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Photorefractivity in a polymeric composite photosensitized
with NiS nanocrystals

Tyler M. Fears, Charles Anderson, and Jeffrey G. Winiarza�

Nanophotonic Materials Research Group, Missouri University of Science and Technology,
Rolla, Missouri 65409, USA

�Received 7 March 2008; accepted 9 September 2008; published online 16 October 2008�

The photorefractive performance of a polymeric composite photosensitized through the inclusion of
NiS nanocrystals is described. The nanocrystals were characterized using visible-absorption
spectroscopy, energy-dispersive x-ray spectroscopy, and transmission electron microscopy. We
further demonstrate the ability to enhance various aspects of the composite’s photorefractive
performance by performing ligand exchange on the nanocrystals prior to their incorporation into the
polymer composite. This procedure resulted in a lowering of the overmodulation voltage from
�70 to �50 V /�m without affecting the maximum diffraction efficiency of �40%. An increase in
the two-beam-coupling gain coefficient was similarly observed, increasing from 38 to 79 cm−1. The
photoconductivities were used in determining the overall quantum efficiencies associated with the
photorefractive devices. All experiments were conducted at 633 nm and the data represent a
significant improvement in the photorefractive performance of inorganic-organic hybrid
photorefractive materials. © 2008 American Institute of Physics. �DOI: 10.1063/1.2993253�

I. INTRODUCTION

Owing to their substantial optical nonlinearities, low per-
mittivity, and low cost, polymeric photorefractive �PR� ma-
terials are useful in a variety of real-time optical information
processing applications including beam clean-up and ampli-
fication, dynamic interferometry, phase conjugation, and pat-
tern recognition.1–5 Consequently, a great deal of research
has focused on the development of this class of materials,
resulting in significant advances, including millisecond re-
sponse times and nearly 100% diffraction efficiencies.3 Poly-
mer based PR composites are also attractive due to the ease
with which their constituents may be independently modi-
fied, allowing the eventual composite to be tailored for a
specific application.

With the establishment of nanotechnology it is now pos-
sible to photosensitize PR and photoconductive polymer
composites by doping them with semiconductor nanocrys-
tals, also known as quantum dots or Q-dots,6–18 This ap-
proach has numerous advantages, perhaps the most appeal-
ing is the ability to manipulate the spectral features of
Q-dots, and therefore the operational wavelength of the com-
posite into which they are doped.6–9 Control over the optical
and electrical properties of the nanocrystalline material stems
from the inverse correlation between the optical band gap Eg

and the physical dimension of the nanocrystal. This relation-
ship translates into a blueshift in the absorption spectrum of
a given material as its proportions are decreased beyond the
dimensions of the associated Bohr radius. In addition, nano-
crystals are considerably smaller than the wavelengths asso-
ciated with visible light rendering the PR composite optically
transparent.

While this new class of inorganic-organic hybrid poly-

meric composites shows enormous promise, the technology
is still in its infancy. Diffraction efficiencies, operational
voltages, and response times associated with PR inorganic-
organic composites do not equal that of their all-organic
counterparts and must be improved to meet the requirements
of projected applications. In order to attend to these con-
cerns, the fundamental mechanisms involved in photocharge
generation and charge transport must be elucidated and inno-
vative methods devised allowing for the PR performance to
be optimized for a specified application. This optimization
can be accomplished through variation in the constituents’
stoichiometric ratio and prudent choice of the nanocrystalline
photosensitizer’s properties. Recently, advancements in the
syntheses of semiconductor nanocrystals have significantly
improved control over nanocrystal morphology, surface char-
acteristics, and, most notably, composition. Nevertheless,
with few exceptions,10,13,14 studies concerning the photosen-
sitization of PR polymeric composites with Q-dots have fo-
cused on one of four semiconductor materials: CdSe, CdS,
PbSe, and PbS.

The use of heavy metals such as Pb and Cd, however,
carries obvious implications with regard to the environment.
Furthermore, recent regulatory pressure to decrease or eradi-
cate the use of cadmium has added to the urgency for finding
alternative materials. Primarily for this reason, we have in-
vestigated the use of more environmentally friendly materi-
als for use as photosensitizers in photonic devices. In this
communication we describe the PR performance of a series
of polymeric composites photosensitized through the inclu-
sion of NiS nanocrystals, deemed a suitable candidate due to
the Eg associated with the bulk material of 0.04 eV.19 The
NiS nanocrystals were synthesized using an approach based
on a previous report in the literature.20 The nanoparticles
were characterized by means of visible-absorption spectros-a�Electronic mail: winiarzj@mst.edu.
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copy, energy-dispersive x-ray spectroscopy �EDS�, and trans-
mission electron microscopy �TEM�. In addition to produc-
ing a high-performance PR composite, we demonstrate the
ability to lower the overmodulation voltage and enhance the
two-beam-coupling �TBC� operation of the composite
through variation in the nanocrystal’s passivating molecule.
In this case the passivating molecule coupled with the syn-
thesis, oleic acid �OA�, was exchanged for pyridine. The
composites also contain the well characterized hole-
transporting polymer, poly�N-vinylcarbazole� �PVK�. The
glass transition temperature of the composites was lowered
to below ambient temperature through the inclusion of
N-ethylcarbazole �ECZ� and the electro-optic activity was
imparted through the addition of 4-homopiperidino-
benzylidenemalononitrile �7-DCST�.21,22

To characterize the performance of the composites, de-
generate four-wave mixing �DFWM�, asymmetric TBC,
visible-absorption spectroscopy, and conductivity experi-
ments were employed, the results and implications of which
will be presented. In addition to the insights gained into the
fundamental mechanisms relevant to this class of materials,
the data presented represent a significant improvement over
previously reported performances associated with
nanocrystal-photosensitized PR composites.

II. EXPERIMENTAL

A. Synthesis of the NiS nanocrystals

All chemicals were obtained from Aldrich and used as
received unless otherwise noted. NiS nanocrystals were syn-
thesized via an adaptation of a procedure found in the litera-
ture and all manipulations were conducted using standard
airless techniques.20 Briefly, in a three-neck flask, 0.48 g of
NiCl2 ·6H2O were dissolved in 18 ml of oleylamine, to
which was added 0.30 ml of OA, 2.7 ml of trioctylphos-
phine, and 0.13 g sulfur flowers. Under mechanical stirring,
the solution was degassed at 100 °C for approximately 1 h
and then heated to 200 °C under nitrogen. After 90 min the
black solution was removed from heat, allowed to cool to
room temperature, and followed by the addition of �10 ml
of methanol. The precipitated nanocrystals were collected by
centrifugation and subsequently dispersed in toluene. Several
successive precipitation and dispersion cycles were con-
ducted to remove any unreacted constituents. The product
was finally dispersed in toluene and filtered to remove large
aggregates and other contaminants. Half of the dispersion
was then set aside for ligand exchange.

In order to conduct the ligand exchange process on the
NiS nanocrystals, the OA capped nanocrystals dispersed in
toluene were precipitated through the addition of methanol
and centrifuged. The supernatant was discarded and the wet
nanocrystals were dispersed in 10 ml of pyridine. This solu-
tion was mechanically stirred until it became optically clear
�approximately 24 h�. At this time the nanocrystals were pre-
cipitated through the addition of 25 ml of heptane, collected,
and redispersed in pyridine. This solution was then filtered to
remove any undissolved solids. Herein, the OA passivated
NiS nanocrystals will be referred to as NiS:OA and those
passivated with pyridine will be referred to as NiS:PY.

The NiS nanocrystals were characterized by TEM using
a Philips EM430T scanning TEM and employing carbon-
coated grids. Elemental analysis was conducted using a No-
ran Voyager III light element EDS system. All visible-
absorption spectra were recorded on a Beckman DU 640B
spectrophotometer. The absorption spectra of the NiS nano-
particle suspensions were obtained using a 1 mm quartz cell
at concentrations of 0.49 mg /ml in toluene for NiS:OA and
0.43 mg /ml in pyridine for NiS:PY

B. Fabrication of the PR devices

7-DCST was synthesized in our laboratory based on pro-
cedures described in the literature.21,22 For the composite
samples, PVK �secondary standard�, ECZ, 7-DCST, and the
appropriate type and quantity of capped NiS nanocrystals
were dissolved in toluene:teterahydrofuran �13:1 by weight�
and, after thorough mixing, filtered to remove any undis-
solved solids. This solution was stored in a vacuum oven at
50 °C for 24 h to remove the solvent. The solid residue was
subsequently recovered, placed between two pieces of glass
coated with indium tin oxide, and heated above its melting
temperature on a hot plate. The sample was then mechani-
cally pressed forming the typical “sandwich” geometry using
glass spacers to control the thickness d of the device at
100 �m.

A total of six devices were fabricated, three for each type
of NiS nanocrystal; NiS:OA and NiS:PY. Within each series
of devices, the concentration of NiS was varied with the
intention of achieving three particular device absorption co-
efficients at �=633 nm, specifically ��35, 70, and 99 cm−1.
For this reason, the three PR devices photosensitized with
NiS:OA will herein be referred to as OA35, OA70, and
OA99. Similarly, the series of three PR devices photosensi-
tized with NiS:PY will be referred to as PY35, PY70, and
PY99. The composition of each device as well as its experi-
mentally measured absorption coefficient at �=633 nm is
presented in Table I. For all devices, the PVK:7-DCST:ECZ
ratio was held constant. To determine the weight percentage
of NiS in each composite, several NiS:solvent solutions of
known absorbance and volume were evaporated to dryness
and the mass of the solid residue was measured. This al-
lowed us to correlate the absorbance and concentration in
g/ml of the NiS suspensions used in the device fabrication.
The weight percent of NiS in each device was thus calculated
indirectly from the known absorbance and volume of the

TABLE I. Compositions and absorptions of the PR devices used in this
study.

Device
PVK
�wt %�

7-DCST
�wt %�

ECZ
�wt %�

NiS Q-dots
�wt %�

Abs., �, at
�=633 nm
�cm−1�

OA35 49.7 34.8 14.9 0.56 34.5
OA70 49.4 34.6 14.8 1.1 69.4
OA99 49.2 34.4 14.8 1.6 98.8
PY35 49.8 34.8 14.9 0.43 35.8
PY70 49.6 34.7 14.9 0.86 67.2
PY99 49.4 34.6 14.8 1.2 96.1
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aliquot used in the fabrication of the respective composite.
The PR devices have not shown any degradation of their
optical properties over the course of 16 months.

C. PR characterizations

The PR properties of the composite devices were studied
via TBC and DFWM techniques using a standard tilted ge-
ometry. Holographic gratings were written through the inter-
section of two coherent beams generated by a helium-neon
�HeNe� laser operating at �=633 nm with incident angles of
�1=45° and �2=75° �in air� relative to the sample normal. In
the TBC experiments, both writing beams were p-polarized
with intensities of I1�0.04 mW and I2�6 mW. The exter-
nal bias was applied such that I1 would experience gain at
the expense of I2. Asymmetric energy transfer was observed
by monitoring the intensities of the writing beams after the
PR device with a photodiode. In the DFWM experiment the
writing beams were s-polarized with intensities of I1

�3 mW and I2�7 mW. In addition, a p-polarized probe
beam with �=633 nm propagated in a direction opposite to
I1 with an intensity of Ip�1�10−2 mW. Through the use of
a polarizing beam splitter placed in the path of I2 in conjunc-
tion with a photodiode, the diffracted portion of Ip, also re-
ferred to as the signal beam Is, could be quantified. In all PR
experiments, I1 and I2 had beam diameters of �280 �m,
while Ip possessed a beam diameter of �120 �m. Beam di-
ameters were measured by using a fractional irradiance of
1 /e2.

Photoconductivity �p characterizations were made using
a dc-photocurrent technique with a Keithley electrometer
used to measure the current passing through the sample as a
function of applied bias. The beam intensity for all �p char-
acterizations was �11 mW with a beam diameter of
0.98 mm at �=633 nm.

III. RESULTS AND DISCUSSION

The NiS nanocrystals utilized in this study were synthe-
sized based on a procedure found in the literature.20 Further-
more, ligand exchange was performed on the nanocrystals,
replacing OA, the passivating ligand imparted to the surface

of the NiS nanocrystals during the original synthesis, for
pyridine. In previous studies, this procedure has been con-
ducted in order to improve the solubility of the nanocrystals
within the polymer matrix;18 however, on this occasion the
optical quality of the final PR composites, as determined by
light-scattering experiments, was found to be excellent, inde-
pendent of the passivating ligands used in this study. In the
current study we demonstrate that the ligand exchange pro-
cess results in an improvement in the PR performance of the
hybrid nanocomposite. It was initially speculated that this
enhancement in the PR performance stemmed from a more
efficient charge-transfer process from the nanocrystal to the
charge-transporting polymer matrix. This assumption was
based on the belief that the aliphatic OA would be relatively
insulative with respect to the charge-transfer process, conse-
quently impeding its efficiency. Therefore, by replacing the
OA with pyridine, which due to its conjugated nature was
expected to be more conducive with respect to charge trans-
fer, we expected an increase in the efficiency of the charge-
transfer process which would result in an increase in the
observed �p, and ultimately an enhancement in the PR per-
formance. While the ligand exchange process did result in an
improvement of the composite’s PR performance, experi-
mental results indicate that this increase in the PR perfor-
mance is due to a change in the trapping characteristics of
the nanocrystal as a result of this surface modification. Sup-
port for this conclusion will emerge from an analysis of the
data. Previous studies have demonstrated the ability of semi-
conductor nanocrystals to simultaneously act as both a
charge-generating species as well as a charge-trapping
species.23 The charge-trapping takes place where dangling
bonds and other surface defects occur and can result in an
increase in the number of ways in which charge recombina-
tion may occur. This charge recombination ultimately re-
duces the density of free charges which can contribute to the
space-charge field and reduces the PR performance of the
composite.

Given the dependence of a nanocrystal’s optical proper-
ties upon its size, an accurate portrayal of the latter is crucial
for this study. Toward these ends, TEM was employed and
the images obtained for NiS:OA and NiS:PY are presented in
Figs. 1 and 2, respectively. Evident in the inset of Fig. 1 is

FIG. 1. TEM image of NiS:OA. FIG. 2. TEM image of NiS:PY.
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the lattice spacing of the NiS nanocrystal, corroborating the
single crystal–domain character of the NiS nanoparticles.
The particles are irregularly shaped, but generally rectangu-
lar or oblong in character. For the case of NiS:OA, the mean
length was determined to be 13�4.2 nm and the mean width
was determined as 10�2.5 nm �N=49�. Similarly, for the
NiS:PY, the mean length was calculated to be 11�3.4 nm
and the mean width 8.5�2.6 nm �N=18�. The relatively
large standard deviations are reflective of the polydispersity
associated with the nanocrystals. The data also suggest a
slight reduction in the average size of the nanoparticles as a
result of the pyridine treatment. This speculation was bol-
stered by storing NiS nanoparticles in pyridine for approxi-
mately 6 months, at the end of which time it was observed
that the nanoparticles had completely dissolved into solution.
Also evident in comparing Figs. 1 and 2 is that NiS:PY
shows a much greater tendency for aggregation on the TEM
grid. As such, achieving an accurate interpretation of the size
distribution associated with the NiS:OA was uncomplicated,
however, in the case of NiS:PY, only particles which could
be clearly distinguished were included in the size analysis.
Hence, if one sized particle has a higher propensity for ag-
gregation over another, it is conceivable that the data ob-
tained for NiS:PY may be skewed accordingly. It is also
noted that although the NiS:PY exhibited a tendency for ag-
gregation on the TEM grid, it was ascertained that this was
not the case within the composite matrix based on the high
optical quality of the PR devices as determined through
light-scattering experiments.

Elemental analysis was performed on the NiS:OA and
NiS:PY nanocrystals using EDS. For NiS:OA, the results
revealed a Ni:�S� ratio of 1.0: �0.70�0.06�. Here, it is as-
sumed that excess Ni is present in order to compensate for
the anionic nature of the OA passivating ligand. As expected,
when the OAs were exchanged for pyridine, the excess Ni
was significantly reduced, with an ensuing Ni:�S� ratio of
1.0: �0.88�0.07�. In this case, the neutrally charged pyridine
molecules do not need to be compensated by the positive
charge associated with additional Ni atoms. It is expected
that the superfluous Ni atoms, as well as the detached OA
molecules, are removed with the washing procedure follow-
ing the ligand exchange process.

Visible-absorption spectroscopy was performed on the
NiS:OA and NiS:PY in solution and are presented in Fig. 3.
Both spectra are normalized to 1 mg /ml. Looking initially at
the spectra for NiS:OA, there exists a peak at 448 nm, and
can be attributed to the first excitonic absorption. Given the
polydisperse nature of the NiS:OA, as revealed by TEM, the
presence of this clearly defined peak was unexpected.
Equally remarkable was the drastic change in the appearance
of the spectrum resulting from exchange of passivating
ligands. Both pyridine and OA are transparent in the visible
and as such, only a small blueshift was expected as a conse-
quence of the slight decrease in size of the NiS nanocrystals
resulting from the ligand exchange process. Indeed there
does appear to be a blueshift, with a shoulder appearing at
�321 nm, but there is also the emergence of a new shoulder
at �679 nm. This may be explained as a preferential sizing
resulting from the etching known to take place during the

ligand exchange process, but due to the aggregation of the
NiS:PY on the TEM grid, this speculation could not be con-
firmed with a reasonable degree of certainty. That being said,
a size histogram constructed for the NiS:PY did appear to
have two groupings in the lengths, with one grouping at
�7 nm and another at �13 nm and may explain the pres-
ence of these two shoulders. The biphasic grouping is not
observed in the histogram for NiS:OA. Also apparent in
Fig. 3 is the fact that the area under the curve has increased
for NiS:PY relative to that of NiS:OA, despite that both spec-
tra are normalized to 1 mg /ml. This is likely due to agglom-
eration of the NiS:PY nanocrystals, resulting in a increase in
the degree of scattering.

As cited earlier, the Eg of NiS in the bulk is 0.40 eV.19

The absorption spectrum for NiS:OA illustrates that as a re-
sult of quantization, Eg has been tailored to �2.77 eV, there-
fore enlarged relative to the bulk by �2.37 eV. The conduc-
tion band of bulk NiS lies �5.23 eV below the vacuum
level. Such a value implies that the oxidation by photoex-
cited bulk NiS would be energetically unfavorable given that
the conduction band for PVK is known to lie 5.9 eV below
the vacuum level. However, if one assumes that the widening
of Eg as a consequence of quantization equally modifies the
absolute positions of the valence and conduction bands by
equal amounts �i.e., 2.37 /2 eV�, then the conduction band in
NiS:OA will be positioned �6.4 eV below the vacuum level.
Therefore the oxidation of the PVK molecule by the photo-
excited NiS:OA will be energetically favorable. This as-
sumption is qualitatively confirmed through the observed
photoconductivity in the PR devices used in this study. A
similar argument applies to the NiS:PY/PVK system.

PR devices were fabricated using NiS nanocrystals as
the photosensitizer. The concentration of NiS nanocrystals
used in each device was chosen in order to achieve a prede-
termined absorption cross section at �=633 nm, �633. Spe-
cifically we intended to fabricate two series of devices, one
series photosensitized through the inclusion of NiS:OA and
the second through the inclusion of NiS:PY, with each series
composed of three devices of various NiS concentrations,
selected such that �633=35, 70, and 99 cm−1. These �633

were preferred because they are representative of absorption

FIG. 3. Visible-absorption spectra of NiS:OA �solid line� in toluene and
NiS:PY �dashed line� in pyridine.
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cross sections of all-organic PR devices common in the lit-
erature. The actual �633 achieved for each device is given in
Table I. Apparent from the table, for the devices photosensi-
tized using NiS:OA, it was necessary to increase the weight
percentage of photosensitizer relative to the devices photo-
sensitized with NiS:PY in order to achieve a similar �633. As
explained earlier, this is attributed to the more massive cap-
ping ligands, in conjunction with the extra Ni required for
charge compensation. The absorption spectra obtained for
OA35, OA70, OA99, PY35, PY70, and PY99 are presented
in Fig. 4.

A distinct characteristic feature of the PR effect is that
the refractive index grating created in the medium is spatially
shifted with respect to the light intensity pattern of the writ-
ing beams.24 As a result, an asymmetric exchange of energy
occurs between beams interfering in a PR medium. The PR
nature of the gratings created within the composites used in
this study was confirmed using conventional TBC experi-
ments. The TBC gain coefficient � is given in terms of the
experimentally measured quantities 	0 and 
 as

� =
1

L
�ln�	0
� − ln�
 + 1 − 	0�� , �1�

where L is the path length of the beam experiencing gain
inside the sample, 
 is the ratio of the writing beam intensi-
ties before the sample, and 	0 is the ratio of the intensities of
the beam experiencing gain with and without the pump
beam. The TBC gain coefficients at �=633 nm, �633, as a
function of E are presented in Fig. 5 for OA35, OA70, and
OA99. An examination of the data shows that as the concen-
tration of the NiS:OA photosensitizer is increased, the TBC
performance of the composite decreases. This behavior is
particularly adverse since, for practical applications, the op-
tical amplification � should exceed the absorption � for a
given device. Therefore, OA35 with �633−�633=3.4 cm−1 at
80 V /�m is the only NiS:OA photosensitized device for
which � exceeds � at any applied voltage. The OA70 device
reaches a maximum of �633=21 cm−1, which is reasonably
large when compared with similar composites, but with
�633�70 cm−1, is of little applied value.

By exchanging the OA ligands for that of pyridine, a
substantial increase in the TBC efficiency was observed as
illustrated in Fig. 5, which depicts the TBC data obtained for
PY35, PY70, and PY99. In comparing the data obtained for
the NiS:PY and NiS:OA photosensitized devices, we see that
the maximum TBC gain associated with PY35 ��633

=79 cm−1� is approximately twice that measured for OA35
��633=38 cm−1� at 80 V /�m. This increase in �633, as a re-
sult of ligand exchange, devoid of an increase in �633, trans-
lates in to substantial increase in the figure of merit �633

−�633=43 cm−1 at 80 V /�m. For the PY70 and PY99 de-
vices, however, net optical gain was not observed ��−�
�0�. As with the NiS:OA photosensitized devices, for the
NiS:PY photosensitized devices, an increase in the concen-
tration of the NiS photosensitizer resulted in a decrease in
the TBC performance. This behavior, observed in both series
of devices, is unexpected since an increase in charge-
generating species, with no appreciable change in the con-
centration of the other constituents, should result in an in-
crease in the number of generated free charge carriers. This
increase in free-charge carriers should translate into an in-
crease in the photoconductivity and ultimately into an en-
hancement in the PR performance. Deviation from this
model implies that the nanocrystalline photosensitizer is af-
fecting the PR performance in unanticipated ways. Forth-
coming analysis will lend credence to the hypothesis that the
nanocrystals are also acting as trapping species with this ef-
fect being more significant in NiS:OA photosensitized de-
vices than in NiS:PY sensitized devices. It is also noted that
device void of photosensitizing NiS nanocrystals did not ex-
hibit any PR response.

The internal diffraction efficiencies �int were measured
experimentally and determined according to the equation

�int =
Is

Ip�
, �2�

where Ip� is the intensity of the probe beam after the device
with no bias applied and Is is the intensity of the diffracted
portion of Ip. These data are presented in Fig. 6 for OA35,
OA70, and OA99. While all three devices show an over-
modulation E of �70 V�m, a maximum �int of 38.3% is

FIG. 4. Visible-absorption spectra of the NiS:OA �solid lines� and NiS:PY
�dashed lines� photosensitized PR devices used in this investigation. FIG. 5. Electric field dependence of the TBC gain coefficient � for the PR

devices used in this study. The lines are guides for the eye.
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obtained for the OA35 device and represents the maximum
�int, obtained for this series of devices. Assessment of the
data reveals that as the concentration of NiS:OA is increased,
the �int decreases. As with the TBC gain coefficient, these
results are contradictory to the expected outcome. It was an-
ticipated that by increasing the concentration of the charge-
generating species, an enhancement in the PR performance
would ensue. In previous studies employing similar hybrid
PR composites, the anticipated behavior was observed.18 In
this previous study CdTe was used as the charge-generating
photosensitizer, and as its concentration was increased, an
increase in �int was observed. As with the TBC gain coeffi-
cient, this unexpected behavior is attributed to the fact that
the NiS nanoparticles used in this study are not only acting
as a charge-generating species but also as a charge-trapping
component.

The �int measured for the NiS:PY series of devices are
presented in the inset of Fig. 6. This figure reveals that, as
with the NiS:OA photosensitized devices, the device contain-
ing smallest concentration of photosensitizer, PY35, shows
the greatest PR performance with �int=37.3% at E
�50 V�m. While this does not represent an increase in �int

relative to the OA35, the improved PR performance exhib-
ited in the TBC experiment manifests itself as a significant
lowering of the overmodulation field.

While the internal diffraction efficiencies are of funda-
mental importance, it is the external diffraction efficiencies
�ext which are of practical significance. The �ext, accounting
for reflections, was determined according to the equation

�ext =
Is

Ip
, �3�

where Ip is the intensity of the probe beam before the device
and Is is the intensity of the diffracted portion of the probe
beam after the device. For the NiS:OA photosensitized de-
vices, OA35 exhibited the greatest external diffraction effi-
ciency with �ext=15.6% at 70 V /�m, the overmodulation
voltage. The remainder of the NiS:OA photosensitized de-
vices exhibit a precipitous decrease in �ext as the concentra-
tion of the NiS:OA photosensitizer is increased. This precipi-
tous drop in �ext can be attributed to a combination of the

drop in the �int in conjunction with the increase in absorption
associated with the higher NiS:OA concentration. With re-
gard to the NiS:PY photosensitized devices, the maximum
�ext measured was 14.6% at 50 V /�m for the PY35 device.
As with the NiS:OA sensitized devices, as the concentration
of the NiS:PY photosensitizer was increased, the �ext exhib-
ited a significant decrease in all measured voltages.

Also of practical importance is the response time of the
PR composites. In this regard, the PR devices exhibited re-
sponse times typical of other PVK-based composites. The
response times of the PR devices used in this study were
gauged in the DFWM experimental geometry by recording Is

as a function of time. Subsequently, the data were fitted to a
biexponential function commonly employed in the analysis
of dynamics of the index modulation buildup, yielding a fast
time, tf constant, as well as a slow time constant ts.

25 With
E=70 V /�m, tf =0.494�0.007 s, and ts=17.5�0.2 s for
the PY35 device and tf =0.563�0.011 s and ts

=22.2�0.4 s for the OA35 device. A slight decrease in tf

was observed as the nanocrystal concentration was increased
for both series of devices.

The trap densities for the composites were qualitatively
gauged by calculating the phase shift 
 between the illumi-
nation pattern associated with the intersecting writing beams
and the space-charge field. Here, it is assumed that a de-
crease in 
 from the maximum possible value of 90° can be
attributed to an increase in the trap density, which would
prevent free charges, in the form of photogenerated holes,
from migrating fully into the dark regions of the illumination
pattern. Larger deviations from 90° being attributed to larger
trap densities. In order to calculate the phase shift, the
change in refractive index with respect to p-polarized probe
beam used in the DFWM experiment �np can be calculated
using the equation26

�int = sin2� 2��npd

��cos �1 + cos �2�� . �4�

The results of this manipulation were then employed in esti-
mating 
 according to the equation �neglecting any contri-
bution from the diffusion field�1,26,27


 = sin−1	 ��

2��n

 = arctan

Eg

Eq
, �5�

which are plotted as a function of E for the NiS:OA and the
NiS:PY photosensitized devices in Fig. 7. The dependence of

 on N* becomes apparent in recognizing that Eg is the
component of E in the grating wave vector direction and Eq

is the trap-limited saturation space-charge field, which is pro-
portional to N* as

Eq =
eN*

�0�rKG

, �6�

where �0 is the permittivity of free space, �r is the permit-
tivity of the composite, KG is the grating wave vector, and e
is the fundamental unit charge.1 In Fig. 7, it is immediately
apparent that as the concentration of NiS:OA is increased, 

decreases. Since the NiS:OA concentration is the only vari-
able with respect to the device compositions, it is reasonable

FIG. 6. Electric field dependence of the internal diffraction efficiencies �int

for the PR devices used in this study. The lines are guides for the eye.
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to conclude that the increase in the trap density is a direct
consequence of the increasing concentration of NiS:OA, im-
plying that the NiS:OA is acting not only as a charge-
generating species but also as a trapping species as well. It is
evident that 
 for the NiS:PY photosensitized devices has
increased relative to that of the NiS:OA photosensitized de-
vices. Most likely, this is a result of the surface treatment
imposed on the NiS:PY nanoparticles. Specifically, the num-
ber of surface defects, which are expected to act as trapping
centers, has been reduced. Based on the reduced trapping
potential of the NiS:PY, the concentration dependence of the
observed 
 is also reduced. For this reason, in conjunction
with the indirect approach used in their calculation, the con-
centration dependence observed for the NiS:OA photosensi-
tized devices is not as clearly evident for the NiS:PY photo-
sensitized devices.

As described, an enhancement in the PR properties was
anticipated as a result of the ligand exchange process, in
which OA was replaced with pyridine as the passivating
ligand. This speculation was based on the hypothesis that the
conjugated nature of the pyridine molecule would be more
conducive to the charge-transfer process than would be the
relatively insulative OA molecule. In order to assess this
premise, conductivity experiments were conducted, from
which it was possible to directly determine the charge-
generation quantum efficiencies � using the equation

� =
Ncc

Nph
=

�phcV

I�e�d2 , �7�

where Ncc is the number of charge carriers generated per unit
volume, Nph is the number of photons absorbed per unit vol-
ume, h is Plank’s constant, c is the speed of light, e is the
fundamental unit charge, and V is the applied voltage. The �
measured for the devices used in this study are depicted in
Fig. 8. Evident in the figure is that for a given absorption
�concentration of NiS�, the � is slightly enhanced as a result
of the ligand exchange. It was initially believed that this
parameter could be improved as a result of enhanced charge
transfer from the photosensitizing nanocrystal to that of the
charge-transporting polymer. However, the evidence thus far

suggests that this enhancement is more likely due to a de-
crease in the trapping centers associated with the surface
modification. Also apparent from the figure is that for both
NiS:OA and NiS:PY photosensitized PR devices, the � de-
creases as the concentration of nanocrystal is increased. This
is in contrast to the expectation that � should be independent
of concentration at low concentrations. This is further evi-
dence that the increasing concentration of NiS:OA or
NiS:PY increases the trap density within the material.

IV. SUMMARY AND CONCLUSION

In conclusion, although the anticipated benefit associated
with substituting the OA passivating ligand for pyridine, spe-
cifically that of an enhancement in �, was not realized, an
unexpected advantage was achieved. In particular, the
charge-trapping characteristics of the photosensitizer were
diminished. This modification ultimately resulted in a greater
maximum � in the TBC experiment and led to a reduction in
the overmodulation voltage in the DFWM experiment. The
fact that the NiS:OA nanoparticles show a greater trapping
tendency can be explained through the assumption that the
ligand exchange process favorably modifies the surface of
the nanoparticles by removing defects which can act as trap-
ping centers. Also of significance is the fact that the NiS:PY
photosensitized device exhibited a maximum diffraction ef-
ficiency of �40%. This is the largest diffraction efficiency
reported for a nanoparticle photosensitized device at this im-
portant wavelength.
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