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ABSTRACT 
 

The complexity of photorefractive polymers arises from multiple contributions to the photo-induced 
index grating. Analysis of the time dynamics of the two-beam coupling signal is used to extract information 
about the charge species responsible for the grating formation. It has been shown in a commonly used 
photorefractive polymer at moderate applied electric fields, the primary charge carriers (holes) establish an initial 
grating which, however, are followed by a subsequent competing grating (electrons) that decreases the two-beam 
coupling efficiency. We show by upon using higher applied bias fields, gain enhancement can be achieved by 
eliminating the electron grating contribution and returning to hole gratings only.  
 

1.  INTRODUCTION 
 

Photorefractive (PR) materials are low power nonlinear optical elements where an intensity- dependent 
refractive index is produced due to an electrostatic space charge field  generated from charge carrier 
redistribution when light is incident on the material.  Specifically, under a non-uniform illumination (such as an 
interference pattern) and applied bias field , mobile charge carriers are generated and redistributed due to 
diffusion, drift, and photovoltaic effect [1-3].  While traditional PR materials are inorganic, doped polymeric 
composites offer an attractive alternative, with the advantage that properties responsible for the PR effect can be 
optimized simultaneously and independently to a degree not possible in existing inorganic materials [4].  A 
typical PR polymer composite, such as 7-DCST:PVK:ECZ-BBP:C60 used in our investigations, comprises a 
chromophore, a photoconductor, a plasticizer, and a photosensitizer.  Reorientation of the chromophores, 
operating close to the glass temperature, occurs due to the total electrostatic field = + . This 
reorientation, together with the electro-optic effect, modulates the refractive index in the PR polymer.  In these 
polymers, there are no additional electron sources or traps, and holes are usually the predominant mobile charge 
carriers [4-6], although researchers have deliberately designed other novel PR polymers with a second mobile 
charge species to improve their performance [7].  Two-beam coupling (TBC) leading to efficient energy 

Invited Paper

Photonic Fiber and Crystal Devices: Advances in Materials and Innovations in Device Applications VII,
edited by Shizhuo Yin, Ruyan Guo, Proc. of SPIE Vol. 8847, 88470A · © 2013 SPIE

CCC code: 0277-786X/13/$18 · doi: 10.1117/12.2023404

Proc. of SPIE Vol. 8847  88470A-1

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/04/2013 Terms of Use: http://spiedl.org/terms



G7 ¡l ,.DOL IIImor633r ilm laser 4-

7

 

 

exchange
refractive
photovol
bias field

pumped 
grating f
different 
constant 
third bia
charge fi

 

Figure 1.
nm heliu
PR polym
sample. T
of the ap
the direc
incident 
transmitt
optical p
times of 
50-80 se
reaches a
complete
be consid

Figur
arrow
line r

e between the
e index gratin
ltaic effect and
d [4].  
In this paper, 
reflection grat

formation.  Us
bias fields 
which is indep
s-field depend
eld over an int
 

A schematic o
.  A linearly po

um neon laser (
mer.  A bias vo
The bias voltag

pplied bias field
ction of the in

beam, which 
ted optical pow
power meter (N
the high voltag
c) has been al
a steady state. 
e erasure of the
derably greater

re 1.  PR polym
w (signal beam) 
represents the tra
 

e participating 
ng and the inte
d negligible dif

the time resp
ting geometry 
sing a nonline
 are applied, it

pendent of  a
dent time const
termediate rang

2.  EXP

of the setup for
olarized CW fr
Melles Griot: 0
oltage from a h
ge is changed f
d  from 15 V

ncident beam; 
ensures a de

wer is monitor
Newport mode
ge (HV) sourc
llowed after ap
 In a similar fa

e PR grating.  T
r than the time 

mer 7-DCST:PV
indicates the co

ansmitted pump 

beams is po
ensity grating 
ffusion, the pha

ponse of TBC 
is investigate

ear curve-fittin
t is shown that
and a bias-field
tant attributed 
ge of bias field

PERIMENTA

r self-pumped r
frequency-doub
05-LHP-925), 
high voltage (H
from 1.5 kV to
V/μm to 75 V/
this is similar
crease in tran
ed as a functio

el 2832-C) and
e has been me
pplication of t

fashion, the app
The on and off 
constants asso

VK:ECZ-BBP:C
ounter-propagati
beam. The signa

ossible in PR 
is ideally 90 

ase shift is non

in the PR po
ed to identify 
ng method to 
t in addition to

d dependent tim
to electrons.  

ds.   

AL SETUP A

reflection grati
bled Nd:YVO4
both attenuate
HV) source is 
o 7.5 kV in ste
/μm in steps of
r to having the
nsmitted beam
on of time afte
d analyzed wit
asured to be ap
he bias field t
plied bias field
f times for the a
ociated with the

60 in self-pump
ing Fresnel refle
al beam is ampli

materials whe
degrees.  In 

n-ideal, but gen

olymer 7-DCS
the contributio
analyze the tr
o the expected
me constant ass

This, in turn, 

AND RESUL

ing geometry u
4 laser at 532 n
ed to 10 mW ou

applied across
eps of 0.5 kV. T
f 5 V/μm.  The
e c-axis in a P

m intensity foll
er the applicati
th a data acqu
pproximately 1
to ensure that 
d is turned off 
applied bias fie
e polymer and 

ed two-beam co
ection of the inc
ified at the expe

en the phase 
PR polymers,

nerally increase

ST:PVK:ECZ-B
on of mobile 
ransient respon

d chromophore
sociated with h
gives rise to a

LTS 

using the PR po
nm (Coherent V
utput, is norma
s the approxim
This correspon
e applied bias 
PR crystal con
lowing grating
ion of the bias

uisition system
10 ms.  Suffici
the response o
for a sufficien
eld have been c
the space char

oupling geometr
cident pump bea
nse of the pump

shift between
 which exhibi
es with the app

BBP:C60 in a 
charge carrier
nse of TBC w

e reorientation 
holes, there exi
a competing s

olymer is show
Verdi VI) or a
ally incident on

mately 100μm t
nds to the varia
field is opposi
ntradirected to
g formation.  
s field  usin

m. The rise and
ient time (typic
of the PR poly
nt time to allow
carefully chose

rge field(s).   

 
ry.  The small 
am. The dotted 
p beam. 

n the 
it no 
plied 

self-
rs on 
when 
time 
ists a 
space 

wn in 
a 633 
n the 
thick 
ation 
ite to 
o the 

The 
ng an 
d fall 
cally 
ymer 
w for 
en to 

Proc. of SPIE Vol. 8847  88470A-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/04/2013 Terms of Use: http://spiedl.org/terms



.00

.95

-

wv%0wv,rvhst'

...... '-e.

U.

0.8

-

1

 

 

nm as a r
been fit u
field).  A
decay ca
terms.  T
electric f
(≈40V/μm
This sign
been obs
and the t
correspon

Figur
gratin

 

 

been fitte
 

 
where 1,2,3 are
the time 
illuminat
function 
triple exp

Figure 2 show
result of two-b
using a multi-e
As previously r
an be adequate
These exponen
field and the f
m for 532 nm
nificant contrib
served that for 
time response 
nding to the re

re 2.  Time dyn
ngs for various a

As stated abov
ed with a linear

 is the steady 
e the respective
constants ,
tion.  For appli
rather than a tr

ponential funct

ws the time dyn
beam coupling 
exponential fun
reported [8], f
ly fit using a d

ntial terms cor
formation of th

m illumination; 
bution is due to

even higher a
can once agai
orientation of t

namics of the gr
applied fields (in

3.  ANAL

ve, the transmi
r combination 

state transmitt
e time constant= 1,2,3 as a fu
ied bias fields 
riple exponent
tions.   

namics for the 
in the reflectio

nction for elect
for relatively s
double expone
rrespond to the
he PR grating

lower for 633
o the competin
pplied bias fie
in be fitted wi
the optical chro

rating formation
n order from top 

LYSIS OF E

itted power 
of exponential= +
ted power, ,
ts.  The data is
unction of the a

<40 V/μm, t
ial function.  H

change in norm
on geometry.  
tric fields betw
small applied f
ential function 
e reorientation
formed by hol
3 nm illumina
ng grating form
elds, the contrib
ith the expone
omophore).   

n using (left) 53
to bottom): 30 V

EXPERIMEN

, which is r
ls of the form [∑ exp	= 1,2,3 are 
s fit using a Le
applied bias fie
the transmitted

However, for 

rmalized transm
The resulting t

ween 20 V/μm 
fields (for inst
with positive 

n of the optica
les.  For appli

ation) a third c
med by photo-e
bution from ph

ential resulting

32 nm and (righ
V/μm, 40 V/μm

NTAL RESU

related to the tw
[8] 

,  

the amplitudes
evenberg-Marq
eld  for the 
d power can be

> 40 V/μm, i

mission for bot
transmission o
(small field) a

tance, <40 V/μ
amplitudes fo

al chromophor
ied bias fields 
component bec
excited electro
hoto-excited e

g from the hole

ht) 633 nm ligh
, 60 V/μm, and 7

ULTS 

two-beam coup

  

s of the expon
quardt algorithm
grating time dy
e best fit with d
it is necessary 

th 532 nm and
of 532 nm light
and 75 V/μm (l
μm at 532 nm)
or both expone
e with the app
above a thres

comes measura
ons.  It has rece
lectrons decrea
e grating (and 

 
ht to record the 
70 V/μm.  

pling response,

 

nentials, and 
m.  Figure 3 sh
ynamics at 532
double expone
to fit the data 

d 633 
t has 
large 
) the 

ential 
plied 
shold 
able.  
ently 
ases, 
that 

, can 

(1) , =
hows 
2 nm 
ential 
with 

Proc. of SPIE Vol. 8847  88470A-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/04/2013 Terms of Use: http://spiedl.org/terms



r

18
17
16
15
14
13
12

H
>,
Ú
a.)n

11
19

8
7
6
5
4
3
2
1

o

- 1

_ I

s

A

60

(V /atm)

J

 

 

Figur
bias 

 

associate
are perfo
response 	and 
which is
gratings. 
grating fo
can be at
be noted
increasin
V/μm.   
electron 
mobility 
 

 
The vari
approxim
633 nm i
 
70 V/μm
reorienta
the forma
light) the
the regim
to ≈70 V
attribute 
first glan
measured162	

re 3. Variation o
field  for 532 

As noted from
ed with chromo
ormed with a c

does not show
 are positive,

s similar to co
 The time con

formation due t
ttributed to an 

d that the time 
ng applied field
Since the mob
mobility incre
μ as a function

iation of ln	 μ
mately compara
illumination, al
The temporal 

m (at 532 nm
ation and the fo
ation of the ele
ere is a further
me of competin
V/μm), and the
this reduction 

nce this graph 
d at 532 nm , = 34	

of , i=1 (chrom
nm illumination

m Figure 3, th
ophores is relat
ertain bias fiel

w the chromoph
which gives t

ommonly used
nstant 	and th
to holes.  It is f
opposite charg
constant  a

ds, and for 532
bility of charge
eases faster th
n of the applied

μ  with  /
able at a bias f
lbeit at lower a
behavior of the

m).  Initially, t
ormation of the
ectron grating 
r decrease in th
ng gratings occ
e enhanced ga
in the bias fie
shows that the
and 633 nm

).  For a f

mophores: square
n. 

he time constan
tively independ
ld on, and the 
hore reorientat
the exponentia

d PR polymers
he associated a
found that  i
ge species, viz.
associated with
2 nm illumina

e carriers is inv
han the hole m
d bias field, anln ∝
 has been plo

field of 70 V/μ
applied bias fie
e transmission 
there is a ste
e hole grating, 
(i.e. the comp

he transmission
curs at lower ap
ain is far more
eld threshold to
ere is an incre

m, the two w
fair compariso

es), 2 (holes: cir

nt 	(and the 
dent of the app
incident illumi
tional time con
al decay, while
s, has holes a
amplitude  c
is negative, wh
., electrons, an
h electron mig
ation, they bec
versely proport

mobility with a
nd is given by [∝ + / .

otted in Ref. [
μm for 532 nm
elds. 

changes dram
eep decrease o

which is follo
eting grating). 
n, suggesting g
pplied fields us
e dramatic for
o the change in
ease of a facto

wavelengths ha
on, the absorpti

rcles), and 3 (ele

corresponding
plied bias field
ination is inste
nstant, as expec
e the sign of 
as primary cha
can, therefore, 
hich implies tha
nd the formatio
gration, decreas
ome approxim
tional to the re
applied bias fi
[9] 

[8] for holes a
m illumination.

matically when 
of the transm

owed by a smal
Thereafter, at

gain enhancem
sing 633 nm ill
r the case of 6
n photocurrent
or of 2.5 in the
ave different 
ion compensat

 
ectrons: triangle

g amplitude 
.  Incidentally,

ead switched o
cted.  The sign

 is negative. 
arge carriers r
be attributed t

at the associate
on of competin
ses at a faster

mately equal at
esponse time, t
field. Gill’s eq

  

and electrons, 
 A similar beh

applying bias 
mission due to 

ll increase in t
t t ≈ 40 s (for t
ment.  Gain enh
lumination (≈4
633 nm than 5
, shown in Fig
e photocurrent
absorption co

ted photocurren

s) with applied 

, not shown h
, if the experim
n and off, the 

n of the amplit
 Our PR poly

responsible for
to the dynamic
ed time constan

ng gratings.  It 
r rate than 	
t a bias field o
this means tha

quation models

 

and shown to
havior is found

fields at and ab
the chromop

transmission du
the case of 532
hancement bey
40 V/μm comp
532 nm [10].
gure 4. Althoug
t comparing va
oeffcients (
nt data for 633

here) 
ments 

time 
tudes 
ymer, 
r PR 
cs of 
nt  
is to 
with 

of 70 
at the 
s the 

 (2) 

o be 
d for 

bove 
phore 
ue to 
2 nm 
yond 
pared 
 We 
gh at 
alues =
3 nm 

Proc. of SPIE Vol. 8847  88470A-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/04/2013 Terms of Use: http://spiedl.org/terms



0.55

0.50

0.45

0.40

0.35

0.30

Ch 0.25a
`i
Uo
oLd

0.20

0.15

0.10
11í1F _I'

A...w'

nm
nm

40

?d Electric F

I//
,.. I

I

R¡

A

P

.s

 

 

is redraw/
photocur
same app

Figur
633 n
diffe

 

can be id
Figure 3.
almost eq
that elect
trapped n
formation
smaller b
This is f
transmiss
supports 
 

reflection
the photo
transmiss
shown th
variation
been inv
charge ca
the two-b
and gain 
of electro

wn with dashed
).  This ratio

rrent for 633 nm
plied field [10]

re 4. The steady
nm and (square
rence in absorpt/ 10.   

A possible me
dentified upon
. At around 70 
qual, i.e, 
tron mobility 
nor be able to
n or reduction 
bias fields.  Th
further corrob
sion as a funct
the fact that po

 
In conclusion

n grating geom
ogenerated mo
sion during se
hat information
n of the time co
estigated.  Spe
arriers (holes) 
beam coupling
enhancement 

ons when com

d lines by mult
 has been mea
m is actually hi
. 

y-state photocurr
s/lines) 532 nm
tion by multiply

echanism for t
n examining th

V/μm for 532	 and from t
should exceed
o recombine w
of the overall

hus, hole-forme
orated by the
tion of time fo
ositive ions do 

, grating form
metry in comm

bile carriers re
elf-pumped tw
n about the ch
onstants, and h
ecifically, it ha
establish an in

g efficiency.  A
occurs due to 

mpared to holes

tiplying the 633
asured and is o
igher by a facto

rent as a functio
. The circle/dash

ying the data wi

the gain enhan
he trend of the
2 nm illuminati
the trend in Fig
d the hole mob
with the holes
l hole-formed 
ed gratings sho
 satisfactory s

or 70 V/μm fo
not play any r

4.  CO

mation and two
only used PR 
esponsible for 

wo-beam coupl
harge species r
ence the mobil

as been shown 
nitial grating, f
At higher bias f

predominantly
s.  The lower 

3 nm photocur
f the order of 
or of 2 when c

on of applied bia
hed line trace in
ith red circles/lin

ncement, beyon
e time constan
on, the time co
gure 3, it is ex
bility.  Due to 
s, and therefor
grating.  The s

ould again dom
single exponen

or 633 nm illum
role in gain enh

ONCLUSION

o-beam coupli
polymers, whe
grating format
ing using a n
responsible for
lities of holes a
in a PR polym

followed by a s
fields, electron
y hole-formed 
bias fields req

rrent data by th
10.  It is clear 

compared to the

as field (20 V/μ
n the photocurre
nes by the ratio

nd the regime
nts , 	(and he
onstants associ
xpected that ab

this, the fast 
re no longer c
same occurs fo

minate in the tw
ntial fit to ex
mination [10].
hancement. 

N 

ing have been
ere holes have 
tion.  Upon ana
novel multi-exp
r the grating f
and electrons w

mer at moderate
subsequent gra
n contribution 
gratings once 

quired for the 

he ratio of the 
that the absorp

e photocurrent 

 
μm to 70 V/μm)
ent at 633 nm a
 of the absorpti

e of competing
ence, the mob
iated with hole
bove 70 V/μm,
moving electr
contribute to 

for 633 nm illu
wo-beam coupl
xperimental da
  The single e

n investigated 
been conventi

alyzing the tim
ponential fittin
formation can 
with applied bi
e applied bias 
ating (electron
to competing g
again, due to 
onset of comp

absorption (
rption compens

for 532 nm fo

: (circles/lines) 
adjusted for the 
on coefficients 

g electron grati
bility) as show
es and electron
, , impl
ons can neithe
competing gra

umination, albe
ling measurem
ata for normal
exponential fit 

in a self-pum
ionally assume

me dynamics o
ng technique, 
be deduced. 

ias fields have 
fields, the prim
s) which decre
gratings decrea
enhanced mob

peting gratings

=
sated 

or the 

ings, 
wn in 

s are 
lying 
er be 
ating 
eit at 

ments.  
lized 
also 

mped 
ed as 
f the 
it is 
The 
also 

mary 
eases 
ases, 
bility 
s and 

Proc. of SPIE Vol. 8847  88470A-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/04/2013 Terms of Use: http://spiedl.org/terms



 

 

gain enhancement for 633 nm illumination as compared to 532 nm is explained through examination of the 
absorption at the two wavelengths. It is also argued that other charges such as positively charged ions do not play 
any role in grating formation due to enhanced electron mobility.  We show with using varying applied electric 
fields and illumination conditions, the steady-state two-beam coupling efficiency can be enhanced.  
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