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Recent Advances in Understanding and Development
of Photorefractive Polymers and Glasses

By Oksana Ostroverkhova, Daniel Wright, Ulrich Gubler, W. E. Moerner,* Meng He,

Angela Sastre-Santos, and Robert J. Twieg

The photoconductive, orientational, and photorefractive properties of monolithic glasses based on new nonlinear optical chro-
mophores containing a 2-dicyanomethylene-3-cyano-2,5-dihydrofuran (DCDHF) acceptor group are presented. Large net gain
coefficients are observed in both red and infrared wavelength regions. The physical and optical properties of glasses based on
various DCDHF-containing derivatives are compared and analyzed, and the factors limiting steady-state and dynamical photo-

refractive performance are discussed.

1. Introduction

For many years, considerable research efforts have been di-
rected toward exploring the interaction between light and mat-
ter for the prospective replacement of electronic devices with
faster, more sensitive, and more reliable all-optical devices.
Therefore, materials whose optical properties are sensitive to
light, including nonlinear optical materials, have attracted at-
tention. An important class of nonlinear optical materials is
photorefractive materials in which a refractive index change is
induced by non-uniform illumination via a space-charge elec-
tric field formation and the electro-optic nonlinearity.!"! These
materials are of interest due to potential applications in optical
data storage, optical computing, image processing, phase conju-
gation, and many others.>* The photorefractive (PR) effect
was first observed in 1969 in LiNbO5 and LiTaOj5 crystals,* a
discovery that launched extensive studies of the effect in inor-
ganic materials. With the first demonstration of photorefractiv-
ity in polymers in 1991,°) the field of organic PR materials
emerged and has developed significantly since then.!*”) PR or-
ganic materials are technologically attractive due to their low
cost, ease of fabrication, and chemical tunability.[S]

The PR effect in organic materials comprises various pro-
cesses such as charge photogeneration, transport, and trapping
that contribute to a space-charge field formation, with a subse-
quent reorientation of the nonlinear optical chromophores in
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the space-charge field.® Due to the complex nature of the ef-
fect, the design of an “ideal” photorefractive material with
good steady-state and dynamic PR performance as well as
good thermal properties represents a challenge.'“!") The rea-
son is that characteristics of materials that are beneficial for
the steady-state performance could be detrimental for both the
PR dynamics and thermal stability. For example, materials pos-
sessing high dipole moments and containing high trap densities
are required for the best steady-state performance. However,
these properties lead to slower PR dynamics due to the in-
crease in disorder and, as a result, decreased charge carrier
mobility."””! Also, strong dipole—dipole interactions lead to a
variety of instabilities, in particular, dye aggregation,['’! crystal-
lization and phase separation,[“’lsl which shortens the material
shelf life and, therefore, makes the material unsuitable for
applications.

There are various approaches to creating a PR organic mate-
rial.®l The most extensively studied systems are currently poly-
mer composites that contain photoconducting polymers (to
provide a charge transport medium), sensitizing agents (to as-
sist in charge photogeneration), nonlinear optical chromo-
phores (to create an electro-optic response), and plasticizers
(to lower the glass-transition temperature and promote the
orientational enhancement effect).[ﬁ’gl In such composites
substantial progress has been achieved in understanding the
figures-of-merit,*1®!"! structure—property relationships,'®!
fluence of relative position of HOMO levels of a sensitizer,
photoconductor, chromophore, and plasticizer on charge gen-
eration, 112l transport,[w’ﬂ‘zz] trapping dynamics,[w’B] sample
history dependence,[10'24’25] etc. The best systems reported thus
far have a response time in the millisecond range®*?”! and
exhibit photorefractive gain coefficients of ~400 cm ¥ and
near 100 % diffraction efficiencies™! at applied electric fields
~100 Vum™.

Much less explored systems include fully functionalized poly-
mers, in which all the necessary components for the PR effect
are embedded in one structure,[30‘33] and multifunctional
monolithic organic glasses.®**) Although the tunability of
photorefractive properties by changing various components in

in-
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the composite is lost, there are apparent advantages of organic
glasses with respect to composites. It is known that a high con-
centration of the nonlinear optical chromophore is required to
produce large refractive index modulations. In polymer com-
posites, this may lead to phase separation and crystallization,
which compromises the optical quality and, therefore, device
performance and durability. In contrast, monolithic glasses pos-
sess large nonlinearities without stability problems due to
phase separation. Also, incorporating all the functionality into
a single component minimizes inert volume, which otherwise
limits the change in refractive index that can be achieved. Simi-
larly, for facile charge transport via hopping, the transporting
molecules should also be present in high volume fraction. Si-
multaneously maximizing the volume allotted to transport and
the volume allotted to nonlinearity is easily achieved with a
monolithic glass based on a multifunctional molecule.

Several approaches to glass-forming low molecular weight
compounds have been proposed in the literature.®®! One ap-
proach is based on utilizing the photoconductive properties of
known charge-transporting moieties such as carbazole.® An-
other approach is to maximize the dipole moment (x) and po-
larization anisotropy (Aa) to take full advantage of the orienta-
tional enhancement mechanism! in low T, materials.***"]
Although high gain coefficients of up to 80 cm™ at 40 Vum™
were achieved,*® the response times in these materials are on
the order of 100 s, which is much slower than the observed re-
sponse times for polymer composites that can be as low as a
few milliseconds at 1 W cm™=.126%7]

Recently, our group reported a new nonlinear optical chro-
mophore, 2-dicyanomethylene-3-cyano-5,5-dimethyl-4-(4’-di-
hexylaminophenyl)-2,5-dihydrofuran (abbreviated as DCDHF-
6), that, when incorporated into a PVK/BBP/Cgy composite,
exhibited high two-beam coupling gain
coefficients of 400 cm™ and sub-second re-
sponse times at applied electric fields of

2. Results and Discussion

2.1. General Materials Properties and Thermal Properties

The chemical structures of the five DCDHF derivatives used
in our studies are provided in Table 1. These five individual
chromophores represent some of the general structural motifs
that are being examined in a larger family. All five of these
chromophores contain a dialkylamine donor group and a 2-di-
cyanomethylene-3-cyano-2,5-dihydrofuran acceptor group that
are connected by either a benzene ring as in 1-4 or a styrene
link as in S. The different alkyl groups in the amine donor are
n-hexyl in 1, 2, and 4, n-octyl in 3, and 2-ethylhexyl in 5. The
length and branching in the amine donor tails mostly influence
the thermal properties of these chromophores. In the acceptor
portion of the chromophores the substituents at the 5-position
are also varied. In chromophores 1, 3, and 5 there are a pair of
methyl groups, in 4 there is a single methyl group and a single
trifluoromethyl group, while in S there is a cyclic heptamethy-
lene unit. Here again the main influence of these different
groups is on the thermal properties although in the case of 4
the fluorination of the single methyl group also provides a not
insignificant influence on the electronic properties by means of
an inductive effect. This chromophore family is particularly
interesting because the opportunity exists to systematically
change structure in the acceptor heterocycle portion that is of-
ten not possible with other acceptor groups. For example, the
introduction of the ring in the acceptor of 2 represents an at-
tempt to influence the overall aspect ratio of the chromophore,
which, in turn, may influence propensity for reorientation and
possibly response speed. The introduction of the trifluoro-
methyl group in 4 represents an attempt to break the symmetry

Table 1. Optical and thermal properties of DCDHF derivatives.

-1 [28] 1y; ; ; o w NS Compound Amax Emax Tyla] Mp[b]  Teecla] T4 [c]
100 Vium . Differential scanning calorim , Y = (THF) [Lem'mol'] [C] (DSC) [C] (TGA)
etry (DSC) analysis showed that the st/ Joc [nm] [°C] [°C]
DCDHF-6 chromophore itself can form an —
amorphous organic glass.’®! High gain coeffi- A "5 { DC](DII;F'ﬁ 491 72500 19 129 91 320
cients of ~150 cm™ at an applied field of .
only 25 Vum™ observed in DCDHF-6-based 4 1™ bepHEs. o 700 5 s e s
photorefractive glasses®! prompted us to CIM (2)
extend our exploration to a number of addi- C
. . . . NG N -
tional DCDHF derivatives. In this paper, we SOSS o DC]();;IF 8 492 76700 1 123 78 322
present a detailed study of several photore- -
fractive organic glasses based on DCDHFE 00 " = Dgg‘gf' 520 75800 17 130 Stable 310
We analyze both steady-state and dynamical o
photorefractive performance of these glasses 3 @J_?/ACN DCDHE.
at the wavelength 1 =676 nm when sensitized >~~~ EHV () O 50900 2 100  Stable 309

with Cgy and at =830 nm when sensitized
with  (2,4,7-trinitro-9-fluorenylidene)maloni-
trile (TNFM). Photoconductivity, birefrin-
gence, and chromophore reorientational
mobility as well as their contribution to the
photorefractive speed are discussed.

[a] T, and T, are determined by heating samples at 10°Cmin™" that had been previously melted and
then quenched to glasses at different rates. The quench rate is 10 °C min™! unless the value is underlined
(5°Cmin™") or accompanied by an asterisk (30°Cmin™"). [b] M, is determined by heating a new sol-
vent-crystallized sample at 10°C min™". The recrystallization from a glass phase is often observed when
a glassy sample is heated (again at 10 °Cmin™"), continued heating will melt the sample again (usually,
but not always, at M,). [c] Ty, the decompostion temperature, is determined from a combination of
DSC and TGA events.
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of the molecule and perhaps favorably influence the glass prop-
erties. At this juncture it is premature to conjecture about any
general influences or combination of influences due to these
structure changes. A more comprehensive study of specific
structure—property relationships is underway and will be re-
ported elsewhere.

The glass-transition temperatures (7,), melting points (M),
re-crystallization, and decomposition temperatures (7., and
T, respectively) of the glasses used in our studies are also re-
ported in Table 1. Although many DCDHEF derivatives stud-
ied can form a glassy state, amongst the compounds studied
here only 4 and 5 formed a stable glass that did not crystallize
over the time frame of four months so far. All other glasses
were thermodynamically unstable and eventually crystallized
over a period of 2-8 weeks depending on the chromophore.
Also, the glassy state in these chromophores could usually
only be achieved when the melt is cooled with a rate faster
than 5°Cmin". This is illustrated in Figure 1, which shows the
modulated differential scanning calorimetry (MDSC) curves
obtained for DCDHF-6 as a function of cooling rate. Since

5
DCDHF-6
— 01
=
=
3 5
= 5 _-10
— = 5
< O <
2 S —-15
T 104 7%: \
g8
5% 20
0 20 40 60
-15 T T T T T T T T
40 20 0 20 40 60 80 100 120 140

Temperature T ['C]

Fig. 1. Modulated differential scanning calorimetry curves of DCDHF-6 (1) upon
heating. For fast (10°Cmin™' (dashed line) and 20 °Cmin™' (solid line)) cooling
of the melted samples, glass-like behavior (7, =19 °C) is observed with an irre-
versible exothermic crystallization peak at 85 °C. For slow cooling (5 °C, dotted
line), the sample is crystalline, and only the endothermic melting peak at 128 °C
is visible. The inset displays the region around 7,. Reprinted with permission
from [38].

this thermal behavior imposes strict sample preparation condi-
tions, we investigated possible ways of stabilizing the glassy
state. We found that if pairs of chromophores were mixed to-
gether with 1:1 weight ratio, a stable glass could be achieved
in some cases. Two such mixtures, DCDHF-6/DCDHF-6-C7TM
(mixture 6, T,~23°C) and DCDHF-8/DCDHF-6-C7M (mix-
ture 7, T, ~20 °C), were prepared and characterized.

2.2. Optical Properties

Absorption spectra of chromophores 1, 4, and 5 are pre-
sented in Figure 2. The spectra of 2 and 3 (not shown) were
found to be almost identical to that of 1. The wavelengths at
which the absorption maximum occurs (An.x) as well as the
molar absorption coefficients (enay) obtained for chromo-

Absorption [a.u.]

Wavelength A [nm]

Fig. 2. Normalized absorption spectra of DCDHF-6 (1), DCDHF-6-CF3 (4), and
DCDHF-2EH-V (5) in chlorobenzene.

phores 1-5 dissolved in tetrahydrofuran (THF) are shown in
Table 1. The structures of 1, 2, and 3 are very similar except for
some changes in the aliphatic content on the donor and accep-
tor portions of the chromophores and the absorption spectra
differ little. In the case of 4 the introduction of the trifluoro-
methyl group enhances the electron deficiency of the acceptor
group and the absorption maximum is red shifted by about
30 nm. In the case of chromophore 5 the extension of the con-
jugation system by a single double bond results in a red shift of
about 80 nm.

All glasses, except for 5, yield low absorption coefficients at
the wavelengths 4 =676 nm and A =830 nm. This makes them
good candidates for photorefractive (PR) studies in the red
(upon Cg sensitization) as well as the near-infrared (upon
TNFM sensitization) wavelength region since the absorption in
the sensitized compounds is mostly due to the sensitizer, which
is the optimal situation for a PR organic material.®! Indeed,
the glasses 1-4, 6, and 7 sensitized with 0.5 wt.-% Cg or with
0.5 wt.-% TNFM yielded similar absorption coefficients (a) of
9-22 cm™ at =676 nm and 1 =830 nm respectively, as indi-
cated in Table 2. Glass 5 sensitized with 0.5 wt.-% TNFM was
used in our PR experiments at 4 =830 nm, although even at
this wavelength the absorption coefficient measured in these
samples (a~114 cm™) was rather high due to absorption tail
observed in this more highly conjugated compound (Fig. 2).
This provides undesirable background absorption, which in this
material counteracted the rather high PR gain coefficient (I),
so that fields above 50 Vum™ were required to achieve net
gain (I'-a).

2.3. Photoconductive Properties

The first step in the PR grating formation is the creation of a
space-charge field under non-uniform illumination. This pro-
cess is governed by photoconductivity, which is a complex char-
acteristic that combines charge carrier photogeneration, drift
mobility, trapping, and recombination.'”! The rates describing
these processes determine the dynamics of space-charge field
formation as well as the maximal space-charge field achievable
in a given material under certain conditions."*!! In the sim-
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(- B Table 2. Photoconductive, orientational and photorefractive properties of DCDHF-based glasses.
E Compound 76 a9 Teslal Tiwo[b]l 7 '[c] Fanloss ouule] o [f] ks K [h]  Ka[i]
fem™] [em™] [em] [em'] [s7] (4] [pSem] (676nm) [g] [s'] [s"
:II %] [pS/cm]  [s]
: 1/Ceo 12.7 - 173 - 0.6 17 0.08 1.75 0.4 0.41 0.002
[T 2/Ceo 12.9 - 41 - 0.061 4 0.1 1.25 0.021 0.06 0.032
3/Cso 19.2 - 57 - 1.22 - - - 68 2 1.4
4/Ceo 19.9 - 149 - 0.116 2 0.07 0.56 1.3 0.21 0.027
6/Ceo 12.2 - 158 - 0.022 28 0.13 2.17 0.03 0.016 0.0015
7/Ceo 16.3 - 93 - 0.126 18 0.04 24 1.2 0.56 0.005
1/TNFM - 9.2 - 129 0.12 2 - - - - -
4/TNFM - 21.8 - 27 0.007 - - - - - -
5/TNFM - 113.6 - 76 0.088 - - - 0.025 - -
6/TNFM - 10.8 - 117 0.005 - - - - - -
7/TNFM - 10.4 - 49 0.018 - — - — - -

[a] Wavelength 1 = 676 nm, electric field E = 25 V um™, total writing intensity / = 100 mW cm™. [b] A = 830 nm,
E =45V um™, I =100 mW cm™. [c] Ceo-sensitized compounds: 2 = 676 nm, E = 20 V um™, I = 100 mW cm™;
TNFM-sensitized compounds: 2 = 830 nm, £ =45 V um™, /=100 mWcem™. [d] E=30 V um™, /=100 mW cm ™.
[(] E=20Vum™ [f] E=20Vum™, I =25 mWem™ [g] E =20V um™. [h] 2 = 676 nm, E = 20 V pm™",

I=800 mWem™. [i] A =676 nm, E=20 V um™.

plest PR model developed for inorganic crystals, the rate of
space-charge field formation (ksc) has the simple relationship
to the photoconductivity!'! (0pn): ksc~0pn/(€0), With &y and ¢
being the electric permittivity of vacuum and dielectric
constant, respectively. Although in organic materials the rela-
tionship between kgc and opy, is more complicated than in inor-
ganic crystals due to a strong electric field dependence of
charge generation and drift mobility,[“)’”] the proportionality
of ksc and opy, still holds. Thus, similar incident light intensity
dependencies of ksc and o, are expected.[%] Therefore, if the
PR grating formation speed is limited by the space-charge field
dynamics, i.e., photoconductivity, rather than chromophore re-
orientation, then both the PR speed and photoconductivity
should similarly depend on incident light intensity.

The incident light intensity dependence of photoconductivity
observed in samples 1, 2, 4, 6, and 7 sensitized with Cgy at an
electric field of 20 Vum™ at the wavelength A=676 nm is
shown in Figure 3. Comparing the photoconductivities of all
the compounds at a light intensity of ~10 mW cm™, we note
that the samples 1/Cg, 6/Csp and 7/Cqp possess approximately
equal values of photoconductivity, while the photoconductivity
of the samples 2/Cgy and 4/Cg is lower. Since carrier drift mo-
bility depends on the temperature relative to T, the higher T,
of the sample 2/Cg (T, =33 °C) could explain the lower photo-

Photoconductivity 6,,, [pS/cm]

conductivity in this compound.[11’40] The lower photoconductiv-
ity in the compound 4/Cgy could be attributed to a higher
ionization potential of chromophore 4 (I,=5.61 eV) in com-
parison with that of chromophore 1 (I,=5.56 eV) that leads to
a reduced charge photogeneration efficiency.”")

In most compounds, the dark conductivity was at least an
order of magnitude smaller than the photoconductivity at light
intensities above 10 mW cm™ at a given applied electric field.
The dark conductivity and photoconductivity values measured
at an electric field of 20 Vum™ and incident light intensity of
25 mW cm are summarized in Table 2.

It is possible that charge transport in these types of glass
depends on the microscopic morphology that could be affected
by the thermal history of the sample, namely, cooling rate dur-
ing the sample preparation. Nevertheless, all glasses exhibited
almost a linear intensity dependence of the photoconductivity
(opn), with the exponent a of the power law o, ~ I* ranging be-
tween 0.9 and 1.1. The inset of Figure 3 illustrates the power
law fit for the compound 7/Cq, which yields the exponent
a=1.05+0.05. Compared to PVK/Cgp-based photorefractive
composites, the photoconductivities of DCDHF/Cg, glasses are
of the same order of magnitude,” which suggests similar
charge redistribution rates in these two classes of materials.

2.4. Birefringence
—o— 1Cg 676 nm
—— 6/Cqp 20 V/um v . . . .
U o 21cqg / To evaluate the size of the potential nonlinear optical re-
—e— 7Cs0 sponse as well as to probe orientational mobility of the chro-
4/C, . . .
T mophores, we performed transient ellipsometry experiments.

Figure 4 shows the time evolution of the refractive index

0.1 change due to the chromophore orientation in the external
/ 1 05005 electric field of 25 Vum™ at room temperature (RT) of

7Cs0 ~21°C. For convenient comparison of the dynamics, the bire-

01 ‘ fringence (An) is normalized by the values obtained at a time

0.01 | 1 : ‘0 0 t=100 s after the electric field was turned on (Anyq). The rise

Light intensity / [mW/cm’]

Fig. 3. Photoconductivity obtained in the compounds 1/Ceg, 2/Ceo, 4/Ce0, 6/Ceo
and 7/Cgp at =676 nm with an electric field of 20 Vum™ as a function of light
intensity. The inset shows the power law fit o~ I, performed in the compound
7/Cqp, with the exponent a close to 1.

of the birefringence An was fitted to either a single exponential
(An~ C[1-exp(—kgr?)] with C a constant) or stretched expo-
nential function (An~ C[l-exp(~kggrt)?]). Single exponential
behavior at RT was characteristic of glasses with glass-transi-
tion temperatures (7,) below RT. These included compounds
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An/An,

Time [s]

Fig. 4. Transient behavior of electric field-induced birefringence in the com-
pounds 2/Cep, 3/Cep, 4/Ceo, and 5/Cg. The orientational dynamics appears over
several orders of magnitude in time depending on the T of the glass. The solid
curve illustrates a single exponential fit to the data for compound 4.

1,3, 4, and 7. Glasses with a T, above RT (compounds 2, 5, and
6) showed more dispersive behavior, with the parameter
p=0.46+0.01 (=1 corresponds to no dispersion) and much
slower chromophore orientational mobility (Fig. 4). Decay
transients exhibited similar behavior to rise transients, but with
faster response times. This could be evidence that the Debye
rotational diffusion model,*"! which describes the reorientation
of a rigid dipolar molecule in an isotropic medium, approxi-
mates the orientational processes in our materials well.[2!

The orientational mobilities characterized by the coefficient
kgr introduced above for the glasses studied are presented in
Table 2. As is apparent from Figure 4 and Table 2, the relative
value of T, with respect to RT crucially affects the chromo-
phore orientational mobility, and several orders of magnitude
improvement in orientational speed could be achieved by ad-
justing the T, of the chromophore or ambient temperature.
The study of temperature dependence of various processes in
the DCDHEF glasses is currently in progress and will be report-
ed elsewhere.

Figure 5 shows the dependence of the refractive index
change (An) on the electric field. For several compounds (1, 3,
4, and 7), the values of An plotted in Figure 5 represent the
steady-state values. For compounds in which the transients did
not level off within the duration of our experiment, the refrac-

le-2{ | ™1
—+—3
—~V— 5
- —— 4
; —v—2
T ores | 7
8 —— 6
Qc)o y /
£
c A
° le-3 A
F led b=1.92+0.10
led 4, a
976 nm 560
le-5 T T T j - ' '
5 10 15 20 25 30 35

Electric field E [V/um]

Fig. 5. Birefringence of 1-7/C¢y, compounds evaluated at time ¢=100 s after the
electric field of 20 Vum™ is applied. The solid lines are guides to the eye. The
inset shows the power law fit An~ E?, performed in the compound 6/Cqp, with the
exponent b indicating almost quadratic dependence.

tive index change (An) was evaluated at time r= 100 s after
the electric field was turned on (Anigy). The Anqgo in most of
our compounds are among the best values reported,“él reach-
ing nearly 10~ at an electric field of 30 Vum™ at a far-from-
resonance wavelength 1 =976 nm.

In most compounds, the birefringence values Anjo were
found to follow an almost quadratic dependence on the electric
field at fields £<30 Vum™, as expected for Kerr orienta-
tion."’! As an illustration, the power law fit An~ E° performed
for the compound 6/Cg that yields the exponent b =1.9210.10,
is shown in the inset of Figure 5. However, in the compound
7/TNFM, the birefringence leveled off at an electric field of
~25 Vum™ that indicates the saturation of electric field-in-
duced molecular re-arrangement in this glass.

2.5. Photorefractive Properties
2.5.1. At 676 nm

The photorefractive gain coefficient for Cgo-sensitized
glasses at the wavelength of 676 nm as a function of applied
electric field is shown in Figure 6. In particular, Figure 6a illus-
trates the PR performance of the compounds 1-4/Cgy, While
Figure 6b depicts the gain coefficients in the samples made
from mixtures 6/Cqy and 7/Cg. Out of the compounds 1-4/Cg,
only 4/Csy was thermally stable. Therefore, by performing PR

a) 350
4/C¢)
300 A
— o 3 676 nm
' 1/C 100 mW/cm®
E 250 1 " 60 mWem ¢
[t v 2/Cq [ ]
2 200 B
g .
Q
Q o
£ 150 " o
<] o
Q
£ 100 A
<
© 50 4 [ ] s e} (o}
& o v v
o] v v
0o--2 2 M ; ‘ ‘
10 20 30 40
Electric field E [V/um]
b) 350
A
300 e 7Cs 676 nm
—.'; A 6/Cq 100 mW/em®
5, 250 4
A A
g 200 4
2
Q
= A
5 150 A
o
(5]
] J A
= 100 . ° . .
]
50 A A
L]
}
0 g T T T
0 10 20 30 40

Electric field E [V/um]

Fig. 6. Gain coefficient of Cgo-sensitized compounds as a function of electric field
at the wavelength of 676 nm, 1:1 beam ratio, and 100 mWcem™ total writing

beam intensity in: a) “pure” compounds 1-4/Cg; b) mixtures 6/Ceo and 7/Ceo.
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experiments on chromophore mixtures 6/Cqy and 7/Cg that
form a stable glass, we sought good thermal properties com-
bined with high gain coefficients. Indeed, the mixture 6/Ce
exhibited gain coefficients as high as those of the best “pure”
compound 1/Cqy. However, the dynamical PR performance
worsened due to increased T, and, possibly, complicated mo-
lecular arrangement in the bulk that hindered re-orientation.
The thermally stable mixture 7/Cg is characterized by a rea-
sonable PR response time for the DCDHF glasses that will be
discussed further in the text. However, the gain coefficient in
this material is ~100 cm™ at an electric field of 30 Vum™
(Fig. 6b), which is below the gain coefficients observed in other
DCDHEF derivatives.

Several glasses exhibited net gain coefficients as high as
200 cm™ at electric fields of ~30 Vum™, which is the best
value reported so far at such low electric fields. Since the re-
quirement of high applied electric fields is one of the major
materials concerns for photorefractive organic materials, the
DCDHF-based glasses described here represent a significant
improvement in material design since the net gain in these
materials is achieved at an electric field as low as 5 Vum™.
The gain coefficients achieved at an electric field of 25 V um™
are summarized in Table 2. An error in gain coefficients (Ta-
ble 2) was ~10% as estimated from the spread of values
observed in different samples made of the same compound. Al-
though the two-wave mixing experiments were conducted
under conditions minimizing the beam fanning effect!*!! and se-
parating time scales of the beam coupling and fanning,
strong fanning prevented the PR measurements at electric
fields higher than 30-40 V um™ depending on the material.

The PR response speed, defined as the inverse time constant
(rg'l) obtained by single exponential fits of the gain®®! ob-
served at an applied electric field of 20 Vum™ and total inci-
dent intensity of 100 mW cm2, is shown in Table 2. As seen in
Table 2, the response speed rg’l is quite slow, ranging from 0.06
to 1.2 s! depending on the compound. Although rg’l is an im-
portant characteristic for applications that utilize the beam
coupling properties of the PR material, the dynamics of the re-
fractive index change is assessed more directly using the four-
wave mixing geometry.m Therefore, to probe the dynamics of
grating formation and erasure, we performed a degenerate
four-wave mixing (DFWM) experiment. The grating dynamics
was described by either a single exponential function
(7 ~sin®[C (1-exp(—«,t))] for rise ory ~sin’[C exp(—k.t)] for era-
sure) or a stretched exponential (37 ~ sin’[C (1-exp(~(i.1)?))] or
(7 ~sin?[C exp(—(kr)?)]). The parameters «, and k. are taken
to be characteristic of the PR dynamical performance and
referred to as the PR rise and erasure speed, respectively. The
experiment was performed as a function of total writing beam
intensity, in the case of grating formation, or erasing beam
intensity, in the case of grating decay.

We found that in all of our compounds both the rise and
erase PR speed had a sublinear intensity dependence, which in
our case is an indication of PR speed being limited by chromo-
phore orientation.*®! Figure 7 shows the PR erase speed k. as
a function of erasing beam intensity obtained at an electric
field of 20 Vum™ in the chromophores 4, 6, and 7 sensitized
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Fig. 7. PR grating erasure speed k. as a function of erasing beam intensity
obtained in DFWM experiment at the wavelength of 676 nm and electric field of
20 Vyum™.

with Cg. In mixtures 6/Cgy and 7/Cgg, the PR erase speed k.
saturated at a light intensity of ~70 mW cm™ at values ~0.02
and 0.18 s™! respectively. Although x. of the compound 4/Cg
did not saturate in the intensity range studied, the intensity de-
pendence of k. is clearly sublinear.

The PR speed determined from the DFWM experiment de-
scribes the time evolution of the refractive index change and,
therefore, can be directly compared with the orientational rate
constant kggr introduced in Section 2.4. The PR rise speed «;
obtained for several compounds from the single or stretched
exponential fits of the diffraction efficiency transients at an
electric field of 20 Vum™ and total writing beam intensity
800 mW cm™ is summarized in Table 2. The fact that the PR
rise speed values «, for the compounds 1/Cg, 2/Cgp, 6/Cep, and
7/Ceo are similar to the orientational rate constants kgr deter-
mined by transient ellipsometry (Table 2) supports the conclu-
sion that PR speed in these glasses is orientationally limited.
The PR speed of the compounds 3/Cgy and 4/Cy is consider-
ably below the orientational rate constant, and, thus, at the in-
tensity range studied it could be limited by photoconductivity.
However, the intensity dependence of «, in these compounds is
also sublinear and, therefore, the saturation of the PR speed at
values similar to kgr could occur at higher intensities.

The grating dark decay provides information about the aver-
age shallow trap depth relative to the transport manifold.?]
In polymer composites shallow traps are attributed to chromo-
phores®! or to impurities in the photoconductive polymer.l*!!
In our glasses dark decay may elucidate the degree of energetic
and positional disorder in the glass itself. Values for the dark
decay constant 4 were extracted from fits to the FWM signal
in a manner similar to that for the erasure case described
above. The dark decay speed x4 obtained for several com-
pounds is presented in Table 2. The dark decay speed varied
over three orders of magnitude, which could be evidence that
the shallow traps in DCDHF-based glasses are morphological.
For example, the compound 3/Cgy (7,=1°C) exhibited much
faster dark decay (icq=1.4 s™') than the chemically similar com-
pound 1/Cgy (Ty=19°C, 1q=0.002 s7), which we attribute to
much higher orientational freedom in the compound 3/Cg,
which reduces effective trap depth. However, the Ty is not the
only factor that affects the shallow trap depth as seen from the
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comparison between the dark decay speed of compounds 1/Cg
(Ty=19°C, 14=0.002 s™!) and 2/Cg (Ty,=33°C, kq4=0.032 57),
which suggests the possible influence of the molecular arrange-
ment in the bulk on the trap properties.

2.5.2. At 830 nm

Two-wave mixing experiments conducted at the wavelength
of 830 nm showed that our glasses, sensitized with TNFM, ex-
hibit gain coefficients among the highest reported in the near
IR wavelength region,*® reaching ~170 cm™ at an electric
field of 55 Vum™. Figure 8 shows the electric field depen-
dence of the gain coefficient measured for several glasses at
830 nm. The gain coefficients observed at an electric field of

180
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Fig. 8. Gain coefficient of TNFM-sensitized compounds as a function of electric
field at the wavelength of 830 nm, beam ratio 1:1, and total incident intensity of
100 mW cm™>.

45 Vum™ in several TNFM-sensitized compounds are shown
in Table 2. Out of the five compounds studied at this wave-
length, only one compound (5/TNFM) failed to achieve net
gain (I-a)>0 at the maximum experimental electric field of
50 Vum™ due to a high background absorption due to the
chromophore (Fig. 2).

It is interesting to note that although chromophores 1 and 4
sensitized with Cgy were characterized by similar gain coeffi-
cients at 676 nm (Fig. 6), their performance at 830 nm is quite
different, with a gain coefficient of the compound 4/TNFM
being much lower than that of /TNFM. We attribute such
behavior to much lower charge photogeneration efficiency
(and potentially lower density of photorefractive traps) in the
compound 4/TNFM, which also affects the PR dynamics lead-
ing to a much slower PR response speed (rg’l) of 4TNFM
(~0.007 s™') in comparison with 7, ' of /TNFM (~0.12 s7™).

The infrared PR response speed (rg’l) obtained from single
exponential fits to the gain observed in a two-wave mixing
experiment at an electric field of 45 V um™ and total intensity
of 100 mW cm™ is presented in Table 2. Much slower PR re-
sponse was obtained in most TNFM-sensitized compounds in
comparison with the orientational rate constant kgg defined in
Section 2.4 and PR response speed rg’l of the Cgp-sensitized
compounds (Table 2), suggesting that the PR speed at the
wavelength of 830 nm is limited by photoconductivity. There-

fore, the optimization of the compounds based on DCDHF
glasses for near IR applications would include a search for a
sensitizer that outperforms TNFM.

2.5.3. Beam fanning

Beam fanning refers to amplified light scattering in certain
preferred directions observed in PR materials with high gain
coefficients.*" While there are a number of applications that
rely on beam fanning for their operation,[3g’44] in most devices
this effect is undesirable since the amplified scatter is a source
of noise. Therefore, the best performing materials for applica-
tions such as image processing or holographic data storage
would ideally have the beam fanning effect minimized. Al-
though the amount of optical scattering in the sample can be
reduced by improving sample preparation techniques, the ma-
terial composition can also be crucial. The power loss due to
beam fanning can be measured by monitoring the power of the
beam transmitted through the PR sample as a function of time.
The percentage of fanning-related power loss observed in sev-
eral compounds for a single incident p-polarized beam of
100 mW cm™ intensity at an electric field of 30 Vum™ after
the time r=100 s is presented in Table 2. Figure 9 shows the
dynamics of the transmitted power normalized by the initial
value at time #=0 in the compounds 1/C¢, and 4/Cg, at a wave-
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Fig. 9. Transmitted beam power loss due to beam fanning observed at 676 nm
with p-polarized beam of intensity 100 mW cm™ at the electric field of 30 V um™
in the compounds 1/Cg and 4/Cp.

length of 676 nm, incident beam intensity of 100 mW cm™, and
an electric field of 30 V um™. Both glasses exhibited high gain
coefficients at this wavelength (Table 2), but the fanning is
drastically reduced in the compound 4/Cg, in comparison with
that of 1/Cgp, which demonstrates the utility of different chro-
mophores in reducing fanning while maintaining high gain
coefficients.

3. Concluding Remarks
Organic glasses containing DCDHF derivatives are new

promising PR materials. They are characterized by high
photoconductivity values in the red wavelength region
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(oph~1pS cm™ at a wavelength of 676 nm, electric field of
20 Vum™, and light intensity of ~20 mW cm™) and high PR
beam coupling gain coefficients in both red and IR wave-
length region (I'~200 cm™ at a wavelength of 676 nm and
electric field of 30 Vum™, and I'~150 cm™ at a wavelength
of 830 nm and electric field of 50 Vum™, respectively).
However, in spite of these favorable attributes a number of
issues are yet to be resolved.

One of the issues is low PR speed, which in these glasses
ranges from 0.005 to 1 s depending on the material and the
wavelength. The PR dynamics at a wavelength of 830 nm
seems to be limited by photoconductivity, in particular, charge
photogeneration efficiency, and, thus, can be improved by
optimizing the sensitizer. In contrast, the PR dynamics at a
wavelength of 676 nm in most glasses is limited by chromo-
phore orientation. The orientational mobility can be improved
by several orders of magnitude by adjusting the glass-transition
temperature of the compound, which provides a great potential
for improving the PR speed, a concept that is currently under
detailed study.

Another issue in these materials is strong beam fanning,
which can be minimized by improving design, fabrication, and
purity of the materials. Reduced beam fanning would allow uti-
lization of the extraordinary high gain coefficients that would
be available at higher electric fields (>50 Vum™), which are
inaccessible in current materials.

In addition to photoconductive and PR properties of
DCDHF-based glasses, the thermal stability remains a concern.
The compound 6/Cg, which is the 1:1 (w/w) mixture of ther-
mally unstable glasses 1/Cgy and 2/Cg, formed a stable glass
that exhibited gain coefficients as high as the compound 1/Cgy.
However, the PR speed (k;) obtained in the mixture 6/Cg is
reduced more than an order of magnitude in comparison with
that of 1/Cs (0.41 and 0.016 s™', respectively). The best ther-
mally stable glass that possessed high gain coefficients
(I'~260 cm™ at the wavelength of 676 nm and the electric field
of 40 Vum™) while retaining a PR speed ~0.2 s and com-
paratively low beam fanning, was DCDHF-6-CF3 containing
glass 4/Cq9. However, the near IR PR performance of the
DCDHEF-6-CF3 based glass is yet to be improved by replacing
TNFM with a better sensitizer.

In summary, we have presented a detailed study of the ther-
mal, photoconductive, orientational, and photorefractive prop-
erties of several DCDHF-containing organic glasses. Consider-
ing the high performance available from several of these
materials and the demonstrated ability to change various prop-
erties by rational materials design, the promise of this class of
materials for future applications is quite good.

4. Experimental

Synthesis: A representative synthesis of the benzene-linked chromophores such
as 1-4 is provided in the literature [38]. The synthesis of the styrene-linked chro-
mophores such as 5 follows from a published method [47]. Chromophores with the
same heterocycle acceptor group have found wide use in electro-optic materials
[48]. Full details of the synthetic procedures will be published separately.

Cyclic voltammetry: Oxidation potentials were determined by cyclic voltam-
metry. Working and auxiliary electrodes were Pt, the reference electrode was
Hg/HgCl,/NaCl, the supporting electrolyte was 0.1 M tetracthylammonium
tetrafluoroborate in acetonitrile, and the scan rate was 300 mV's™". The HOMO
values were calculated [49] from the oxidation potential versus the internal stan-
dard ferrocene/ferrocenium (Fc). The HOMO value for internal standard Fc is
considered to be —4.8 eV.

Sample Preparation: The samples contained 99.5 wt.-% DCDHF chromo-
phore and 0.5 wt.-% Cgo or TNFM depending on the wavelength region being as-
sessed. The DCDHF chromophores and Cgy or TNFM were dissolved in chloro-
benzene (50 mgmL™ in the case of DCDHF and 1 mgmL™ in the case of Cgo
and TNFM), stirred, filtered through a 0.2 um filter, and cast on the ITO slides.
The films were dried overnight in an oven at 120 °C. When the residual solvent
evaporated, the ITO slides with films were heated up to a temperature slightly
higher than the melting point of the chromophore (125-140 °C), sandwiched with
70-120 um spacers and quenched by placing the sample on a metal plate at room
temperature. With some of the chromophores, fast cooling is crucial since other-
wise they crystallize [38] instead of forming a glass. Such glasses are thermody-
namically unstable and re-crystallize during the period of 2-8 weeks, depending
on the material. The stable glasses maintained good optical quality over the peri-
od of at least four months.

Absorption Spectra: Absorption spectra of the samples were measured using a
Perkin-Elmer Lambda 19 spectrophotometer. The absorption coefficients (a)
were calculated from the absorption spectra using the relation a=A/L In10,
where A is the decadal absorbance and L is the sample thickness.

Photoconductivity: Photoconductivity was measured at the wavelength
A=676 nm (Kr* laser) using a conventional DC technique [50]. First, an electric
field was applied to the sample. After the transient effects disappeared (~30 s),
the dark current was monitored. Then the light beam was opened with a mag-
netic shutter, and the current was recorded. The photocurrent was calculated as
the difference between total current in the presence of light and the dark current.
The dark and photoconductivity were calculated using the formula o=iL/(VYS),
where i is dark or photocurrent respectively, L is the sample thickness, V is the
applied voltage, and § is the electrode area.

Birefringence: Electric field induced birefringence was measured using a con-
ventional transient ellipsometry technique [51]. Light of wavelength =976 nm
(laser diode) was polarized at 45° with respect to the plane of incidence. The sam-
ple was placed between crossed polarizers at the angle of 54° between the sample
normal and the light beam. The residual sample birefringence was compensated
by a Soleil-Babinet compensator, so that no transmitted light could be detected
in the absence of electric field. The electric field was applied to the sample with a
rise time below 100 us, and the intensity of transmitted light was recorded as a
function of time. Then, the electric field was turned off, and the decay of the
transmitted light intensity (/) was monitored. The birefringence was calculated
using the formula

Acose

An=———"—asin I/, @)

N 2ndsin” ¢

where A is wavelength, ¢ is the internal incident angle, d is the sample thickness,
and /.y is the maximal transmitted intensity.

Two-Wave Mixing: Two-wave mixing experiments were conducted at wave-
lengths of 676 nm (Kr* laser) and 830 nm (laser diode). The p-polarized beams
were incident at external angles of 30° and 60° to the sample normal and the
beam ratio was 1:1. The total writing beam intensity was 100 mW cm™. The elec-
tric field was applied so that the negative high voltage would be on the sample
electrode facing the incident beams. Such an experimental configuration is
needed to minimize beam fanning and its related unphysical gain coefficients
[44]. The beams were opened with a magnetic shutter (switching time below
150 ps), and the intensity of both amplified and depleted beams was monitored.
After the measurements, the grating was erased by a larger diameter non-Bragg
matched erasing beam. The gain coefficient was calculated using the formula

r=""pr_ @)

where 6, is the smaller internal angle of incidence, L is the sample thickness, and
¥ = Iwith pump/Iwithout pump-

Beam Fanning: The same setup as in the two-wave mixing experiment was
used except only one beam was present. The beam was incident at the angle of
60° with respect to the sample normal, and the direction of applied electric field
was inverted compared with the two-wave mixing to enhance the fanning.

Four-Wave Mmixing: The experiment was conducted at =676 nm (Kr" laser).
The grating was written by two s-polarized beams incident at external angles of
30° and 60° to the sample normal and with beam ratio 1:1. The probe beam was
p-polarized, had intensity on the order of 1 % of the total writing beam intensity
and was counter-propagating with one of the writing beams. The electric field
was applied to the sample, the writing beams were opened with a magnetic shut-
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