
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 21 February 2013, At: 11:56
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

Growth of Large Single Crystals
of Black Phosphorus at High
Pressures and Temperatures,
and its Electrical Properties
I. Shirotani a
a The Institute for Solid State Physics, The University
of Tokyo, Roppongi, Minato-ku, Tokyo, 106, Japan
Version of record first published: 14 Oct 2011.

To cite this article: I. Shirotani (1982): Growth of Large Single Crystals of Black
Phosphorus at High Pressures and Temperatures, and its Electrical Properties,
Molecular Crystals and Liquid Crystals, 86:1, 203-211

To link to this article:  http://dx.doi.org/10.1080/00268948208073686

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

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948208073686
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
56

 2
1 

Fe
br

ua
ry

 2
01

3 



Mol. Cryst. Li9. Cryst., 1982, Vol. 86, pp. 203-211 

0 1982 Gordon and Breach, Science Publishers, Inc. 
Printed in the United States of America 

0026894 1 /82/860 1-0203$06.50/0 

(Proceedings of the International Conference on Low-Dimensional Conductors, Boulder, 
Colorado, August 198 1) 

GROWTH OF LARGE SINGLE CRYSTALS OF BLACK PHOSPHORUS 
AT H I G H  PRESSURES AND TEMPERATURES, AND ITS ELECTRICAL 
PROPERTIES 
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The I n s t i t u t e  f o r  Sol id  S t a t e  Physics ,  The Univers i ty  
of  Tokyo, Roppongi, Minato-ku, Tokyo 106 Japan 

Received f o r  pub l i ca t ion  September 3 ,  1981 

The c r y s t a l  growth o f  b l ack  phosphorus(B.P.) and its 
electr ical  p r o p e r t i e s  have been s tud ied  at  h igh  p res su res  
and high temperatures .  A wedge type  cubic  a n v i l  high 
p res su re  appara tus  was used i n  t h e  p re sen t  experiments.  
From t h e  measurement of t h e  e l e c t r i c a l  r e s i s t a n c e  t h e  
melt ing p o i n t s  of B.P. have determined a t  h igh  pres- 
sures .  When B.P. i s  melted i n  t h e  carbon furnace  and 
slowly coo l s  a t  2 . 3  GPa, t h e  l a r g e  s i n g l e  c r y s t a l s  have 
o f t e n  been grown. The s i z e  of t h e  l a r g e s t  one i s  4 mm 
i n  diameter  and 5 mm i n  length .  The an i so t rop ic  resist- 
i v i t y  wi th in  t h e  layers (ac-p lane)  has  been observed.  
The resist ivit ies along t h e  a-, c- and b ( p e r  end icu la r  

r e s p e c t i v e l y  a t  atmospheric pressure .  The r e s i s t i v i t y  
along t h e  a -ax is  was i n s e n s i t i v e  t o  pressure ;  on t h e  
o t h e r  hand, t h e  r e s i s t i v i t i e s  a long t h e  c- and b- axes  
decreased r a p i d l y  with inc reas ing  p res su re  a t  room 
temperature.  The r e s i s t i v i t y  a long  t h e  b-axis  was about  
two o r d e r s  of magnitudes l a r g e r  than  t h a t  of t h e  a- and 
c- axes  a t  3.0 GPa. The i n t r i n s i c  energy gaps observed 
i n  t h e  s i n g l e  c r y s t a l s  w e r e  i s o t r o p i c  within t h e  experi- 
mental  error a t  atmospheric and high pressure .  The elec- 
t r i c a l  p r o p e r t i e s  of B.P. a r e  compared wi th  t h e  r e s u l t  
o f  t h e  band s t r u c t u r e  ca l cu la t ed  by Asahina e t  a l .  

t o  t h e  l aye r ) - axes  were about  0.1, Ql and 10  9 %lo3 Rcm, 

INTRODUCTION 

The phys ica l  properties of layered m a t e r i a l s  have been 
a sub jec t  of cons iderable  i n t e r e s t  i n  r e c e n t  years .  Black 
phosphorus (B.P. , h e r e a f t e r )  is a narrow gap semiconductor 
with an i n f i n i t e  puckered l a y e r  s t r u c t u r e .  Bridgman reported 
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204/[ 19441 I. SHIROTANI 

i n  1914 t h a t  B.P. can be prepared f r o m  white  phosphorus a t  
1 . 2  GPa(l2 kbar )  and a t  200'C1). S o m e  e lec t r ica l  and o p t i c a l  
p rope r t i e s  o f  p o l y c r y s t a l l i n e  B.P. produced a t  h igh  pres- 
su res  and a t  high temperatures  w e r e  s tud ied  by  Keyes2) and 
Warschauer3). The B.P. is  a p-type semiconductor wi th  room 
temperature r e s i s t i v i t y  about 1 R c m  and has  an i n t r i n s i c  
energy gap of about 0.35 ev. An o p t i c a l  absorp t ion  edge i s  
found i n  t h e  2 t o  6 p region.  

l a t t i c e  i s  orthorhombic wi th  e i g h t  atoms per u n i t  cel l  and 
l a t t i c e  parameters a = 3.31 A, b = 10.48 A ,  c = 4.38 
The atoms a r e  arranged i n  puckered l a y e r s ;  i n  a l a y e r  each 
atom i s  joined by covalent  bonds t o  t h r e e  neighbors ,  whi le  
t h e  l aye r s  a r e  held toge the r  by van d e r  Waals fo rces .  The 
c r y s t a l  s t r u c t u r e  i s  shown i n  F ig .  1. 

The c r y s t a l  s t r u c t u r e  of B.P. has been determined, t h e  

G C 

FIGURE 1 A part  of an i n f i n i t e  puckered l a y e r  of phos- 
phorus atoms p a r a l l e l  wi th  t h e  (010) p l ane  i n  t h e  s t r u c t u r e  
of black phosphorus. 

The l i n e a r  c o m p r e s s i b i l i t i e s  of p o l y c r y s t a l l i n e  B. P. have 
been determined us ing  newtron powder d i f f r a c t i o n  by Car tz  
e t  a1 .6) .  The markedly a n i s o t r o p i c  compression has  been 
observed. The i n t e r e s t i n g  part of t h e i r  r e s u l t s  is t h a t  a 
very l a r g e  anisotrophy ex i s t s  f o r  compression wi th in  t h e  
l aye r s .  

Maruyama e t  al .  have r epor t ed  t h e  e l e c t r i c a l  p r o p e r t i e s  
of B.P. s i n g l e  c r y s t a l s  prepared from a s o l u t i o n  o f  white  
phosphorus i n  l i q u i d  bismuth7) . The e l e c t r i c a l  r e s i s t i v i t y  
along t h e  a-axis(need1e a x i s  d i r e c t i o n )  is  0.355 Qcm a t  room 
temperature.  The i n t r i n s i c  band gap energy i s  0.31 e V .  
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PROPERTIES OF BLACK-P SINGLE CRYSTALS [ 1945]/205 

Asahina e t  a l .  have ca l cu la t ed  t h e  band s t r u c t u r e  of  B .P .  
us ing  t h e  se l f - cons i s t en t  pseudopotent ia l  method, and have 
found t h a t  i n  spi te  of t h e  layered s t r u c t u r e  t h e  e f f e c t i v e  
masses i n  t h e  b-axis a r e  even smal le r  t han  those  i n  t h e  
inp lane  c -d i r ec t ion8) .  The s i n g l e  c r y s t a l s  of  B.P. prepared 
from bismuth s o l u t i o n  a r e  obtained a s  needle  and t h i n  rod 
form. Thus, t h e  s i n g l e  c r y s t a l s  a r e  s t i l l  too  small  t o  
measure t h e  an iso t ropy  i n  t h e  r e s i s t i v i t y .  

W e  have been grown l a r g e  s i n g l e  c r y s t a l s  of B.P. a t  
high pressures  and high temperatures  us ing  a wedge type  
cubic  a n v i l  high pressure  apparatus9)  , and have measured 
t h e  e l e c t r i c a l  r e s i s t i v i t y  of  t h e  l a r g e  s i n g l e  c r y s t a l s  a s  
a func t ion  of temperature  and p res su re  from 25 t o  12OO0C 
and from atmospheric p re s su re  t o  4 .0  GPa. 

In t h i s  paper t h e  e l e c t r i c a l  an iso t ropy  and t h e  energy 
gap of  t h e  l a r g e  s i n g l e  c r y s t a l s  of  B.P. w i l l  be d i scussed .  

EXPERIMENTAL 

A wedge type  cubic  a n v i l  h igh  p res su re  appara tus  developed 
by Wakatuki e t  a l .  was used i n  t h e  p re sen t  exper iments lO) .  
The apparatus  ac tua ted  with a 600 ton  o i l  p r e s s  has  s i x  
a n v i l s  of  16 mm on an edge of t o p  square.  The p y r o p h y l l i t e  
sample holder  i s  formed i n t o  a cube of 21 mm on an edge. 

FIGURE 2 The sample assyrnbly f o r  t h e  p repa ra t ion  and 
c r y s t a l  growth of B.P. i n  t h e  py rophy l l i t e  sample ho lde r ,  
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2064 19461 I. SHIROTANI 

a )  current  r ing,  b) metal p l a t e ,  c )  carbon d i sk ,  d )  carbon 
furnace, e )  d i sk ,  f )  cylinder,  9) ceramic tube, h) thermo- 
couple. 

Figure 2 i l l u s t r a t e s  t h e  sample assymbly f o r  t he  preparation 
and the c r y s t a l  growth of B.P. a t  2 t o  4 GPa and 500 t o  
1200OC. The electrical r e s i s t i v i t y  along each crystal lographic  
d i r ec t ion  of s ing le  c r y s t a l s  were measured with an ordinary 
four or two point method with platinum w i r e  and s i l v e r  paste.  
The sample assymbly f o r  t h e  measurement a r e s i s t i v i t y  a t  high 
pressures and high temperatures is shown i n  Fig. 3 .  

C 

I31 
a 
b 

FIGURE 3 The sample assymbly f o r  t h e  measurement of elec- 
t r i c a l  res is tance,  a )  carbon furnace, b)  pyrophyl l i te ,  
c )  disk,  d )  current  l ead ,  e)  metal, f )  ceramic tube, 
g )  thermocouple, h) specimen. 

RESULTS AND DISCUSSION 

The c r y s t a l l i n e  B.P. w a s  o r i g i n a l l y  prepared by Bridgman by 
heating white phosphorus t o  20OoC a t  1 . 2  GPal )  . Jacobs found 
an amorphous form of B . P . l l ) .  PStz made a study of the  t e m -  
peratures and pressures a t  which white phosphorus transforms 
t o  B . P . ~ ~ ) .  We have produced B.P. by heating white o r  red 
phosphorus at  high pressures.  Figure 4 shows powder X-ray 
pat terns  of B.P. prepared i n  t h e  temperature range 200 - 
50OoC a t  3.8 GPa. Solid s t ruc tu re  of B.P. changes from amor- 
phous t o  polycrystal l ine form depending on t h e  applied pres- 
sure and temperature. Butuzov reported t h a t  a melting point 
of B.P. is about 1000°C a t  1.8 GPa13).  From the  measurement 
of t h e  e l e c t r i c a l  res is tance of B.P. a t  high pressures and 
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PROPERTIES OF BLACK-P SINGLE CRYSTALS [ 194711207 

high temperatures, t he  e f f e c t  of pressure on t h e  melting 
point  has been studied. 

F I G U R E  4 Powder X-ray pa t t e rns  of B .P .  prepared from 
white phosphorus a t  3.8 GPa 
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F I G U R E  5 The e l e c t r i c a l  r e s i s t i v i t y  of po lyc rys t a l l i ne  B .P. 
p lo t t ed  as a function of reciprocal  temperature a t  2.6 GPa 
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2084 19481 I. SHIROTANI 

Figure 5 e x h i b i t s  t h e  electrical r e s i s t i v i t y  of po lyc rys t a l -  
l i n e  B.P. p l o t t e d  as a func t ion  of r e c i p r o c a l  temperature  a t  
2.6 GPa. The r e s i s t i v i t y  decreased wi th  inc reas ing  tempera- 
t u r e  up t o  about  820°C. Above t h i s  temperature  t h e  r e s i s t i v i -  
t y  s l i g h t l y  increased  wi th  inc reas ing  temperature,  reached a 
maximum a t  about 98OoC, dropped ab rup t ly  wi th  temperature .  
This  is due t o  a phase t r a n s i t i o n  from s o l i d  t o  l i q u i d .  W e  
suggest  t h a t  t h e  temperature of the r e s i s t i v i t y  maximum is  
t h e  melt ing p o i n t .  Liquid B.P. behaved as a l i q u i d  metal  a t  
high pressures .  The melt ing temperature  increased wi th  in -  
c reas ing  p res su re  a t  t h e  r a t e  of 120°C/GPa. B.P. does not  
m e l t  a t  atmospheric p re s su re  but  it decompose 
cu le s  i n  i n e r t  gases  o r  i n  vacua around 49OOC 

a t  about 2.3 GPa, l a r g e  s i n g l e  c r y s t a l s  have o f t e n  been grown. 
The s i z e  of t h e  l a r g e s t  one was 4 mm i n  diameter  and 5 mm i n  
length .  This  i s  e a s i l y  cleaved and e x h i b i t s  a f l a k i n i s s  simi- 
l a r  t o  mica. Figure 6 i n d i c a t e s  a c leavage p lane(ac-p lane)  

g,fa,’4 

When B.P. i s  melted i n  a carbon furnace  and s lowly cools  

FIGURE 6 The cleavage plane of B.P. s i n g l e  c r y s t a l ,  s i z e :  
4 x 2 x 0 .2  mm 3 

of B .P .  s i n g l e  c r y s t a l .  The f l a k e  shows m e t a l l i c  luster  l i k e  
s i l v e r  and have a f l e x i b l e .  A long a x i s  w i th in  t h e  p lane  i s  
p a r a l l e l  t o  t h e  c rys t a l log raph ic  a -ax is ,  a s h o r t  one i s  par-  
a l l e l  t o  t h e  c-axis. The b-axis  which c o n s i s t s  of  l a y e r s  
separated by van d e r  Waals f o r c e s  is perpendicular  t o  t h e  
cleavage plane.  

l aye r s ;  each atoms is  jo in t ed  by covalen t  bonds t o  t h r e e  
neighbors  within t h e  l a y e r s ,  each l a y e r  c o n s i s t s  of  two sets 
of zig-zag cha ins  along t h e  a-axis ,  t h e  bond l eng th  along 
t h e  chain is 2.221 A, bond ang le  is  96.5O. These a r e  insen-  
s i t i v e  t o  pressure .  This  means a near  ze ro  compress ib i l i t y  
i n  t h e  a -d i rec t ion .  On t h e  o t h e r  hand, t h e  l i n e a r  compressi- 

The s t r u c t u r e  o f  B.P. i s  composed of  corrugated double  
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PROPERTIES OF BLACK-P SINGLE CRYSTALS [ 1949]/2O9 

b i l i t y  i n  the  c-didection within t h e  layers i s  seve ra l  orders  
of magnitudes l a r g e r  than t h a t  i n  t h e  a-direct ion.  The com- 
pression is  so anisotropic  within the  layers .  For shortening 
a weak van der waals bonds with pressure the  l a rge  compressi- 
b i l i t y  has been observed along he b- axis.  The da ta  on t h e  
average l i n e a r  compressibility6f are summarized i n  Table I. 

Table 1 Physical Propert ies  Of Black Phosphorus 

--__I___ 

Res i s t iv i ty  J’J..cm, 
a t  Atmospheric pressure 

I n t r i n s i c  Energy Gap, eV 
a t  atmospheric pressure 

Res i s t iv i ty  fi- cm 
2.6 GPa 

I n t r i n s i c  Energy Gap,eV 
2.6 GPa  

Effective Mass Holea) 

m*/ m b  Electron 

b Linear Compressibility 

x Gpa-l 

Single Crystal  
a-axis c-axis b-axis 

0.1 -1 10?403 

0.3 n, 0.4 

0.01 0.01 0.2 

0.004- 0.009 

0.17 0.71 0.59 

0.16 0.81 0.24 

?oly- 
x y s t a l  

0.3 
0.4 

0.15 

0.04 

werage 
5;34 

0.26 

a)  Asahina e t  al., Ref. 8,  b)  c a r t z  e t  a l . ,  Ref. 6 

Since the  c r y s t a l  s t ruc tu re  i s  highly anisotropic ,  it ex- 
pected t h a t  t h e  e l e c t r i c a l  r e s i s t i v i t y  i n  t h e  s i n g l e  c r y s t a l s  
i s  very anisotropic.  The r e s i s t i v i t i e s  along t h e  a- and c- 
a x i s  were about 0.1 R.cm and -1 fl c m ,  respect ively a t  room 
temperature. The anisotropic  res i s t iv i ty  within t h e  l aye r s  
has been observed. The r e s i s  i v i t  along t h e  b-axis (perpen- 
d i cu la r  t o  t h e  l aye r )  w a s  10 -10 fl.cm. Asahina e t  a l .  have 
found t h a t  a s  i s  given i n  T a b l e  1, t h e  e f f ec t ive  masses i n  
the  b-direct ion are even smaller than those i n  t h e  in-plane 
t h e  c-direction, and have suggested t h a t  t e electrical prop- 
e r t i e s  of B.P. may not be t w o  dimensional8’. However, a s  men- 
tioned above, t h e  r e s i s t i v i t i e s  i n  l a r g e  s i n g l e  c r y s t a l s  show 
the  character as a layered mater ia l  a t  atmospheric pressure.  

Figure 7 dep ic t s  t h e  e l e c t r i c a l  r e s i s t i v i t y  i n  s i n g l e  

3 3  
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2104 19501 I. SHIROTANI 

0. 

- 0. 
5 
c - 
> 
u 
’; 0. - 
L In 
u1 
.- 
a 
0. 

Pressure ( GPa 1 

FIGURE 7 The e f f e c t  of pressure on the  electrical resis- 
t i v i t y  of B.P. s i ng le  c r y s t a l s  a t  room temperature 

c r y s t a l s  and polycrystals  of BP as a function of pressure 
a t  room temperature. The r e s i s t i v i t y  along t h e  a-axis w a s  
i n sens i t i ve  t o  pressure. Since the  covalently bonded chains 
of atoms along the a -d i r ec t ion  is very r i g i d ,  t h e  overlap 
of electron cloud on P atoms does not almost increase a t  
high pressures. On t h e  other  hand, t h e  r e s i s t i v i t y  along the  
c-axis decreased r ap id ly  with increasing pressure up t o  near 
2.5 GPa and levelled off a t  higher pressures.  The lowest 
P - P dis tance between adjacent chains within the  l aye r s  r e -  
ducgg from 3.33 A a t  atmospheric pressure t o  3.21 A a t  2.66 
GPa 
ax i s  a r i s e s  fram an increase of interchain in t e rac t ion  with 
pressure. The values of t h e  r e s i s t i v i t i e s  along t h e  a- and 
c-axes became t o  be near ly  equal a t  around 2 -5 GPa. The e- 
l e c t r i c a l  anisotropy i n  t h e  l aye r s  almost disappered above 
t h i s  pressure.  The r e s i s t i v i t y  along t h e  b-axis sharply de- 
creased with pressure i n  t h e  low pressure region because of 
a marked shortening of t h e  van der  Waals bond between t h e  
layers.  However, t h e  r e s i s t i v i t y  a t  3.0 GPa was about two 
orders of magnitudes l a rge r  than t h a t  of t he  a-  and c-axes. 
These r e s u l t s  suggest t h a t  orthorhombic B .P. may be t r ans -  
formed t o  t h e  ordinary layered s t r u c t u r e  which is e l e c t r i -  
ca l ly  isotropic  wi th i  he layers  a t  higher pressures.  
Jamieson has reported”’ tha t  t h e  orthorhornbic B.P. is  
transformed t o  a s t ruc tu re  of t h e  type arsenic  A7 at around 
6.0 GPa. In  t h i s  s t ruc tu re  a phosphorus atom has th ree  

. A marked reduction of t h e  r e s i s t i v i t y  along the  c- 
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neighbors a t  2 -13 A and t h e  interlayer van d e r  Waals d i s t a n c e  
is 3.27 A. Two dimensional  c h a r a c t e r  i n  B.P. h a s  remained i n  
t h e  d e n s e r  a r s e n i c  s t r u c t u r e .  

2.6 GPa. The a n i s o t r o p i c  energy gap h a s  no t  observed w i t h i n  
t h e  experimental  e r r o r  a t  a tmospheric  and high pressure. 
Asahina e t  a1 have c a l c u l a t e d  t h a t  t h e  energy gap  d e c r e a s e s  
a t  t h e  ra te  of 0.23 eV/GPa. The exper imenta l  v a l u e s  were 0.11 
- 0.15 eV/GPa. These a re  s i g n i f i c a n t l y  smaller t h a n  t h e  c a l c u -  
l a t e d  va lue .  

The i n t r i n s i c  energy gaps w e r e  from 0.004 to  0.009 ev a t  
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