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‘We have proven theoretically that there are sublinear, linear and superlinear relations between the response rates

and total incident intensity for different cases of traps in photorefractive polymer materials.

These relations were

observed in inorganic photorefractive crystals many years ago. Also, the steady-state space-charge field is a function

of the total incident intensity, which has also been found in inorganic photorefractive crystals. We have measured the

relations of the steady-state diffraction efficiency and the response rate with respect to the total incident intensity in the

photorefractive composite consisting of the polymer (N-vinylcarbazole) (PVK) doped with 4,4’-n-pentylcyanobiphenyl

(5CB) and Cgg. The results obtained show that the composite belongs to the case of low trap density.
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1. Introduction

During the past decades, the photorefractive (PR)
effect has been extensively investigated and applied
to various fields, such as image storage, optics infor-
mation processing, and amplification of optics signal,
etc.'=8] Especially, since Ducharmel® first observed
the PR effect in the polymer of bisA-NPDA:DEH
in 1991, polymers have become very popular PR
materials.  Until now, materials and theories of
photorefractive polymers (PRPs) have been highly

developed.[10—14]

The following three anomalous phenomena, which
cannot be explained by the “standard band trans-
port model”, have attracted the attention of many
researcher: the bi-exponential or tri-exponential form
of the formation of the space-charge field (SCF) in in-
organic PR crystals; the nonlinear relation between
response rates of the SCF and the total incident in-
tensity; and the dependence of the steady-state SCF
(including amplitude and phase) on the total inci-
dent intensity. For inorganic PR crystals, these three
problems were found in experiments and explained
by many models, such as the two species of car-

riers (electron and hole) with multiple traps (shal-
low and deep traps).[ls_m] For PRPs, the three sub-

jects are just being researched. In fact, many re-
searchers have reported a bi-exponential form of the
SCF during the formation and erasure processes in
PRP materials.[?1~2%] We have theoretically explained
this bi-exponential form of the SCF and discussed the
effect of an applied electric field on the SCF.[26:27]
However, the second and the third subjects mentioned
above have not been studied for PRPs until now. In
this paper, we discuss the dependence of the steady-
state SCF and the response rates on the incident in-

tensity.
2.Model equations

According to Refs.[26] and [27], we know that the
dynamic equation of the first-order Fourier component
of the SCF can be written as

E + ’YEl + ngl = f, (1)
where

v =y +ik,
wg :cul2DL + iwI2

f= _Tl(ﬂ_TO)+T1<TO_%>

+xmloo + T = To Ni)],
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Here pg is the zero-order Fourier component of the
hole density; IV; is the total acceptor density; 7T; is the
total trap density; Ty and T; are the zero-order and
the first-order Fourier components of the empty trap
density, respectively; rg and ry are the zero-order and
the first-order Fourier components of the untrapping
rate, respectively; g is the hole density generated per
unit of time at the total acceptor concentration N;
and the alpplied electric field Ej at the total intensity
Ii (g _ (6] QiiIiT

tion quantum efficiency when the SCF does not exist,

, where @; is the initial charge genera-

I; is the total incident intensity of the two incident
beams, o' is the absorption index of the polymer, 7
and o are the units of time and density, and hv is
the energy of photons); k is the grating wave vector;
m is the modulation of intensity; P and c are con-
stants determined by experiment about the electric
field dependence of the photocharge generation quan-
tum efficiency and carrier mobility; kg is Boltzmann’s
constant; 7" is absolute temperature; s is the light
excitation cross section of traps; and 3’ is the ther-
mal excitation rate of traps. All the quantities are
presented in a dimensionless form, and have been dis-
cussed in detail in Refs.[26]-[30].

In fact, Eq.(1) is a forced oscillation equation with
damping. ~ is the complex damping coefficient and
wp is the complex eigenfrequency of the PRP materi-

als. f is the external driving force which is dependent

on the intensity distribution I. This means that the
formation of the SCF in PRPs is a forced vibration
process with resistance. If the time dependence of T3
is neglected, f is a constant when the intensity dis-
tribution I is of a stationary interference pattern; f
gains the same form as I when I is of a moving or
vibrational interference pattern. So we can regard I
as an external driving force.

As mentioned above, when T; or the time depen-
dence of Ty can be neglected, f becomes a constant
and we denote it as fy. Using the two conditions given
in Ref.[26], which are E;|t—o = 0 and El\t:o =0, we

rewrite the solution of Eq.(1) as follows

=Bzt (52 Jonten
( cz_q)exp(czt)}, 2)
Jfo

where ES3 = —2 which is a steady-state SCF. Then

—wﬁ

tion (2) implies that there are two response rates dur-
ing the formation of the SCF.

When the time dependence T; cannot be ne-

13 = , which are complex. Equa-

)

glected, we rewrite f as

f=fo+ frexp(ert), (3)
where fj is the constant part of f and f; is the am-
plitude of variable part of f. cy is the decay constant
of traps, which equals —(pg + ro) and is real. Finally,
we obtain the solution of Eq.(1)

E, =E% {1 - ( 2 > <1 - A1£>exp(clt)

C2 — C1 fo

~(-525) (- ag)

C2 —C1 fo

fi
x exp(cat) — A1 Ag| — =
fo
where Ay =¢;/(cp—c1) and Ay = ¢y /(ep —c3). Now,
we have three response rates (—Re(c1), —Re(cz) and
—cq) for the formation of the SCF. Obviously the first
two on the right-hand side of Eq.(4) describe the prop-

erties of the formation of SCF, and the last represents
the characteristics of trapping and detrapping. Now
it is necessary to note that all the results can be ap-
plied to the inorganic crystals only if ¢ = 0, P = 0,
and T; is a large constant. The initial trap density
T; and the initial acceptor density IV;, which are used
in polymers, correspond to the quantities Np and Np

used in inorganic PR crystals, respectively.
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3. Discussion

3.1. Cases where f is a constant

In Ref.[22], the real form of the SCF was written
as

*

E E
E(z,t) =Ey + éexp(ikw) + %exp(—ikx)
:EO + R]_[COS(]CI + @1) - R2

xexp(—t/7sc 1) cos(kx + 4t + D1 + P3)—R3

xexp(—t/7sc 2) cos(kx + bt + D1 + D3)].(5)

Here, Ry and &, are the amplitude and the phase of
the steady-state SCF E%8

=, respectively; Ro and &, are

e ; Rz and &5

the amplitude and the phase of
C2 —C1

are the amplitude and the phase of [1 E—— } .
C2—C

According to Ref.[27], we know that the ampli-
tude and the phase of the steady-state SCF can be

expressed as

_ | fol
[(WR)? + (wi)2]1/2’

(6)

2

w
@) = — arc tan—  (for the case of wi > 0),

Wi
or
w2
®; = —arc tan—%  (for the case of wj < 0), (7)
YR
-1 —V27' F (Va2 + 2 + a)l/?
= Re(c12) = 7 F ) ;
Tsc 1,2 2\/5
(8)
where

a=7%—k% - 4w§, B=2vk - 4w12.

Except for the total intensity of the two incident
beams I; and the grating wave vector k, which are
variables in this paper, other parameters are set to
the same values as those described in Refs.[29] and
[30].

(1) If L=100pum, E;=100V /um, p;=10""cm?/Vs
and ¢,=3.5, we have 0=1.9x10%°/m? and 7=0.1s.

(2) N;i=7.6x10* (in units of o).

(3) P=1 and ¢=2.8.

(4) The index of absorption of the polymer
a’=10cm™!; wavelength A=0.7um; the initial charge
generation quantum efficiency @;=0.01. Thereby we

have
Oé’ QsiIiT
hvo

g= = 1801, (9)

(5) From temperature 7"=293K and the modula-
tion of intensity m=1, we obtain £=2.527x1076.

(6) st=2cm?/J and 3'=0.02s"!.
3.1.1. Case without traps

When no traps are present, it follows that vg, =
Yo1 = 0,70 =1 =0,and Ty =Th =13 = 0.
Therefore we can obtain py =~ /g, 7' ~ 4.4,/9,
wi ~ 44g,wf ~ k\/g, fo = —gm, fi = 0. Figure 1
plots the relations between Ry, &1, 75_011’2, and the
total intensity I;. This implies that the amplitude of
the steady-state SCF is enhanced with the increase of
I;, while the phase deviates from 90°. In fact, similar
results have been found in inorganic PR crystals/!?l in
which this was attributed to the existence of shallow
traps. But, in this paper, we directly attain it from
the basic equations. Figure 1(c) shows 7'S_C11,2 s Iil/2
for the case without traps, which agrees with the re-
lation between the erasure rate and the intensity I; in
Ref.[21]. Usually, the formation of the photorefractive
SCF refers to the trapping of the free carriers in inor-
ganic crystals. However, the SCF is still induced by
the free carriers, which drift to the dark areas, and the
ionized acceptor centres in bright areas of polymers
for the case without traps, although the free carriers
in the dark area are not trapped. Hence, we believe
that the SCF in the case without traps is unstable and
its magnitude is directly related to the density of the
free carriers that are dependent on the total intensity
I;. If one of the recording beams is cut off, the free
carriers will quickly diffuse and approach a uniform
distribution so that the SCF easily disappears. Also,
comparing Fig.1(a) with the following Figs.4(a) and
4(c), we know that the magnitude of the SCF in the
case without traps is much smaller than that in the

case with traps.
3.1.2. Case with deep traps

For deep traps, which do not have high-density,
we assume that, before the formation of the SCF,
mainly the photo-induced carriers are trapped because
the detrapping rate is always zero. So, during the
formation of the SCF, we have vz, # 0, vg; # O,
ro =r, =0, T # 0, and Ty =~ T} ~ 0. Also, if
the condition of g/N; < T; < N; is fulfilled, we can
obtain pg ~ g/T}, v ~ Ti + 4.4pg, wa ~ 29 + 3.4p2,
wi ~ kg/Ti, fo ~ —gm and f1 = 0.

Figure 2 shows the case of deep traps. R; re-
duces and @; deviates from 90° with the increase of
the intensity I;. This result suggests that using a low

intensity we can improve the diffraction efficiency and
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the coupling coefficient of two-wave coupling for deep

traps. Figure 2(c) shows that the two response rates  that of the erasure process in Ref.[21].
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Fig.1. The relations between: (a) the amplitude of the steady-state SCF R; and the total incident intensity I;; (b)
the phase of the steady-state SCF ®; and the total intensity [;; (c) the two response rates and the total intensity
I;, at E;=100V/pm and k = 200 for the case without traps.
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Fig.2. The relations between: (a) the amplitude of the steady-state SCF R; and the total intensity I;; (b)

the phase of the steady-state SCF &; and the total intensity I;; (c) the two response rates and the total
intensity [;, at E;=100V/um, k=200 and T;=8, for the case of deep traps.

are all linear functions of I;. This result agrees with
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3.1.3. Case with high-density traps

When the trap density is very high, even close
to that of the initial acceptor density N;, we could
consider approximately To = T; and 77=0 during the
formation process of the SCF. Thus we have p ~ ¢/Ti,
v &~ T, wd ~ 29, w? ~ kg(1/N; + 1/T3), fo =~ —gm
and f; = 0. According to Egs.(6) and (7) we no-
tice that R; and &, are independent of I;. Let-
ting T} = 1 x 10%, we obtain R; ~ 50V/um and
&, ~ 179.35°. This means that we cannot have phase
shift grating. Figure 3 shows that 7';11 reduces weakly

with the increase of I;, and 7, 12 is a linear function of

sC
I;. Actually, because 7';11 is very large, we can com-
pletely neglect its effect, indicating that the formation
of the SCF is in a single exponential form for the case

of high-density traps.
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Fig.3. The relations between ‘r's_cl1 o and the intensity

I; for the case of high-density traps.

3.2. Cases where f is a function of time

When we must consider the transient processes
of trapping and detrapping, f becomes a function of

time. The real form of the SCF can be expressed as

*

E E
E(z,t) =Ey + éexp(ikm) + 21 exp(—ikx)
:EO + R1 [COS(]CCU + @1) — R4
x exp(—t/7p) cos(kz + @1 + P1) — Ry

X exp(—t/7sc 1) cos(kx + 1t + &1 + Do) — Rs

X exp(—t/Tsc 2) cos(kz + (2t + &1 + P3)],
(10)

where R;, Rsz and R4 are the amplitudes of

(-2 f)H-225) 0-27)]

and AlAz_—l, respectively; and @5, $3 and @, are
0
their phases, respectively. Other parameters are same
as those in section 3.1.
According to the expressions of rq, r1, Ty, T1, and

Eq.(3), we give the coefficients

g
po & ;g[(‘lTiro +9)(1+4g/TA)]M?,

7’ ~ 111 + 4-4p07
wh ~ po(T} + 3.4p0) + g,

2
wr = kpo,

r1Tipo(Nipo + 9)
Ni(po + 10)?

for —gm —

r1Tipo(roN; — g)

L~ Ni(po +70)?2

where we take into consideration a condition of r; +
1< T < N

Figure 4 illustrates the relations between Ry, &,
and the intensity I; for k=25 and 200. Firstly, com-
paring Fig.4(a) with 4(c) and Fig.4(b) with 4(d), we
know that the reducing grating vector k can improve
R; and &;. Secondly, we can see that, when the inten-
sity is low, Ry rises rapidly and then remains constant
for high trap density 7;. But, in the case of low trap
density T;, R reaches a maximum and then reduces
with the enhancement of I;, especially for a low grat-
ing wave vector k. Also, if k is low (such as k=25)
R, can once more rise after it arrives at a minimum.
These results have been experimentally found in inor-
ganic PR crystals and can be explained by two types
of carrier with multiple-trap-level models.['®] But we
can directly obtain this from the basic equation. @ is
also a function of the intensity I;, the applied electric
field Ej, the grating wave vector k, and the trap den-
sity T;. For high trap density 7;, ®; is nearer to 90°
at low intensity than at high intensity. For low trap
density T}, @, is near to 90° at high intensity. Also,
by reducing the trap density 7; we can observe a 90°
phase shift.
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Fig.4. The relations for a general case of traps between: (a) the amplitude of the steady-state SCF
R; and the total intensity I;; (b) the phase of the steady-state SCF &#; and the total intensity I,
when E;=100V/pm and k=200; (c) the amplitude of the steady-state SCF R; and the total intensity
I;; (d) the phase of the steady-state SCF ®; and the total intensity /;, when E;=100V/um and k=25.

Figure 5 plots the relations between the response
rates and the intensity I;. Firstly, by comparing
Fig.5(a) with 5(c), we can see that whether k=25 or
200, 7'5211 is always a superlinear function of I;. But
T;CIQ is not the case. When k=25, it is a sublinear
function of I; and with the decrease of T; it becomes a
nonlinear function such as T;=15, whereas if k=200, it
is a superlinear function (see Figs.5(b) and 5(d)). In
Ref.[21], both response rates are sublinear functions
of the intensity I;. This may be because of the dif-
ferent material parameters and the different applied

electric fields F;. In fact, if expressing these relations

11 o I, 1 x I and 7',;1 o I, then we

as T, sc 2

SC

have 1 > 1, £ > 1 (when £ is large) or 2z < 1 (when
k is small), and 3 > 1. Next, from Fig.5 we find that
increasing the trap density 7; can improve the fast re-

-1
sponse rate 7. ; and reduce the slow response rate

7_12 and 71 ! implying that raising the trap density

sC

T; can increase the difference between the fast and
slow response rates. Figure 5(e) gives the curves of

7'1?1 versus I;. Comparing the three response rates,
we know that Tszll is the fastest and 7'1?1 is near to
-1

Tse 2+
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Fig.5. The relations for the general case of traps between the three response rates and the total intensity: (a)

T;ll versus I; at E;=100V/pum and k=200; (b) 7';12
at F;=100V/um and k=25; (d) 7__

4. Experiments

The PR sample is a new composite, in which
40 wt% liquid crystal 4,4’-n-pentylcyanobiphenyl
(5CB) as chromophores and 0.2 wt% Cgp as a sen-
sitizer are doped into the conductive polymer N-
vinylcarbazole (PVK). This PR composite has been
described in detail in Ref.[14]. The thickness of the
sample is about 100um and the glass transition tem-
perature Ty ~ 40°C. Using the usual wave-mixing
method, we have measured the build-up processes of
grating at an operated wave length of 632.8 nm. We
have obtained the two response rates 7'5_01172 through
fitting the experimental data to the square of a bi-

exponential function. The tilted angle of the sample

versus I; at E;=100V/pum and k=200; (c) 75211 versus I;
12 versus [; at E;=100V/pum and k=25; (e) T,;l versus [; at E;=100V/um.

normal with respect to the symmetric axis of the two
writing beams was kept at 40°. The inner intersection
angle of the two overlapped beams and the applied
electric field were kept at 37° and 60V/um, respec-
tively. Four different total incident intensities were
adopted: 0.859, 0.719, 0.557 and 0.468 W /cm?. The
ratio of the two writing beams was kept at 2:1. Figures
6 and 7 show the relations of the steady-state diffrac-
tion efficiency (n**) and the response rates (75211’2)
with respect to the total incident intensity (I;). It
was found that n° decreases monotonically with the
increase of the total incident intensity. This agrees
with Fig.4(a) in the high-intensity region for the low

trap density. In fact, the lowest-intensity irradiation
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0.468 W/cm? in our experiment is still so high that
we do not find the increase of 7*° with the inten-
sity as the results in Fig.4(a) for the low-intensity
region. However, many experimental results about
the relations between 7° and I; in PRPs, reported by
other researchers,®!l can confirm our theoretical re-
sults (Figs.6 and 7 in Ref. [31]) A superlinear relation
between the response rate . 1 and the total incident
intensity is clearly seen in Flg.?( ). This agrees with
the theoretical result in Fig.5(a) for low trap density.
From Fig.7(b) we find that the response rate 7., in-
creases linearly with the intensity for the first three
intensity values. However, the response rate 7, 12 rises
rapidly for the fourth intensity value. We suppose that
a superlinear relation between the response rate 7,

and the intensity will occur if the intensity is further

improved. So this result is in agreement with Fig.5(b)

4.0 1
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Fig.7. Experimental results of the relation between the response rates 7__

( ) sc 17(b) 7-s

and the total incident intensity I;:

5. Conclusions

As mentioned in the introduction, the dependence
of the space-charge field in photorefractive polymers
on the total incident intensity have been studied and
discussed. The results obtained show the following:
/2 For

Tac 1 2 X I;. For the case

—1
g o I

1. For the case without traps s 1,

the case with deep traps, T
with high-density traps, 7, 1 is nearly a constant and
To'2 T o I
(z1 > 1) and TSC 5 x I (xg9 < 1 for small grating vec-
tor k) or 7%, oc I

o I;. For the general case of traps, 7.

(z2 > 1 for large grating vector
k). Also, with the increase of trap density T, both x4
and x5 become close to unity.

2. For the case without traps, the amplitude of
the steady-state SCF increases monotonically with the

total incident intensity. But, if the trap levels are deep

for the low trap density. Also, we can conclude that
the samples PVK:5CB:Cgy used in our experiments
belong to the case of low trap density.

0.1607 \
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Fig.6. Experimental results of the relation between
the steady-state diffraction efficiency n*® and the total

incident intensity I;.
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and the density is not high, it reduces monotonically
with the total incident intensity. For the case of high-
density traps the steady-state SCF is independent of
incident intensity. For the general case, with the rise
of intensity it first increases and reaches a maximum,
then either remains at the maximum for high trap

density, or falls for low trap density.

3. In the intensity region of our experiments, the
steady-state diffraction efficiency reduces with the to-
tal incident intensity. There is a superlinear relation
between the response rate and the total incident in-
The samples PVK:5CB:Cgq used in our ex-

periments belong to the case of low trap density.

tensity.

All of the results suggest that the properties of
static and temporal SCF are strongly dependent on
the trap level and quantity.
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