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Spectral hole burning and zero phonon linewidth in semiconductor nanocrystals
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Spectral hole burning reveals a sharp zero-phonon line~ZPL! as well as discrete acoustic phonon sidebands
in CdSe nanocrystals. The ZPL linewidth obtained from the spectral hole burning depends strongly on the
measurement time scale, reflecting effects of spectral diffusion. The nonlinear optical measurement allows us
to suppress effects of spectral diffusion leading to a ZPL linewidth as narrow as 6meV.
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Semiconductor nanocrystals are characterized by disc
electronic energy levels and also by the presence of disc
acoustic phonon modes. The optical absorption spectrum
semiconductor nanocrystal is therefore expected to featu
zero-phonon line~ZPL! involving no absorption or emissio
of phonons as well as discrete optical and acoustic pho
sidebands arising from transitions assisted by absorptio
emission of optical and acoustic phonons. The linewidth
the ZPL sets the intrinsic limit for decoherence and thus is
particular importance for potential applications such as qu
tum information processing.1,2

A major difficulty in probing optical properties of sem
conductor nanocrystals is spectral diffusion, i.e., rand
spectral shifts in the optical transition frequency due to fl
tuations in the microscopic local environment. In the pr
ence of spectral diffusion, the measured linewidth of the Z
becomes dependent on the measurement time scale.3 Previ-
ous photoluminescence~PL! studies of single nanocrysta
have shown an upper limit of 120meV for ZPL linewidth in
CdSe nanocrystals at low temperature.3 Quantitatively simi-
lar results have also been obtained in accumulated ph
echo studies in a collection of inhomogeneously broade
CdSe nanocrystals.4 For both of these studies, the measu
ment time scale far exceeds time scales at which spe
diffusion occurs. In comparison, ZPL linewidths of only
few meV have been observed in photon echo studies of s
assembled InxGa12xAs quantum dots~QD’s! grown by mo-
lecular beam epitaxy.5

In this Rapid Communication we report studies of abso
tion spectra of CdSe/ZnS core/shell nanocrystals using t
niques based on spectral hole burning~SHB!. The SHB re-
sponse exhibits a sharp resonance due to the ZPL and cl
resolved sidebands due to confined acoustic phonons.
ZPL linewidth obtained from SHB depends strongly on t
measurement time scale. This along with additional stud
using frequency-domain four-wave mixing~FWM! eluci-
dates how these ensemble nonlinear optical measurem
can be sensitive to and can be used to probe spectral d
sion. Using modulation frequencies as high as a few MHz
suppress effects of spectral diffusion in SHB, we have
tained ZPL linewidth as small as 6meV.

High quality ZnS-capped CdSe nanocrystals used in
study were fabricated with high temperature organometa
synthesis.6 The nanocrystals were characterized by abso
tion, PL, transmission electron micrograph~TEM!, and time-
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resolved PL.7 Average core diameters were determined fro
PL spectra and are consistent with results of TEM. T
nanocrystals were dispersed in a thin film of polystyrene
posited on a sapphire disk.

For measurements at low temperature, the sample
mounted in a helium flow cryostat. Two tunable dye las
~Coherent-899!, each frequency-stabilized to their respecti
external reference cavity, were used in SHB and FWM st
ies. Tunable diode lasers~New Focus! were also used for the
tuning range between 632 and 638 nm. The laser linewidt
narrower than 0.01meV ~2.5 MHz!. These lasers allowed u
to investigate CdSe nanocrystals with an average core d
eterD ranging from 4 to 9 nm. For SHB studies, the chan
in the transmission of a probe beam induced by a pump b
was measured using lock-in detection. The intensity of
pump beam was modulated with an acousto-optic modula

Figures 1~a! and 1~b! show the differential transmissio
spectrum obtained atT510 K for nanocrystals withD59
and 4 nm, respectively. The nonlinear response was m
sured as a function of the detuning between the pump and
probe field. In order to probe the lowest energy dipole opti

FIG. 1. SHB response obtained atT510 K and V
520 kHz (I pump51 W/cm2). ~a! D59 nm. ~b! D54 nm. The in-
set shows the size dependence of the energy separation betwe
ZPL and the first sideband. The solid line is the calculated ene
for confined acoustic phonons withl 52 andn51.
©2003 The American Physical Society07-1
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transition, the frequency of the pump was fixed at the low
energy part of the inhomogeneous absorption profile of
1Se1Sh,3/2 transition of the respective sample (lpump5635
and 565 nm forD59 and 4 nm, respectively!. Similar re-
sults were also obtained near or above the absorption
center~no SHB response could be obtained outside the in
mogeneous absorption profile!. SHB responses shown in Fig
1 feature a sharp resonance at zero pump-probe detu
well-resolved sidebands, and a much broader pedestal.8

We first discuss the sidebands and the pedestal. In
SHB measurement, the pump and probe can couple to di
ent transitions in the manifold of zero-phonon and phon
assisted optical transitions, giving rise to the sidebands
the broad pedestal in the SHB response. The spectral r
of acoustic phonons that can couple to the optical transi
determines the linewidth of the acoustic phonon pede
~and also the initial rapid decay in photon echo studies4,5!.
The measured linewidth as well as its size dependence a
well with the theoretical expectation.9,10 The well-resolved
sidebands are due to confined acoustic phonon modes
have a relatively long lifetime and can couple strongly to
optical transition. These sidebands arise when one b
couples to the ZPL while the other couples to the phon
assisted transition. The inset of Fig. 1~a! plots the phonon
energy obtained from the first sideband in the SHB respo
as a function ofD. Also shown in the figure is the calculate
size dependence of the phonon energy for the confi
acoustic phonon mode withl 52, n51 where l and n are
angular momentum and radial mode numbers, respective
spherical shape for the nanocrystals is assumed in the t
retical model.11 We attribute the discrepancy between theo
and experiment for large nanocrystals to the fact that
shape of the nanocrystals becomes increasingly prolate
increasing size, as can be seen from TEM. While confi
acoustic phonons have been observed in earlier studies11–13

the SHB response elucidates directly the role of th
phonons in the optical transition.

We now turn to the SHB resonance at zero detuning. T
SHB response at or near zero detuning arises when the p
and probe couple to the same optical transition. The sh
resonance at zero detuning is due to the ZPL. With incre
ing nanocrystal size, the ZPL becomes more pronoun
relative to the phonon pedestal due to decreasing elect
phonon coupling. The ZPL vanishes at temperatures ab
40 K ~not shown!.

In the limit of the third order nonlinear optical respons
the linewidth of the SHB resonance is given by twice t
homogeneous linewidth. This is no longer true, however
the presence of spectral diffusion, i.e., if the optical transit
frequency fluctuates as a function of time, since the S
linewidth now becomes dependent on the time scale of
measurement. For SHB using lock-in detection, the meas
ment time scale is set by the modulation period in the pu
intensity. In the limit that the modulation period is long com
pared with the time scale at which spectral diffusion tak
place, spectral diffusion can lead to significant broadening
the SHB resonance. Figure 2~a! shows the linewidth@full
width at half maximum~FWHM!# of the SHB resonance as
function of the modulation frequencyV. The inset shows the
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same data with a logarithmic scale forV. The SHB line-
width decreases rapidly as the modulation frequency is
creased from 1 kHz to a few hundred kHz, indicating th
effects of spectral diffusion are most pronounced at th
time scales. The SHB linewidth obtained at modulation f
quencies of a few MHz approaches an asymptotic value
shown in Fig. 2~a!. More insight into theV dependence will
be provided in discussions on the lifetime of the excitatio
causing the SHB response.

The SHB linewidth also depends strongly on the level
optical excitation. Figure 2~b! shows the linewidth of the
SHB resonance as a function of the pump intensity obtai
at V510 and 100 kHz. The linewidth broadens significan
with increasing pump intensity. This power broadening c
result from saturation beyond the third-order limit and c
also result from intensity-dependent spectral diffusion p
cesses. Although SHB is a nonlinear measurement, the p
intensity ('0.5 W/cm2) used for Fig. 2~a!, at which the
SHB linewidth is nearly independent of the excitation lev
is considerably lower than typical intensities used for sing
nanocrystal PL studies ('10 W/cm2 or greater!.

Figure 2~c! is an example of an expanded scan of the S

FIG. 2. ~a! Modulation frequency dependence of the SHB lin
width (I pump5I probe50.5 W/cm2). The inset shows the same dat
however, with a logarithmic scale for the modulation frequency.~b!
Intensity dependence of the SHB linewidth withI probe

50.5 W/cm2. ~c! An expanded scan of the SHB resonance obtain
at V51 MHz with I pump52I probe51 W/cm2. All data were ob-
tained atT52 K and for nanocrystals withD59 nm.
7-2
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resonance obtained atV51 MHz. The SHB resonance co
responds to a ZPL linewidth~FWHM! of 6 meV. All the
data in Fig. 2 were obtained for nanocrystals withD
59 nm. Qualitatively the same behavior has also been
served for nanocrystals withD ranging from 4 to 9 nm. In
particular, the ZPL linewidth obtained in the asymptotic lim
of largeV and low excitation levels does not show a sign
cant size dependence within the size range investigated.
that along with a pronounced decrease in the linewidth,
SHB signal also decreased nearly two orders of magnitud
we increasedV from 1 kHz to 1 MHz. The deteriorating
signal-to-noise ratio has prevented us from increasingV to
significantly above a few MHz. This also indicates that t
physical mechanism underlying the SHB response featur
relatively long lifetime.

To determine the lifetime and especially the physi
mechanism of the SHB response, we have carried out a
tional studies employing nearly degenerate frequen
domain FWM.14,15These studies are based on the use of
pump beams instead of only one pump beam. As show
the inset of Fig. 3~a!, two pump fieldsE1 and E2 with fre-
quenciesv1 and v2 interact in the sample and induce
population grating that oscillates at a frequency ofd5uv1
2v2u. The oscillating population grating can form if th
detuning d is small compared with the decay rate of t
grating. A probe fieldEpr , with frequencyvpr and counter-
propagating with respect toE1, scatters off the grating an
generates a FWM signal with frequencyvs5v11vpr2v2
along the direction counterpropagating with respect toE2.
This FWM response can be understood as SHB induced
the population grating. FWM responses as a function of
tuning d ~with v15vpr fixed! can provide information on
the decay of the population grating. Figure 3~a! shows such a

FIG. 3. ~a! FWM response obtained atT510 K (I 15I 25I pr

51 W/cm2). The inset shows the FWM geometry.~b! Fourier
transform of the FWM response exhibiting nonexponential dec
The inset shows the energy level structure discussed in the tex
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response obtained at 10 K and for nanocrystals withD
59 nm. The FWM lineshape is non-Lorentzian, which
also clearly shown by the highly nonexponential Four
transform of the spectral response@Fig. 3~b!#.

The time scales observed in the above FWM study
several orders of magnitude longer than the radiative lifeti
('10 ns) for the relevant dipole optical transition,7 indicat-
ing that the FWM as well as the SHB response is due
depletion of the ground state (ug&) rather than population o
the dipole-allowed exciton states (ux&). To illustrate this, we
consider an energy level system shown schematically in
inset of Fig. 3~b!. For this system, excitons, generated res
nantly by the pump, can decay or dissociate into statesud&,
for which rapid radiative recombination is not allowed. Sin
saturation of the dipole optical transition is determined
(rxx2rgg), the population difference betweenux& and ug&,
the nonlinearity can arise by populatingux& and/or by deplet-
ing the population inug&. The depletion occurs when th
excitation is prevented from returning toug&. In this regard,
keeping nanocrystals inud& induces a nonlinear optical re
sponse. The lifetime associated with this response is de
mined by the time it takes for nanocrystals inud& to recover
to ux& or ug&. In comparison, the lifetime associated with th
nonlinear response due to population inux& is determined by
the lifetime of ux&. The FWM response shown in Fig. 3~a!
features relatively slow time scales and thus is primarily d
to nanocrystals inud&, with negligible contributions from
nanocrystals inux&. This is not surprising since the lifetim
of ud& is much longer than the lifetime ofux&. On average
excited nanocrystals spend much longer time inud& than in
ux&.

Using optical Bloch equations and the energy lev
shown in the inset of Fig. 3~b! and assuming nanocrystals a
inhomogeneously broadened, we have calculated the t
order nonlinear optical polarization for the FWM respon
due to nanocrystals inud& ~effects of spectral diffusion are
not included!:

P(3)}m4
E1E2* Epre

2 ivst

~d1 iGd!~d1 iGx!~vs2v212ig!
1c.c., ~1!

wherem andg are the matrix element and intrinsic decohe
ence rate for theug&2ux& transition, respectively, andGx and
Gd is the population decay rate forux& and the recovery rate
for nanocrystals inud&, respectively. In the limit thatGd
!Gx , FWM response as a function ofd is then characterized
by a Lorentzian with a width of 2Gd . Equation~1! has only
used a single state forud&. For a distribution ofud& along
with a distribution of Gd and possible relaxation amon
states inud&, one then expects a non-Lorentzian FWM spe
tral lineshape, consistent with the experimental results sho
in Fig. 3.

The above model is motivated by extensive studies of
intermittency in semiconductor nanocrystals.3,16 While the
underlying microscopic details still remain unclear, it is b
lieved that photoexcited carriers can be trapped at the sur
of a nanocrystal with a distribution of trapping depths, lea
ing to a power-law distribution for the ‘‘off’’ time in the
intermittency.16 It should be pointed out that for the nonlin

y.
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ear optical measurement, intrinsic dipole-forbidden exci
states in the fine structure of the 1Se1Sh,3/2 transition should
be included inud& instead ofux&, since resonant optical ex
citation of these transitions is negligible compared with t
of resonant dipole optical transitions.

The process of PL intermittency is strongly correlat
with spectral diffusion.17 As a nanocrystal cycles through i
‘‘off’’ and ‘‘on’’ states, the particular charge configuration o
the nanocrystal surface changes, leading to fluctuating in
nal electric fields and hence to fluctuating optical transit
frequencies. SHB measures the distribution in the relev
dipole optical transition frequency of nanocrystals inud&.
For these nanocrystals, the transition frequency before
optical excitation is at the frequency of the pump laser. P
forming the SHB measurement at a givenV eliminates con-
tributions from those nanocrystals for which the recove
time is much longer than the modulation period. Effects
spectral diffusion occurring in these nanocrystals are t
suppressed or eliminated from the measurement. A comp
son of the relevant time scales in SHB and FWM measu
ments in Fig. 2~a! and Fig. 3~a! further confirms this corre-
lation between the nanocrystal recovery time and the eff
of spectral diffusion on SHB linewidth. The correlation di
cussed above also points to an interpretation for the obse
tion that the SHB linewidth approaches an asymptotic va
at V of a few MHz @see Fig. 2~a!#. If the recovery lifetimes
for trapped carriers are long compared with the lifetime
the lowest energy dipole forbidden exciton state ('1 ms),18
K
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the SHB response obtained atV of a few MHz should then
be primarily due to nanocrystals in the intrinsic dark excit
state. In the absence of rapid spectral diffusion for th
excitons, the SHB linewidth should then approach
asymptotic value determined by the intrinsic linewidth f
the ZPL. Note that the SHB linewidth obtained at hig
modulation frequencies (V.1 MHz) is comparable to tha
obtained in self-assembled InxGa12xAs QD’s.5

In summary, we have shown that SHB responses in C
nanocrystals feature pronounced ZPL as well as disc
acoustic phonon sidebands. The SHB response arises
nanocrystals that remain in dark or nonemitting states
provide an effective probe for the underlying spectral diff
sion processes. By suppressing effects of spectral diffusio
the nonlinear measurement, we have obtained an up
bound of 6meV for the ZPL linewidth, over one order o
magnitude smaller than that reported in previous stud
suggesting the potential of these nanocrystals for appl
tions such as quantum information processing. A main ch
lenge, however, is to further improve surface properties
semiconductor nanocrystals such that carrier trapping
rapid spectral diffusion processes can be eliminated or
nificantly reduced.

We thank Dave Citrin and Sergei Gupalov for ma
stimulating discussions. This work is supported by NSF u
der Grants Nos. DMR973320, DMR0201784, a
ECS9988542, and by ARO.
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