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OPTICAL PHASE TRANSITIONS I N  ORGANO-FIETaLIC CHARGE- 
TRANSFER COMPLEXES 

T.O. POEHLER, R.S. POTEMBER, R. HOFFMAN AND R.C. 
BENSON 
Johns  Hopkins U n i v e r s i t y ,  Applied Phys ic s  Labora to ry ,  
L a u r e l ,  Maryland 20707 

A b s t r a c t  Semiconduct ing o r g a n o m e t a l l i c  f i l m s  such as 
copper  te t racyanoquinodimethan  (CuTCNQ) have  been 
observed  t o  s w i t c h  between two s t a b l e  s t a t e s  when 
exposed t o  o p t i c a l  r a d i a t i o n .  Obse rva t ions  o f  
swi t ch ing  between two s t a t e s  i n  t h e s e  f i l m s  have been 
made by Raman s p e c t r o s c o p i c  methods and d i r e c t  
o b s e r v a t i o n  of e l e c t r i c a l  r e s i s t a n c e  changes. L ine  o r  
p a t t e r n  g e n e r a t i o n  i s  observed  f o r  exposure  above 
c e r t a i n  t h r e s h o l d  l e v e l s .  These e f f e c t s  are  observed 
i n  a wide range  of Cu and Ag o r g a n o m e t a l l i c  
compounds. O p t i c a l  s w i t c h i n g  i n  f i l m s  such as copper  
and s i l v e r  te t ra  cyanoquinodimethan (CuTCNQ and 
AgTCNQ) c a n  be e r a s e d  u s i n g  C02 laser r a d i a t i o n .  
R e s u l t s  on t h e  wavelength and i r r a d i a n c e  dependence o f  
t h e  o p t i c a l  swi t ch ing  t h r e s h o l d  a r e  a l s o  p r e s e n t e d  and 
i n t e r p r e t e d  i n  l i g h t  of proposed swi t ch ing  mechanisms 
i n  t h e s e  o r g a n i c  m a t e r i a l s .  

INTRODUCTION 

W e  have r e c e n t l y  r e p o r t e d  o p t i c a l  and o p t o e l e c t r o n i c  

s w i t c h i n g  between two s ta tes  i n  p o l y c r y s t a l l i n e  organo-  

meta l l ic  semiconductor  u s i n g  t h e  488.0 and 457.9 

nm l i n e s  of a n  a rgon  i o n  laser.5 Although t h e  o p t i c a l  

measurements have l a r g e l y  concerned f i l m s  of copper  o r  

s i l v e r  complexed wi th  t h e  e l e c t r o n i c  a c c e p t o r  t e t r acyano-  

quinodimethan (TCNQ), p r e l i m i n a r y  r e s u l t s  on o t h e r  
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92 T. 0. POEHLER, R. S.  POTEMBER, R. HOFFMAN AND R. C. BENSON 

a c c e p t o r s  i n d i c a t e  s imilar  e f f e c t s .  It has  been 

p o s t u l a t e d  t h a t  t h e  e f f e c t  of t h e  a p p l i e d  e l e c t r i c  f i e l d  

on t h e  i n i t i a l  cha rge - t r ans fe r  s a l t  (e.g. ,  CUTCNQ) i s  t o  

induce a phase t r a n s i t i o n  r e s u l t i n g  i n  t h e  format ion  of a 

n o n - s t o i c h i a b e t r i c  complex sal t  c o n t a i n i n g  n e u t r a l  TCNQ: 

hv 0 + 
A 

[CU+(TCNQ~]~  Cux + [Cu (TCNQy)]n-x + (TCNQ'),. (1) 

The r e a c t i o n  shown i n  Eq. (1) i s  r e v e r s i b l e , a n d  the  

i n i t i a l  phase can be e a s i l y  reformed by h e a t i n g  t h e  

f i lm .  
+ Cu (TCNQT) 

s t a b l e  than  t h e  complex sa l t  con ta in ing  n e u t r a l  TCNQ 

(TCNQO), shown on t h e  right-hand s i d e  of Eq. (1).6 

The r e a c t i o n  piioceeds r e a d i l y ,  because  t h e  s imple  

has  been shown t o  be thermodynamically more 

The p rev ious  r e s u l t s  on o p t i c a l  swi t ch ing  i n  t h e  

c l a s s  of semiconducting organo-meta l l ic  f i l m s  such as 

copper and s i l v e r  te t racyanoquinodimethan  (CuTCNQ and 

AgTCNQ) have been extended t o  show t h a t  swi t ch ing  can be 

e r a s e d  us ing  C02 l a s e r  r a d i a t i o n .  

observed by Rarnan spec t roscopy  and v i s u a l l y .  

on the wavelength and i r r a d i a n c e  dependence of t h e  

o p t i c a l  swi t ch ing  t h r e s h o l d  show t h a t  t h e  o p t i c a l  swi t ch ing  

occurs  over a wide s p e c t r a l  range,and can  be i n t e r p r e t e d  

i n  l i g h t  of proposed swi t ch ing  mechanisms i n  t h e s e  o r g a n i c  

m a t e r i a l s .  

The e f f e c t  can be 

R e s u l t s  

E rasab le  Op t i ca l  Switching 

Two swi t ch ing  e f f e c t s  i n  t h e  organo-meta l l ic  f i l m s  can be 

induced by o p t i c a l  r a d i a t i o n ,  depending on t h e  i r r a d i a n c e  

(W/cm2) of t h e  i n c i d e n t  laser beam. 

l e v e l s ,  o p t o e l e c t r o n i c  swi t ch ing  from a h igh  t o  a low 

e l e c t r i c a l  impedance s t a t e  can be induced, whi le  a t  h ighe r  

A t  low i r r a d i a n c e  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

3:
29

 2
0 

Fe
br

ua
ry

 2
01

3 



OPT, PHASE TRANS. IN ORGANO-METAL. CHG.-TRANS. COMP. 

i r r a d i a n c e  l e v e l s ,  h igh -con t r a s t  p a t t e r n s  can be gene ra t ed  

by forming macroscopic amounts of TCNQO. 

e f f e c t s  remain s t a b l e  u n t i l  t h e  f i l m  i s  hea ted ,  which 

causes  n e u t r a l  TCNQ molecules  and t h e  cor responding  me ta l  

atoms t o  undergo a s o l i d - s t a t e  r e a c t i o n  [Eq. ( l ) ]  and form 

t h e  o r i g i n a l  meta l -TCNQ cha rge - t r ans fe r  complex. 

93 

Both t h e s e  

We have now demonstrated t h a t  defocused laser 

r a d i a t i o n  can be used as a source  of thermal energy  t o  

r e v e r s e  o r  e r a s e  switched r eg ions  of t he  f i lm .  Shown i n  

F igu re  1 are t h e  r e s u l t s  on r e v e r s i n g  t h e  o p t i c a l  

swi t ch ing  us ing  a C02 laser a s  a source  of thermal 

energy. 

d i f f e r e n c e s  i n  t h e  Raman spectrum, e s p e c i a l l y  i n  t h e  1300- 

1500 cm-' r eg ion  due t o  t h e  u 4 
ing ) .5 ,7  

t r a n s f e r  complex i n  t h e  h igh  impedance ( i n s u l a t i n g )  s t a t e  

h a s  only  one s t r o n g  Raman band a t  1375 cm-', cor responding  

t o  t h e  TCNG an ion  species (F ig .  l a ) .  I n  a l l  c a s e s ,  t h e  

laser power of t h e  probe beam was s u f f i c i e n t l y  low t h a t  

t h e  e q u i l i b r i u m  s t a t e  of t he  f i l m  was no t  per turbed .  

Af t e r  i r r a d i a t i o n  wi th  an  a rgon  l a s e r ,  t h e  f i l m  i s  

switched t o  t h e  low-impedance (conduct ing)  s ta te ,  and an 

a d d i t i o n a l  band i s  observed a t  1450 cm-', cor responding  t o  

n e u t r a l  TCNQ (F ig .  l b ) .  The f i l m  i n  t h e  conduct ing  s t a t e  

can be d r i v e n  back t o  t h e  o r i g i n a l  i n s u l a t i n g  s t a t e , u s i n g  

defocused C02 l a s e r  r a d i a t i o n , a s  shown i n  F igure  lc. For 

t h i n  CuTCNQ f i l m s  on a copper s u b s t r a t e ,  t h e  C02 laser 

i r r a d i a n c e  r equ i r ed  t o  r e v e r s e  t h e  f i l m  s ta te  w a s  

approximate ly  200 W/cm2.  

t h i s  exposure w a s  necessary  because of t h e  e f f i c i e n t  h e a t  

The h igh  and low impedance s ta tes  e x h i b i t  marked 

band (C=C s t r e t c h -  

I n  t h i s  s p e c t r a l  r eg ion ,  t h e  i n i t i a l  charge- 

It should be emphasized t h a t  D
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A 

wavenvmbcr (Crn-ll 
1375 1450 

FIGURE 1. Raman s p e c t r a  i n  t h e  1300-1500 cm-’ r eg ion  

demonst ra t ing  t h e  u s e  of C02 laser 

r a d i a t i o n  t o  r e v e r s e  t h e  o p t o e l e c t r o n i c  

swi tch ing .  

d i s s i p a t i o n  from t h e  f i l m  t o  t h e  metal s u b s t r a t e .  Much 

lower exposures ,  however, can  be  used when t h e  f i l m s  are 

on t he rma l ly  i n s u l a t i n g  s u b s t r a t e s .  Other defocused laser 

sources  can a l s o  be used as a source  of thermal  energy t o  

r e v e r s e  t h e  r eac t io4 :Eqn .  (l)]. 
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OPT. PHASE TRANS. IN ORGANO-METAL. CHG.-TRANS. COMP. 95 

C02  laser r a d i a t i o n  can  a l s o  be used t o  e r a s e  high- 

c o n t r a s t  p a t t e r n s  which c o n t a i n  macroscopic amounts of 

TCNQO. This  e f f e c t  f o r  AgTCNQ on a g l a s s  s u b s t r a t e  is  

shown i n  F i g u r e  2,  where a n  a r r a y  of n i n e  s p o t s  w a s  

produced by a focused C02 laser beam,and t h e  c e n t r a l  s p o t  

was a lmost  t o t a l l y  e ra sed  by a defocused  C02  laser beam. 

Each s p o t  was i n i t i a l l y  produced by a 50 msec exposure 

FIGURE 2. High c o n t r a s t  s p o t s  produced on AgTCNQ by 

a focused  C02 l a s e r .  

e r a s e d  u s i n g  defocused  C02 r a d i a t i o n .  

The c e n t r a l  s p o t  was 
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96 T. 0. POEHLER, R. S.  POTEMBER, R. HOFFMAN AND R. C. BENSON 

from a 1 W  C02 laser;  t h e  l a s e r  i r r a d i a n c e  a t  t h e  sample 

was approximate ly  600 W/cm . The c e n t r a l  s p o t  w a s  e r a sed  

by defocus ing  t h e  l e n s  t o  ach ieve  a beam diameter  of 2 mm 

a t  t h e  sample and then  i r r a d i a t i n g  a t  a power 2W ( I  - 60 

W / c m 2 ) .  

2 

Wavelength Dependence of O p t i c a l  Switching 

The wavelength dependence o f  t h e  o p t i c a l  swi t ch ing  

th re sho ld  f o r  CuTCNQ and AgTCNQ w a s  s t u d i e d  t o  o b t a i n  

in fo rma t ion  about  t h e  swi t ch ing  mechanism. Wavelengths 

from t h r e e  d i f f e r e n t  CW lasers were used: 457.9, 488.0, 

and 514.5 nm from a n  a r g o n i o n  laser; 632-8  nm from a 

helium-neon laser and 10,600 nm from a carbon d i o x i d e  

l a s e r .  A t  each  wave-length, t h e  metal-organic f i l m s  were 

i r r a d i a t e d  a t  v a r i o u s  laser powers and a t  several 

l o c a t i o n s  on t h e  f i lm .  The swi t ch ing  t h r e s h o l d  ( i . e . ,  t h e  

l a s e r  i r r a d i a n c e  a t  which n e u t r a l  TCNQ w a s  produced) was 

measured by Raman spec t roscopy.  By va ry ing  t h e  laser s p o t  

s i z e ,  i t  was determined t h a t  the t h r e s h o l d  was dependent 

on t h e  i r r a d i a n c e  and n o t  on t h e  laser power. The r e s u l t s  

are presented  i n  Table I. V a r i a t i o n s  i n  t h e  observed 

t h r e s h o l d s  are due l a r g e l y  t o  s p a t i a l  inhomogenei t ies  i n  

t h e  f i l m ,  w i th  t h e  excep t ion  of t h e  va lue  a t  10,600 nm f o r  

CuTCNQ. It i s  ev iden t  tha t  t h e  o p t i c a l  swi t ch ing  

t h r e s h o l d  f o r  AgTCNQ i s  approximate ly  one-half t h e  va lue  

f o r  CuTCNQ. The t h r e s h o l d  f o r  AgTCNQ i s  e s s e n t i a l l y  

independent of wavelength,  wh i l e  t h e  t h r e s h o l d  f o r  CuTCNQ 

i s  r e l a t i v e l y  cons t an t  i n  t h e  v i s i b l e  s p e c t r a l  r eg ion ,  but 

i s  approximate ly  f o u r  times h i g h e r  i n  t h e  i n f r a r e d .  

I n  o r d e r  t o  de te rmine  t h e  e f f e c t  of o p t i c a l  

a b s o r p t i o n  on t h e  t h r e s h o l d  v a l u e s ,  a b s o r p t i o n  s p e c t r a  
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OPT. PHASE TRANS. IN ORGANO-METAL. CHG.-TRANS. COMP. 91 

(shown in Fig. 3 )  were measured on KBr pellets containing 

0.22% AgTCNQ and 0.08% CuTCNQ. The prominent feature in 

the spectrum is a pronounced low energy (0 .3  eV) 

transition that has been observed in other TCNQ salts, and 

is associated with an inter-radical charge-transfer 

excitation TCNQ- + TCNQO .+ TCNQ' + TCNQ-.8,9 This 

TABLE I Optical switching threshold for AgTCNQ and 

CuTCNQ at various wavelengths. 

LASER SOURCE 

ARGON ION 

HELIUM.NEON 

CARBON DIOXIDE 

INCIDENT LASER IRRADIANCE 
AT THRESHOLD IWIcrnzl 

WAVELENGTH PHOTONENERGY 
NM BV AgTCNO CUTCNQ 

457.9 2.71 800 1500 
488.0 2.54 600 1500 
514.5 2.41 1wO 1500 

632.8 1.96 2000 

106oo.O 0.12 600 80W 

transition is of comparable energy to the activation 

energy of electrical conductivity in the metal TCNQ 

salts.'' 

photon-induced transition, we would expect the incident 

irradiance at threshold to be significantly higher at 

10,600 nm (0.12 eV) because the absorption is quite low. 

As can be seen from the data in Table I, however, this is 
clearly not observed for AgTCNQ. Even for CuTCNQ, the 

increase in the threshold at 10,600 nm is not as large as 

would be expected if the switching mechanism involved a 

photon-induced transition. Furthermore, multiphoton 

processes can be ruled out,because they are extremely 

inefficient when induced by low-power cw lasers. 

Thus, if the switching mechanism involved a 

Thus, it seems unlikely that the optical switching 

mechanism is due to a photon-induced transition. Thermal 
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98 T. 0. POEHLER, R. S .  POTEMBER, R. HOFFMAN AND R. C. BENSON 

effects should be negligible because heat drives the 

reverse process to form the original (unswitched) complex 

Energy lcm-’1 , 40,W 80iO0 12i000 16CiOO 20pW 2 4 7  

Energy l e v )  

FIGURE 3 .  Optical absorption spectra of AgTCNQ and 
CuTCNQ in a KBr pellet. The results have 
been corrected f o r  transmission and 

reflection. 

[see Eq. (l)]. This suggestion that the optical switching 
mechanism is associated with the electric field of the 
optical radiation. This field-induced mechanism should be 
relatively independent of optical wavelength, which is in 

agreement with the results. 

Optical Transmission Associated with Switching 

An area of significant interest is the change in 

macroscopic optical properties of the CuTCNQ films in a 
radiation field. The potential for large changes in 
transmission and reflection in CuTCNQ and other members of 
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OPT. PHASE TRANS. IN ORGANO-METAL. CHG.-TRANS. COMP. 99 

t h i s  f ami ly  under i n t e n s e  r a d i a t i o n  f i e l d s  f s  of 

s i g n i f i c a n t  p r a c t i c a l  i n t e r e s t .  A very  p re l imina ry  

i n v e s t i g a t i o n  of t h i s  p rocess  i s  beginning. It i s ,  of 

cour se ,  obvious  t h a t  t h e  macroscopic p r o p e r t i e s  of CuTCNQ 

and AgTCNQ f i l m s ,  when i r r a d i a t e d ,  are d r a m a t i c a l l y  

changed i n  t h a t  t h e  f i l m s  undergo a change from t h e i r  

r e s p e c t i v e  b l u e  and v i o l e t  c o l o r s  t o  a r a t h e r  p a l e  ye l low,  

c h a r a c t e r i s t i c  of n e u t r a l  TCNQ. The t r ansmis ion  s p e c t r a  

of r eg ions  which e x h i b i t  t h i s  c o l o r  change should  show 

a l s o  s i g n i f i c a n t  changes i n  t h e i r  t r a n s m i s s i o n  

p r o p e r t i e s .  We have begun t o  i n v e s t i g a t e  t h e  t r a n s m i s s i o n  

s p e c t r a  of i r r a d i a t e d  t h i n  f i l m s  formed on g l a s s  

s u b s t r a t e s .  As shown i n  F igure  4 ,  a t y p i c a l  CuTCNQ f i l m  

formed by s o l i d  s t a t e  d i f f u s i o n  i s  r a t h e r  poor ly  

t r a n s m i t t i n g  from t h e  mid -v i s ib l e  i n t o  t h e  nea r  i n f r a r e d  

i n  t h e  v i c i n i t y  of 1100 nm, and t h e r e  i s  a s u b s t a n t i a l  

i n c r e a s e  i n  t r a n s m i s s i o n  ex tend ing  i n t o  t h e  i n f r a r e d .  

Upon i r r a d i a t i n g  t h e  CuTCNQ f i l m  wi th  a Nd:YAG laser a t  

532 nm scanned over  a s u f f i c i e n t  r eg ion  t o  perform s imple  

t r a n s m i s s i o n  measurements,  one obse rves  a l a r g e  change i n  

the t r ansmiss ion , a s  a l s o  shown on F igu re  4 .  A s i g n i f i c a n t  

i n c r e a s e  i n  t r a n s m i s s i o n  throughout  t h e  spectrum from t h e  

mid -v i s ib l e  t o  t h e  I R  i s  observed. Extremely d rama t i c  

i n c r e a s e s  are observed  i n  t h e  red  end of t h e  spectrum and 

the n e a r  I R ,  p a r t i c u l a r l y  those  r eg ions  which are of 

i n t e r e s t  wi th  r e s p e c t  t o  many of t h e  p r i n c i p a l  l a s e r  

sou rces .  These p re l imina ry  t r a n s m i s s i o n  measurements 

demonst ra te  a ve ry  l a r g e  change i n  t h e  o p t i c a l  

t ransmiss ion ,which  i s  c l e a r l y  of p r a c t i c a l  i n t e r e s t .  

The t r a n s m i s s i o n  p r o p e r t i e s  of a n  &TCNQ f i l m  a r e  

shown i n  F igu re  5. In c o n t r a s t  t o  t h e  changes observed i n  

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

3:
29

 2
0 

Fe
br

ua
ry

 2
01

3 



100 T. 0. POEHLER, R. S.  POTEMBER, R. HOFFMAN AND R. C. BENSON 

80 - 
70 - 

400 500 600 800 1000 1600 2000 2600 
Wavelength (nmi)  

FIGURE 4 .  T y p i c a l  CuTCNQ t r a n s m i s s i o n  s w i t c h  - 30 m J  

p u l s e s  from f r equency  doubled  Nd: YAG 

l a s e r  (532 nm). 

CuTCNQ, t h e  swi tched  and unswitched f i l m s  a r e  q u i t e  

similar i n  t h e  i n f r a r e d  p o r t i o n  of t h e  spec t rum.  However, 

l a r g e  changes i n  t r a n s m i s s i o n  are noted  i n  t h e  v i s i b l e  

p a r t  of t h e  spec t rum between 400 and 600 nm. The swi tched  

AgTCNQ becomes s t r o n g l y  t r a n s m i t t i n g  i n  a band c e n t e r e d  a t  

500 nm,while t h e  u n i r r a d i a t e d  f i l m  i s  poor ly  t r a n s m i t t i n g  

i n  t h e  same reg ion .  
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p u l s e s  from f r equency  doubled Nd: 
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