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We demonstrate engineering the photocharge generation efficiency of nanoparticles on the
nanometer scale by using a type-II band-gap structure. Compared to bare CdSe cores, the dispersion
of type-II core/shell nanoparticles in photorefractive polymer led to an average 100% increase in
photocurrents. An improvement to the refractive-index construction time, and a near 100%
enhancement to the two beam coupling net-gain coefficients and four-wave mixing internal
diffraction efficiencies have been achieved at moderate biases. © 2011 American Institute of

Physics. [doi:10.1063/1.3596437]

Photorefractive polymer composites have been identified
as key to next generation green photonics owing to the fact
that they exhibit reversible volumetric refractive-index
modulation, compositional flexibility, and are synthesized
with relative ease. These attributes make these composite
polymer based materials attractive to a wide range of
applications including optical data storage,1 dynamic
holography,]’2 optical 1image processing, and three-
dimensional displays.3’4 Photorefractivity arises when charge
carriers, photogenerated by a spatially inhomogeneous irra-
diation pattern, are separated and trapped to produce a non-
uniform space charge distribution.” In this regard, dispersing
semiconductor quantum dots (QDS)6’7 into photorefractive
polymers as photosensitizers has attracted much research in-
terest over the past decade.> ™"

So far the reported photorefractive performances of al-
most all QD-polymer composites have been low with re-
sponse times of several seconds and diffraction efficiencies
less than one percent at modest biases.*'*'® Limited success
has been reported by growing a wide band gap shell material
on the surface of core QDs. While these type-I core/shell
QDs led to an enhanced refractive-index modulation, it came
at the cost of slow response times."” This may be attributed
to the difficulty in separating the charges, which must over-
come the large potential barrier constructed between QD
core and the shell.”™'” In principle type-II heterostructure
QDs should overcome the inherent pitfalls of both core QDs
and type-I core/shell heterostructures. However, type-II core/
shell nanoparticle induced photorefractivity has never been
explored. In this letter, we report on the enhanced photore-
fractive performance induced by type-II CdSe/CdTe core/
shell QDs.

In the case of a type-II band-gap alignment the valence
and conduction band edges of the shell materials are either
higher or lower than those of the respective band-edges in
the core QD.IS_20 As a consequence, after excitation the car-
riers thermally relax into a spatially separated state where
either the electron or hole is delocalized to the surface of the
heterostructure, as illustrated in Figs. 1(a) and 1(b). This
band architecture facilitates quick and efficient separation of
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the electron—hole pair after excitation.'® In such a case, free
carrier generation is expected to be enhanced, which can then
be employed as a means to increase the photorefractive per-
formance of a given device, as illustrated in Fig. 1(c).

CdSe core partlcles were synthesized following a well
established method. Growmg the CdTe shell accomplished
using the successive ionic layer adsorption and reaction
method.”> ™ Figure 2 shows the absorption and photolumi-
nescence (PL) spectra of the QDs before and after shell
deposition. The PL peak redshifted almost 0.4 eV from 1.95
to 1.57 eV after four injections of Cd and Te precursors. The
large spectral redshift is a direct consequence of the reduced
quantum confinement in the new heterostructure. It should be
noted that the PL efficiency after shell deposition was dras-
tically reduced to about one tenth that of the core QD; owing
to the enhanced charge separation in the excited state. From
knowledge of the initial mean CdSe core size transmission
electron microscopy (TEM) measurements of the final CdSe/
CdTe core/shells, as shown in Fig. 2 inset, highlight that the
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FIG. 1. (Color online) (a) Quantum confinement leads to an enhanced re-
combination of photogenerated electron-hole pairs inside a core QD. (b)
Photocharge generation is enhanced in a type-II core/shell structure QD by
separating electron—hole pairs and delocalizing them in the core and shell
region, respectively. (c) Schematic of the device architecture used to mea-
sure photorefractivity.
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FIG. 2. Absorption and PL spectra of CdSe core QDs (dotted line) and
CdSe/CdTe type-1I QDs (solid line) in chloroform. The inset shows a TEM
of the CdSe/CdTe QDs. The scale bar is 20 nm.

CdTe shell deposition is homogeneous with a thickness
around ~0.7 nm.

The core and core/shell QDs were thoroughly purified
via successive washings and ligand exchanged with
4-methylbenzene thiol. At this time the QDs were then able
to be dispersed into the appropriate polymer blends and the
devices fabricated. To measure the photoelectrical properties
of the QDs both the CdSe cores and the CdSe/CdTe type-1I
QDs were dispersed into the polymer blends [poly(vinyl car-
bazole):ethyl carbazole (ECZ):4-diethylaminobenzylidene-
malononitrile (DABM) at the ratio of 54 mg:16 mg:30 mg]”
at a concentration to yield a similar absorbance at the exci-
tation wavelength of 1.96 eV. The absorption spectra of the
prepared films together with that of a control sample without
QDs are shown in Fig. 3(a). It should be noted that the QD-
polymer composites appeared optical clear with no visible
scattering. The measured absorbances, «, of the control
sample, CdSe-sensitized and CdSe/CdTe-sensitized samples
are 0.34 cm™!, 4.50 cm™!, and 5.05 cm™! at the excitation
wavelength, respectively [see arrow in Fig. 3(a)]. The pho-
tocurrent measurement of the as-prepared samples with
thickness of 120* 10 um at the irradiance intensity of
3.6 mW/cm? is shown in Fig. 3(b). As the field strength is
increased the photocurrent of the QD-polymer composites
increases dramatically. It can be immediately seen that, com-
pared to the CdSe-sensitized sample, the CdSe/CdTe sample
has a greater sensitivity to the external field, as expected
from the type-II band-edge alignment. At 54 V/um the
sample sensitized by CdSe/CdTe has 250% more photocur-
rent than the CdSe-sensitized sample. On average, across the
entire electric field range investigated here, the photocurrent
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FIG. 3. (a) Absorbance of the of the control sample (solid line), CdSe
sensitized sample (dotted line), and CdSe/CdTe sensitized sample (dashed
line). The arrow indicates the excitation energy. (b) Photocurrent as a func-
tion of the external electric field for the control sample (triangles), CdSe
sensitized (squares), and CdSe/CdTe sensitized (circles) polymer compos-
ites. The inset shows a plot of the photocharge generation quantum efficien-
cies in these samples.
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FIG. 4. (a) Transmitted intensities of the two beams in the CdSe sensitized
(stars) and CdSe/CdTe sensitized (open circles) samples at a bias of
54 V/um. One of the two beams is switched on at 5 s and turned off at 26
s. (b) Plots of 2BC net-gain coefficients as a function of the applied electric
field. (c) FWM internal diffraction efficiencies as a function of the applied
electric field. Squares and circles are data for CdSe sensitized and CdSe/
CdTe sensitized composites, respectively. The inset shows a plot of the
refractive-index construction time as a function of the applied electric field.

from the CdSe/CdTe-sensitized sample was found to be ap-
proximately 100% higher compared to the CdSe-sensitized
sample. It should be noted that no detectable photocurrent
(or photorefractivity) was observed in the control sample.

The quantum efficiency for photocharge generation can
be obtained as*®

he

=J,—,
PhiNead

¢ (1)
where £ is Planck’s constant, ¢ is the speed of the light, e is
the fundamental unit of charge, « is the absorption coeffi-
cient, and d is the thickness of the sample. The inset of Fig.
3(b) shows a plot of the quantum efficiency for photocharge
generation as a function of the external bias for the CdSe and
CdSe/CdTe sensitized samples. It can be seen that the pho-
tocharge generation efficiency when employing type-II QDs
is on average two to three times greater than bare core QDs
over the total range of field strengths investigated here.
Given that the absorption coefficient (@) at the band-edge
was almost identical (within 10%), the enhancement in
charge generation efficiency can be confidently attributed to
the efficient electron—hole pair separation facilitated by the
type-1I QDs.

To demonstrate the consequent improvement in the
strength of the refractive-index modulation, both two beam
coupling (2BC) and four-wave mixing (FWM) experiments
were conducted in a tilted geometry with incident angles
of the two beams at 30° and 60° in air, respectively.12 The
characteristic asymmetrical energy transfer between the two
p-polarized beams with intensities of 200 mW/cm? and
400 mW/cm?, respectively, is a measurement of the photo-
refractive performance. The transmitted intensities of the two
beams for the core QD and the type-II core/shell QD sensi-
tized samples are shown in Fig. 4(a). The net-gain coeffi-
cients, I'-a, are plotted as a function of the external electric
field strength in Fig. 4(b). At a bias of 54 V/um the net gain
coefficients in CdSe and CdSe/CdTe sensitized samples were
found to be 2.8 cm™! and 5.7 cm™!, respectively. This cor-
responds to an approximate 100% enhancement.
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According to I'~An sin 6, where 6 is the phase shift
between the constructed refractive-index grating with the il-
lumination grating, the strength of the refractive-index
modulation increased by 47% (provided that the phase shifts
were equal in two samples). For very small changes in the
refractive index modulation (An) the internal diffraction ef-
ficiency, 7, is proportional to An.**" As a result small in-
creases in refractive-index modulation can lead to a signifi-
cant improvements to the internal diffraction efficiency. This
was in fact confirmed by a FWM measurement [shown in
Fig. 4(c)], where the intensity of the probe beam was kept
low at 5.8 mW/cm?. It can be immediately seen that the
overall diffraction efficiency in the CdSe/CdTe sensitized
composite is higher compared to the CdSe sensitized com-
posite. At a bias of 54 V/um the internal diffraction effi-
ciencies achieved in the CdSe and CdSe/CdTe sensitized
samples were found to be 1.27% and 2.34%, respectively,
which yields an 84% overall enhancement and corresponds
to an 36% enhancement in refractive-index modulation. This
result is consistent with the 2BC measurement, confirming
that high refractive-index modulations are possible in com-
posites sensitized by type-II core/shell QDs. In addition,
faster construction of the refractive-index gratings were ob-
served using type-II QDs [inset of Fig. 4(c)]. The response
times over the entire investigated electric field range are
faster in the CdSe/CdTe sensitized sample compared to the
CdSe sensitized sample. This result may again be attributed
to enriched free carrier generation. In particular, the charac-
teristic refractive-index construction time was reduced from
580 to 400 ms at a bias of 58 V/um.

In conclusion, we have demonstrated enhanced photore-
fractivity by employing type-II CdSe/CdTe QDs. The opti-
mized type-II core/shell QDs led to efficient separation of
electron—hole pairs and consequently led to an average 100%
increase in photocurrent compared to CdSe cores. A near
100% enhanced 2BC net gain coefficient and FWM diffrac-
tion efficiency has been achieved at moderate biases. The
results presented here demonstrate that engineering charge
separation on the nanoscale is a promising means to improve
photorefractive device performance.
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