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Ultrafast dynamic holography in nanocrystal solids
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~Received 6 July 2000; accepted for publication 1 February 2001!

We report efficient dynamic gratings in close-packed solids of CdSe nanocrystals. These gratings
are formed on the subpicosecond time scale and have diffraction efficiencies up to 0.5% for film
thicknesses of;0.5 mm. Nanocrystal solids combine the best features of inorganic semiconductors
~large resonant nonlinearities and high photostability! and organic semiconducting polymers
~chemical flexibility and tunability of optical properties by simple synthetic means!. Additionally,
nanocrystal solids allow precise control over the spectral position of the nonlinear optical response
by simply varying the size of the nanocrystals used in fabricating the solid~quantum confinement
effect!. © 2001 American Institute of Physics.@DOI: 10.1063/1.1358365#
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Holographic dynamic gratings are principal elements
a variety of optical devices used in optical communicat
and optical information processing.1–3 Several different
classes of materials with different types of nonlinearit
have been used to demonstrate dynamic gratings.1 Most ex-
tensively studied are materials that exhibit the photorefr
tive ~PR! effect, such as PR inorganic crystals4 and PR semi-
conductor quantum wells.5 Recently, significant attention ha
been paid to organic polymers.2 An attractive feature of
polymers is the ease of manipulating their optical proper
by simple chemical means such as chemical substitut
Polymeric materials with different mechanisms for optic
nonlinearities~PR effect, resonant carrier excitation, char
transfer, etc.! have been fabricated and studied.2,3,6,7

In this letter, we report the use of solid-state films
close-packed semiconductor nanocrystals~NCs! in ultrafast
dynamic holography. Semiconductor NCs are nanoscale
ticles with sub-10 nm dimensions.8 Due to quantum confine
ment, the energy gap in a NC is a strong function of
radiusR, with a confinement term that scales approximat
as 1/R2. This strong size dependence makes it possible
tune the optical response of NCs~e.g., emission and absorp
tion wavelengths! by simply changing the NC size. NCs ca
be chemically manipulated like large molecules and can
incorporated into polymer and glass matrices and into dif
ent photonic structures, including optical fibers, microca
ties, photonic crystals, etc.

NCs exhibit large band-edge optical nonlinearities t
are primarily due to state filling and Coulomb multipartic
interactions~carrier-induced Stark effect!.9 Excitation of a
single electron–hole (e–h) pair per NC leads to;40%
bleaching of the band-edge optical transition.9 In contrast to
organic molecules that easily degrade under intense illu
nation, NCs are characterized by excellent long-term pho
stability due to the strong chemical bonding characteristic
inorganic semiconductors. Large optical nonlinearities, s
controlled spectral tunability, chemical flexibility, and a hig
level of photostability make NC materials extremely attra
tive for applications in linear and nonlinear optical device
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including those utilizing ultrafast holographic gratings.
In this work, we used surface-capped CdSe NCs fa

cated by solution-based organometallic synthesis as
scribed in Ref. 10. To achieve high concentrations of se
conductor material in the sample, we prepared close-pac
NC films ~thickness from 0.3 to 2mm! by drop casting fol-
lowed by evaporation of the solvent. In this work, we studi
samples made of NCs with mean radii 1.2 and 2.1 nm~size
dispersion 5% and 7%, respectively!. Assuming random
close packing, and taking into account the 1.1 nm thickn
of the organic capping layer, we estimate the volume fract
of the semiconductor in the samples as;20% for NCs with
R51.2 nm and;30% for NCs withR52.1 nm.

The experimental setup used to study dynamic grati
in NC solids is similar to that used previously.7 Briefly, two
400 nm, 100 fs pump pulses crossed at the angle of
interfere at the sample plane to form an intensity grati
This in turn forms a population grating in the NC samp
which modulates its absorption~i.e., the imaginary part of
the refractive index! via such mechanisms as state fillin
~leading to photoinduced bleaching of optical transition!
and the carrier-induced Stark effect~leading to transition
shifts and modifications in oscillator strength!.9 The real part
of the refractive index is modified through causali
~Kramers–Kronig transformation!. Thus, in general, we form
mixed gratings~both real and imaginary parts of the refra
tive index are modulated!, although in certain spectral re
gions we find either almost pure absorption or almost p
phase gratings, as discussed below. The dynamic gra
formed in the samples was probed at the Bragg angle1 (u0)
with tunable 100 fs pulses generated by an optical parame
amplifier. The diffraction efficiencyh was calculated as the
ratio of the intensities of the diffracted and incident beam
The results reported here were obtained at 77 K, as coo
of the sample allowed us to increase the threshold for fi
optical damage. Room-temperature data were essent
equivalent.

In Fig. 1 we compare the linear absorption spectru
~solid line! with the spectra of the diffraction efficiency o
the sample withR52.1 nm measured at 1 ps~circles! and 3
il:
4 © 2001 American Institute of Physics
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ps ~squares! after creating the grating~sample thickness wa
0.4 mm!. These data were taken at a pump fluence~coherent
sum of the two pump beams! J51016cm22, just below the
threshold for optical damage of the sample. The peak diffr
tion efficiency of;0.5% occurred at 2.05 eV, slightly below
the band-edge absorption maximum~1S absorption!9 located
at 2.1 eV. The decay of the grating occurred on a sub-10
time scale~compare the 1 and 3 ps spectra in Fig. 1! and was
spectrally nonuniform. The single-wavelength dynamics
Fig. 2 indicate that the decay is slower at the position of
1S resonance~exponential constant of;8 ps! and becomes
faster on both sides of the 1S resonance~a more detailed
analysis of the grating dynamics is given below!.

Qualitatively, similar results were obtained for film

FIG. 1. Solid circles and open squares represent the diffraction efficien
pump–probe delay times of 1 and 3 ps, respectively~left-hand axis!. Thick
solid line represents the linear absorption coefficient of the sample~right-
hand axis!.

FIG. 2. Dynamics of the diffraction grating recorded at 2.39, 2.14, and 1
eV.
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made of NCs withR51.2 nm. An important difference wa
that the positions of both the 1S absorption and the diffrac
tion maximum were blueshifted by;400 meV with respect
to those for the 2.1 nm sample, which was due to
confinement-induced increase in the energy gap.

The combination of large diffraction efficiencies wit
ultrafast buildup/decay times of dynamic gratings is prom
ing for applications in ultrafast dynamic holography. T
compare the results obtained for NC solids with results p
viously reported for, e.g., polymeric materials, we use
temporal diffraction efficiency~TDE! as a figure of merit.6,7

This quantity characterizes the material’s performance in
trafast holographic recording and is defined ash/t f , where
t f is the formation time of the holographic grating. Th
maximum diffraction efficiency obtained in the present wo
~0.5%! combined with a grating formation time of 100 f
~Fig. 2!, yields a TDE of 0.531011s21, which is comparable
with the highest results reported for polymeric materials6,7

In addition to large TDE numbers, NC films offer the adva
tage of excellent photostability that is a serious concern,
example, forp-conjugated polymers.11 In our experiments
with NC samples, we did not observe any signs of photod
radation for several hours of illumination at excitation de
sities corresponding to diffraction efficiencies greater th
0.1%.

The pump photon energy used in this work correspon
to strong interband absorption suggesting that the dyna
gratings studied were dominated by resonant nonlinear
~i.e., nonlinearities associated with absorption/refract
changes due to photoexcited carriers!. In order to quantita-
tively analyze the role of these nonlinearities in the form
tion of holographic responses, we compared the experim
tal spectra of diffraction efficiency with those calculate
based on the spectra of carrier-induced absorption cha
that were independently measured by us using a trans
absorption~TA! experiment~see, e.g., Ref. 9!. Such analysis
was also useful for separating the contributions to the gra
from the real and imaginary parts of the index of refractio
The calculations were performed using coupled wa
theory.12 For a mixed grating, this theory yields the follow
ing expression for diffraction efficiency:

h5expS 2
2a0d

cosu0
D Fsin2S pDnd

l cosu0
D1sinh2S Dad

2 cosu0
D G , ~1!

wherea0 is the spatial average over the diffraction grating
the linear absorption coefficient,d is the sample thickness,l
is the probe wavelength,Dn is the modulation in the real par
of the index of refraction, andDa is the modulation of the
absorption coefficient. In order to calculate the diffracti
efficiency over a broad spectral range, firsta0 andDa were
measured experimentally, thenDn was derived fromDa via
the Kramers–Kronig transformation.

In Fig. 3, we compare the results of this calculation u
ing the TA spectrum measured at 1 ps to the 1 ps experim
tal spectrum of the diffraction efficiency. Both the overa
magnitude and the general spectral shape of the calcul
result agree well with the experiment, confirming that t
observed gratings were dominated by absorption/refrac
changes due to resonant carrier excitation. By conside
each term in Eq.~1! individually, we can determine if a

at
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given spectral region is dominated by a pure phase or p
absorption grating, or by a mixed grating. The dotted a
dashed lines in Fig. 3 show the contributions of the p
phase and pure absorption gratings, respectively. The diff
tion grating is almost a pure absorption grating in the ran
of the 1S absorption maximum~see Fig. 3!, consistent with
the fact that the dominant effect of photoexcitation in NCs
bleaching of the 1S resonance.9 Above and below the 1S
absorption, the grating becomes mixed, and at the lower
ergies ~within the NC energy gap! is dominated by phase
modulation.

The dynamics of diffracted signals observed in these
periments can be qualitatively understood based on prev
results for the dynamics of band-edge nonlinear optical
sponses in NCs obtained in TA studies.9 In particular, the
ultrafast grating formation time~;100 fs! is due to the fact
that both mechanisms dominating band-edge optical non
earities in NCs~the carrier-induced Stark effect and sta
filling ! have very short buildup times. The Stark effect is d
to internal fields associated with photoexcited carriers
develops on a time scale determined by the duration of
laser pulse. The buildup of state-filling signals is determin
by intraband relaxation and occurs on the sub-500 fs t
scale.9

The decay dynamics of the diffraction grating exhib
two components: an initial fast component and a dela
slower component observed as a ‘‘bump’’ at approximat
1 ps after creating a grating~Fig. 2!. This behavior can be
explained in terms of a superposition of population dynam
of the lowest (1S) and the first-excited (1P) electron states
Because of a high spectral density of valence-band sta
photoinduced absorption changes in CdSe NCs are do

FIG. 3. Solid circles represent the experimentally measured diffraction
ficiency at 1 ps. Thin solid line is the spectrum of diffraction efficien
calculated using Eq.~1! and experimental spectraa0 andDa ~measured at 1
ps after excitation!. The dotted and dashed lines represent the decompos
of the total difraction efficiency into contributions due to the phase a
absorption modulations, respectively.
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re
d
e
c-
e

s

n-

-
us
-

n-

e
d
e
d
e

d
y

s

s,
i-

nated by populations of electron quantized levels.9 Estimat-
ing the average number ofe–h pairs generated per NC (N)
from N5Js0 ~s0 is the NC absorption cross section es
mated according to Ref. 9!, we findN'8 for the pump flu-
ence used in the present experiments. Under quasithe
equilibrium ~at times.500 fs!, this corresponds to the situ
ation where both the 1S ~twofold degenerate! and 1P ~six-
fold degenerate! states are fully occupied. The fast initia
decay of the diffracted signals is likely due to a rapid d
population of the 1P level via multiparticle Auger
recombination.13 Using size-dependent data for Auger tim
from Ref. 13, we can estimate the eighte–h pair lifetime to
be ;2 ps, consistent with the initial fast ps decay of t
transient grating. The delayed component in the diffrac
signals is likely due to the 1S carriers. Its slower dynamics
can be explained by the existence of a ‘‘1P reservoir’’ of
high-energy carriers that continually replenish the 1S level
until the number ofe–h pairs per NC drops below 2. Thi
interpretation is consistent with the fact that the delay
component is not observed at pump levels below twoe–h
pairs per NC. Additionally, the delayed component is m
pronounced near the 1S transition. It drops in amplitude on
both sides of the 1S resonance, but is still easily discernab
because of the contribution to the grating of the index mo
lation which is determined by an integral over all ener
levels.

In conclusion, we have demonstrated the use of NC s
ids as the active material for generating dynamic holograp
gratings. The gratings are formed on the sub-ps time s
and offer a high diffraction efficiency of;0.5% for films of
;0.5 mm thickness. The spectral maximum of diffractio
efficiency is located in the vicinity of the lowest 1S absorp-
tion maximum ~the NC band edge! and is tunable over a
wide range by varying the size of the NCs used in fabricat
the solid.
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