  t e m p e r a t u r e .  Coo l ing  was  

d o n e  using n i t r o g e n  gas  "boil off" from liquid n i t rogen .  The 

t e m p e r a t u r e  inside t h e  c r y o g e n i c  c h a m b e r  w a s  mon i to red  by a 
c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  in c o n t a c t  with t h e  WS2 pe l l e t .  A 

150 V p o t e n t i a l  at 1 . 4 0 ~ 1 0 - ~  a m p e r e  c o n s t a n t  c u r r e n t  w a s  app l i ed  

to t h e  o u t e r m o s t  probes;  t h e  c u r r e n t  w a s  mon i to red  wi th  a 
Ke i th l ey  425A a m m e t e r .  T h e  v o l t a g e  w a s  measu red  on t h e  t w o  

inne rmos t  p robes  wi th  a K e i t h l e y  6 1 0 C  e l e c t r o m e t e r .  From t h e  

measu red  c u r r e n t  f l ow a n d  t h e  measu red  vo l t age ,  t h e  r e s i s t a n c e  

w a s  d e t e r m i n e d .  For t h e  s y s t e m  used in th i s  s tudy ,  t h e  r e s i s t i v i ty ,  

in ohm-cm, w a s  equa l  to 18.85 t imes  t h e  r e s i s t ance .  

pe l l e t  w e r e  2 

The f i e ld  emission p a r t  of t h e  s t u d y  w a s  c a r r i e d  o u t  by 

vacuum vapor-deposi t ing th rough  a mask t h r e e  s i lver  ba r s  o n t o  t h e  

WS2 pe l l e t  s u r f a c e ,  w i th  a d i s t a n c e  of 2 mm b e t w e e n  bars.  A d c  
p o t e n t i a l  w a s  app l i ed  to t h e  o u t e r  t w o  bars;  t h e  c e n t e r  bar  was  
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250 T. J.  KLINGEN AND R. TOLBERT 

kept  at a negat ive  bias. The c u r r e n t  flow be tween t h e  two outer  

bars  was measured using a Keithley 425A ammeter  as a funct ion of 
t h e  nega t ive  bias vol tage.  

RESULTS 

Although t h e  appl icat ion of t h e  four-point probe resis t ivi ty  

method is s t r ic t ly  only valid for s ingle  c rys ta l  samples, its 

appl icat ion to polycrystal l ine samples  does provide, at least ,  

qua l i ta t ive  da ta .  The resis t ivi t ies  repor ted  in this s tudy probably 

do not represent  t h e  t r u e  resis t ivi ty ,  but conta in  in te rpar t ic le  

compact ion resis t ivi ty  contr ibut ions.  Nevertheless, it is hoped t h a t  

t h e  var ia t ions of res is t ivi ty  with t e m p e r a t u r e  a r e  intrinsic. 
The res i s tance  as a funct ion of t e m p e r a t u r e  in all cases 

increased as t h e  t e m p e r a t u r e  was decreased ,  Also, a tailing off 

was noted below 160 K. These observat ions ind ica te  t h a t  WS2 , 
WS2Br0.1 and WS210.1 a r e  semiconducting. A plot of t h e  logarithm 
of t h e  conduct ivi ty  versus t h e  reciprocal  of t h e  tempera ture  gave  

t h e  resul ts  shown in Figure 1. In t h e  case of t h e  bromine and 

iodine doped WS2, t h e  resul ts  a r e  typical  of what  is observed for 

semiconductors. The s t e e p  par t  of t h e  curves  in Figure I near  

room t e m p e r a t u r e  gave  t h e  gap energies ,  E , shown in Table  I. 

These w e r e  obtained from t h e  formula C = C exp(-E /2kT). The 

e r ror  in t h e  determinat ion of E is es t imated  at plus or minus 0.2 
e.V. @hen a mater ia l  is insulating or semi-conducting, t h e  

res i s tance  of t h e  in te rpar t ic le  c o n t a c t s  will be much less than t h e  

res i s tance  of t h e  individual par t ic les  of t h e  sample. A s  a resul t  

t h e  measured ac t iva t ion  energy should be a n  a c c u r a t e  measure of 
26 t h e  intr insic  gap of t h e  mater ia l  

The resul ts  obtained for  WS2 doped with bromine or iodine 
a g r e e  reasonably well with t h e  intr insic  energy gap  measured for a 
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FIGURE 1. The  va r i a t ion  of t h e  In of t h e  c o n d u c t i v i t y  wi th  

I / T e m p e r a t u r e .  

TABLE I In t r in s i c  e n e r g y  gap fo r  t u n g s t e n  disulf ide.  

Phys ica l  Form Cond., mho-cmt  Dopant E , e.V. 
J3 

Pol yc r  y s t a l l i ne  1.3  P r i s t i n e  -- - 
Pol  y c r  y s t a l l  i ne 17.4 x Bromine 1.2 
Single  C r y s t a l  --- Bromine I .3* 

Polyc rys t a l l i ne  62.4 I O - ~  Iodine 1.1 

t Measured  at 298 K. * R e f e r e n c e  11. 
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252 T. J .  KLINGEN AND R. TOLBERT 

s ing le  c r y s t a l  of WS2 doped  wi th  bromine ' ' ,  as shown  in T a b l e  I. 

T h e  behavior  of t h e  p r i s t i ne  W S 2  wi th  t e m p e r a t u r e  shown  in 

F i g u r e  I is c o m p l e t e l y  d i f f e r e n t  f rom t h e  doped  m a t e r i a l  and  is 

no t  unde r s tood  at th i s  t ime.  However ,  s i n c e  a l l  t e m p e r a t u r e  runs 

w e r e  c a r r i e d  o u t  under  t h e  s a m e  cond i t ions ,  &, h e a t  l ag ,  etc. 

would effect t h e  r e s u l t s  t h e  s a m e  in a l l  cases, t h e  d i f f e r e n c e s  

obse rved  in t h e  c u r v e s  a r e  be l i eved  to b e  r ea l .  

As t h e  n e x t  s t e p  in t h e  e x a m i n a t i o n  of t h e s e  ma te r i a l s ,  t h e i r  

c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  w e r e  m e a s u r e d  using pe l l e t s  having 

t h r e e  s i l ve r  ba r s  vacuum v a p o r i z e d  o n t o  t h e  f l a t  s u r f a c e ,  with only 

t h e  t w o  o u t e r m o s t  c o n t a c t s  be ing  used. Applying a d c  p o t e n t i a l  to 
t h e s e  c o n t a c t s ,  t h e  c u r r e n t  f l owing  th rough  t h e  pe l l e t  w a s  

measu red  as a func t ion  of t h e  app l i ed  vo l t age .  T h e  r e s u l t s  a r e  

shown  in F igu re  2. T h e  v a r i a t i o n  of c u r r e n t  w i th  v o l t a g e  w a s  

found to be r ep roduc ib le  and  rapid.  Doping W S 2  wi th  e i t h e r  

bromine or  iodine p roduced ,  w i th in  e x p e r i m e n t a l  e r r o r ,  i d e n t i c a l  

c u r r e n t - v o l t a g e  r e l a t ionsh ips .  A t  1 VDC t h e  doped  samples  g a v e  

approx ima te ly  t h e  s a m e  c u r r e n t  as t h e  p r i s t i n e  ma te r i a l .  However ,  
at 29 VDC, t h e  doped  m a t e r i a l  s h o w e d  a c u r r e n t  t w i c e  t h a t  of t h e  

undoped samples ,  0.55 micro-amps fo r  t h e  doped  m a t e r i a l  c o m p a r e d  

to 0.27 micro-amps fo r  t h e  p r i s t i ne  ma te r i a l .  T h e  i n c r e a s e d  c u r r e n t  

f low in t h e  doped ve r sus  t h e  undoped samples  w a s  most probably 

d u e  to a n  i n c r e a s e  in t h e  number of c h a r g e  c a r r i e r s .  

In o r d e r  to d e t e r m i n e  t h e  n a t u r e  of t h e  c h a r g e  c a r r i e r  and  

w h e t h e r  or no t  t h i s  m a t e r i a l  would f u n c t i o n  as a Field Emission 

d e v i c e ,  a n e g a t i v e  b i a s  v o l t a g e  w a s  app l i ed  to t h e  c e n t e r  bar  in 

t h e  t h r e e  ba r  a r r a n g e m e n t  on t h e  f l a t  s u r f a c e  of t h e  pe l l e t .  

App l i ca t ion  of a v a r i a b l e  n e g a t i v e  bias  v o l t a g e  to W S  doped  wi th  

iodine (at a n  app l i ed  v o l t a g e  of 29 VDC to t h e  o u t s i d e  c o n t a c t s )  

r e su l t s  in a c u r r e n t  d r o p  of 0.2 micro-amps o v e r  t h e  r a n g e  of bias  

2 
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v) 600- 
a 

5 10 15 20 25 30 
Applied Potential, volts 

Applied Potential = 3 0 v  

FIGUriE 2. The var ia t ion of c u r r e n t  with applied potent ia l  for  pure  

& 
C 
a, 

3 
k 200- 
u 

WS2, *SZBro.l and WS210.i. 
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254 T. J .  KLINGEN AND R. TOLBERT 

v o l t a g e  from 0 to 300 V,  as shown  in F igu re  3. Vo l t ages  a b o v e  

350 V r e su l t  in e l e c t r i c a l  b reakdown.  Approx ima te ly  t h e  s a m e  

r e s u l t s  w e r e  o b t a i n e d  wi th  WS2 samples  doped  wi th  bromine.  Both 

of t h e s e  s y s t e m s  w e r e  c o m p l e t e l y  r e p r o d u c i b l e  and  r ap id  wi th  

c h a n g e s  in e i t h e r  t h e  app l i ed  v o l t a g e  o r  t h e  n e g a t i v e  b i a s  v o l t a g e  

on  a ve ry  s h o r t  t i m e  sca l e .  The  p re l imina ry  r e s u l t s  i n d i c a t e  t h a t  

doped  WS c a n  f u n c t i o n  as a Field Emission t y p e  c o n t r o l l e r  fo r  

small  c u r r e n t s ,  and  t h a t  t h e  c h a r g e  c a r r i e r  is n e g a t i v e ,  k, 
WS2Br0.1 a n d  WS26r0.1 a r e  n- type semiconduc to r s .  This is in 

a g r e e m e n t  wi th  t h e  work of Baglio et a1.l' on  bromine doped  

s ing le  c r y s t a l s  of \XIS 

2 

2' 
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