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Quantum confinement and ultrafast dephasing dynamics in InP nanocrystals
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The electronic level structure and dephasing dynamics of InP nanocrystals in the strong quantum-
confinement regime are studied by two complementary techniques: nanosecond hole burning and the femto-
second three-pulse photon echo. Hole burning yields the homogeneous electronic level structure while the
photon echo allows the extraction of the linewidth of the band-gap transition. The congestion of electronic
levels observed close to the band-edge transition in the hole-burning experiments gives rise to a pulse-width-
limited initial decay in the photon-echo signal. The level structure is calculated and assigned using a model
which includes valence-band mixing. The homogeneous linewidth of the band-edge transition is approximately
5 meV at 20 K and is broadened considerably at higher temperatures. The temperature dependence of the
linewidth is consistent with an intrinsic dephasing mechanism of coupling to low-frequency acoustic modes
mediated by the deformation potential. Quantum-confinement effects in III-V semiconductor InP are compared
to those of the prototypical CdSe II-VI semiconductor nanocrystal system.@S0163-1829~97!02111-5#
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I. INTRODUCTION

In a solid, the bands of electronic energy levels are c
tinuous, and the electronic spectra are intrinsically diffuse
the atomic limit, the density of electronic states is discr
and few broadening mechanisms exist, resulting in nar
electronic transitions~1 kHz–100 MHz!. In semiconductor
nanocrystals, comprised of tens to tens of thousands o
oms, the question of how discrete electronic transitions
velop and how the linewidths vary as a function of size is
both theoretical and practical importance.1,2 In a simple
model of quantum confinement, the localization of the op
cally generated electron-hole pair in a semiconductor na
crystal arises from a superposition of bulkk states. The prin-
cipal effects are a shift of the band gap to higher energy
smaller sizes and the development of a discrete electr
structure. Localization is thus accompanied by the conc
tration of oscillator strength into just a few transitions. Giv
the large polarizability of nanocrystals, substantial enhan
ment of the nonlinear susceptibilities is predicted.2,3

Semiconductor nanocrystals exhibit the expected shif
the optical spectra to a higher energy, as well as the de
opment of discrete features in the spectra; however,
nanocrystals of CdSe, which have been investigated ex
sively due to the high sample quality and narrow s
distributions,4,5 homogeneous absorption linewidths of t
band-gap transition of several meV have been observe
hole burning6,7 and in femtosecond photon-ech
measurements.8,9 In addition the linewidth considerabl
broadens as the size is reduced. This broadening may be
to extrinsic or intrinsic effects. Extrinsic effects would b
ultrafast scattering of charges at defects~surface or interior!.
Intrinsic mechanisms of line broadening arise by coupling
550163-1829/97/55~11!/7059~9!/$10.00
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the vibrations of the nanocrystals~optical, acoustic!.9,10 The
electronic structure in such direct gap semiconductor nan
rystals, which was investigated using size selective opt
techniques in the frequency domain, exhibits a complex
of electronic transitions which arises from the mixing
multiple valence bands in finite size.11,12 The successful
spectroscopic identification of these transitions in CdSe
major accomplishment of quantum confinement theory.12

Recent advances in synthesis now make it possible to
tain size selected, crystalline, monodisperse nanocry
samples of the III-V semiconductor InP.13–15In this study we
present measurements of the homogeneous electronic
structure and linewidths of these samples and compare t
to those of the prototypical II-VI nanocrystal system CdS
Compared to the II-VI semiconductor, the bonds in InP a
more covalent, so that the coupling of optical excitations
the vibrations is expected to change in predictable ways.
effective masses, the spin-orbit splitting, the deformatio
potential coupling, and other material parameters are sig
cantly different in InP. This leads to predictable changes
linewidths and electronic structure, allowing us to separ
the influence of extrinsic, sample-dependent broaden
mechanisms and properties from intrinsic ones, and to
models of confinement in quantum dots.

Nanocrystal samples typically exhibit inherent inhomog
neous broadening primarily due to size variations in the
semble. In addition, a congestion of electronic transitions
possible, as there may be several electronic transitions ly
close to the band edge. We use two complementary te
niques to study the homogeneous spectroscopy of InP n
crystals. In the frequency domain, transient ns hole burn
~HB! is used to investigate the homogeneous electronic le
structure.6,12 In the time domain we use the femtoseco
7059 © 1997 The American Physical Society
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three pulse photon echo~3PPE!, which provides a direct
probe of electronic and vibrational dephasing times.8,9 Both
techniques have been used previously in separate studi
investigate the electronic level structure and linewidth iss
in CdSe nanocrystals, however this is the first time, to
knowledge, that simultaneous measurements on the s
samples are conducted and used in conjunction to ga
self-consistent picture of the dephasing dynamics in na
crystals from the fs to the ns timescale.

The paper is organized as follows: In Sec. II experimen
details of the sample preparation, the hole-burning setup,
the three-pulse photon-echo experiment are given. In S
III, results and discussion for the hole-burning experim
are presented followed by results of the femtosecond th
pulse photon-echo measurements. Both experiments ar
terpreted using a three-level model for the near band-e
absorption in the nanocrystals. A theoretical assignmen
the observed levels is presented and finally the depha
mechanisms are investigated by conducting a tempera
dependence of the echo decay rate. Conclusions are
sented in Sec. IV.

II. EXPERIMENT

A. Sample preparation

InP samples have been synthesized using the dehalo
tion reaction of InCl3 and P„Si(CH3)3…3 in the coordinating
solvent trioctylphospine oxide at temperatures betw
240 °C and 270 °C as reported by Guzelianet al.14 The sol-
vent provides high-temperature medium for annealing
nanocrystals and also acts to passivate the particle su
limiting growth and imparting solubility to individual par
ticles in a variety of organic solvents. The nanocrystals p
duced are discrete particles ranging in size between 20
60 Å in diameter. Following the initial reaction which pro
duces a wide range of particle sizes, distinct distributions
obtained by using size selective precipitation techniqu
Structural characterization shows that the particles are hig
crystalline with most consisting of a single, faultless cryst
line domain and are spherical to slightly elliptical in shap
Size distributions are approximately620%. For the low-
temperature spectroscopic investigation, the particles w
embedded in a polymer film~poly-vinyl-butyral! with thick-
ness of less than 500mm and typical optical density of 0.4–
0.7 at the inhomogeneous excitonic shoulder.

B. Transient nanosecond hole burning

A dye laser pumped by the second or third harmonic o
Q-switched Nd-Yag laser served as the excitation source
the ns HB experiments. A portion of the second or th
harmonic of the Nd-Yag was split off, optically delayed b
20 ns, and used to pump a jet containing a mixture of dye
provide a broadband probe source from the dye fluoresce
Pump and probe were overlapped on the sample which
placed in a continuous He flow cryostat. Typical pump en
gies of 50mJ with a spot size of 1 mm in diameter we
used, and the signal was checked to ensure linearity in
pump intensity. The probe pulse was dispersed in a sp
trograph, and detected by a gated multichannel detector~in-
tensified CCD or intensified diode array!. The gated detec
to
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tion ~5-ns gating time! allowed suppression of the unwante
contribution of pump scattering to the HB signal. The ho
burning signal, corrected for residual pump scatter a
sample fluorescence, was obtained by using a sequence
trolled by shutters on both pump and probe pulses from
following calculation:

2DOD5
Iwp2I p
I np

, ~1!

where Iwp is probe signal going through the sample wi
pump, I p is the contribution of the pump alone, andI np is
probe signal going through the sample without pump.

C. Femtosecond three-pulse photon echo

The femtosecond laser system used for the three-p
photon-echo experiment has been described in de
previously.16 Briefly, 60-fs pulses generated by a collidin
pulse mode-locked dye laser are amplified in a dye ampli
pumped at 8-kHz by a copper vapor laser~CVL!. A broad-
band continuum is generated by subsequently coupling
pulses into an optical fiber. The spectrally broadened pu
are then amplified by a broadband dye amplifier pumped
a second CVL and compressed using a sequence of gra
and prisms.

For the photon-echo experiments on InP nanocrystals
use a selected portion of the amplified pulse spectrum
match the sample absorption onset@see inset of Fig. 3~b!#.
The duration of the resulting pulses, which are close to be
transform limited, is 20 fs. The nanocrystal sample w
cooled by a closed cycle He cold finger cryostat and
temperature was monitored by two diodes at the cold fin
and on the opposite side of the sample holder. The integr
echo signal was detected in the phase matched direc
(2k11k21k3) and was measured with a photomultipli
tube using lock-in detection by chopping one of the beam
All measurements were taken in the perturbative regime
checked by observing the expected cubic dependence o
echo signal on excitation intensity.

FIG. 1. ~a! The absorption spectra (T56 K! for the series of InP
nanocrystal samples. Arrows designate the position of the nano
ond excitation pulse for the hole-burning spectra presented in~b!.
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III. RESULTS AND DISCUSSION

A. Transient nanosecond hole burning

The low-temperature absorption spectra for a series of
nanocrystals ranging in size from 22 to 41 Å are presente
Fig. 1~a!. Shifts of the absorption edge due to confinem
are evident. The spectra are inhomogeneously broadened
marily due to the size distribution and only shoulderlike e
citonic features are observed.

Transient ns HB spectra for the series of samples un
study are presented in Fig. 1~b!. Excitation with a narrow-
bandwidth ns laser pulse at the band edge optically sel
the largest nanocrystals in the ensemble. The resulting s
tral hole enables the extraction of the ‘‘single-particle’’ a
sorption spectra. In all cases, a narrow feature with a s
dependent width ranging from 10 meV for the largest size
20 meV for the smallest size is accompanied by a br
feature at higher energies.

The homogeneous spectra for the band-edge absorptio
these samples can be extracted by conducting an excita
wavelength dependence of the hole-burning spectrum6,17

This is presented in Fig. 2, which shows the evolution of
spectral hole with excitation wavelength for the 34-Å In
sample. Upon excitation at the absorption edge, particles
selectively excited at the narrow-band-gap transition lead
to a spectral hole that closely resembles the ‘‘sing
particle’’ absorption spectrum. Aside from a narrow featu
at the excitation frequency, a weak phonon side band is
served along with a broad feature spaced at 0.1 eV from
band gap. As the excitation is tuned to the blue, a lar
fraction of the distribution is excited into the higher, broa
ened excited electronic states. The contribution of the nar

FIG. 2. Nanosecond hole-burning data for the 34-Å InP sam
(T56 K!. The absorption spectrum is presented in the top fra
and the arrows designate the pump energies for the HB experim
shown in the bottom frame. The extracted ‘‘single-particle’’ abso
tion spectrum~solid line! and inhomogeneous distribution~dashed
line! are shown in the top frame. The fits obtained using this mo
are shown as dashed lines in the bottom frame.
P
in
t
ri-
-

er

ts
c-

e-
o
d

of
on

e

re
g
-

b-
e
r
-
w

feature is gradually diminished, appearing as only a sm
peak above a broad background for the bluest pump f
quency@in Fig. 2~c!#. This background reflects the width o
the inhomogeneous absorption. The homogeneous abs
tion and position as well as the width of the inhomogeneo
distribution are extracted by fitting the wavelength
dependent hole spectrum. In the limit of linear response
pump energy, far from saturation, we use the followin
formula:16,17

2DOD~v !5C8E
2`

`

H~v2v8!H~vpump2v8!g~v82v0!dv8

~2!

whereH(v) is the homogeneous ‘‘single nanocrystal’’ ab
sorption line shape,g(v2v0) is the inhomogeneous distri-
bution centered atv0, andC8 is proportional to the excitation
intensity.

The ‘‘single-particle’’ absorption extracted from the mod
eling ~see Fig. 2! consists of a Lorentzian band-gap transitio
with a width of 1062 meV, a phonon side band spaced

le
e
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-

l

FIG. 3. Three-pulse photon-echo experiments on the 29-Å I
sample (T520 K!. ~a! Vibrational dynamics measured in the three
pulse photon-echo configuration. The signal as a function oft13
with t12530 fs is modulated by optical-phonon modes. The ins
shows the Fourier transform of the oscillatory component of t
signal. ~b! Electronic dephasing measured in the three-pul
photon-echo configuration. Echo decays as a function oft12 at three
t13 delays corresponding to 2p/vv ~solid line!, 3p/vv ~solid line!,
and 4p/vv ~dotted line! conditions are presented. The effect o
mode suppression is evident. The inset shows the pulse spect
~dashed line!, along with the low-temperature absorption spectrum
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330 cm21 from the band gap, and a second excited transit
spaced at 0.10 eV with a width of 0.10 eV. The extrac
oscillator strength of the second state is 1.5 times larger t
that of the band-gap transition. The inhomogeneous Ga
ian distribution has a width of 0.17 eV and is centered
1.86 eV. We do not include in the model possible induc
absorption from the excited state~s!, and since we are in the
linear regime biexciton effects are neglected.

B. Femtosecond three-pulse photon echo

The width of the band-edge transition extracted from
HB experiments as discussed above is broadened cons
ably compared with atomic linewidths. The HB measu
ment takes place on a nanosecond time scale in which v
ous broadening mechanisms not strictly related to
homogeneous linewidth may be active.18 We thus comple-
ment the frequency domain measurements with a direct t
domain probe of the electronic dephasing dynamics—
3PPE which allows the investigation of linewidths and li
broadening mechanisms on the fs timescale.19–21

In the 3PPE the electronic dephasing can be meas
while circumventing the complications arising from couplin
to vibrational modes, which leads to modulation of the ec
decay by vibronic quantum beats.8,9,16 A sequence of three
pulses is used in this experiment. The first pulse generat
coherent polarization in the material, the second pulse in
acts with the polarization forming a population grating, a
the third pulse is scattered off the grating in a phase-matc
direction. Proper tuning of the third-pulse delay to 2p/vv ,
wherevv is the frequency of the coupled vibrational mod
effectively suppresses the contribution of the vibronic qu
tum beats to the echo decay. The mode suppression is
ticularly important for systems in which the electron
dephasing is on the order of a vibrational period. In the
cases, the two-pulse photon-echo response without m
suppression is strongly modulated by the vibrational b
resulting in an extremely rapid decay which does not ac
rately reflect the true dephasing of the system.8,9,16

The 3PPE experiment was conducted on the 29-Å
nanocrystal sample, using 20-fs pulses centered at 1.95 e
as to overlap with the absorption onset@see inset of Fig.
3~b!#. All pulses are linearly polarized with parallel polariz
tion. Two different experiments have been performed to
amine in the first case the vibrational dynamics, and in
second case the electronic dephasing.

The vibrational dynamics are studied by setting the fi
and second pulse at a fixed delay2t12530 fs and detecting
the scattered signal as a function of the third-pulse de
t13 @Fig. 3~a!#. In this case (t12.0, t13.t12) a population
grating is formed and the signal is modulated by coher
optical-phonon modes. By increasing the fixed delayt12 the
modulation depth is increased but the overall signal
creases as the polarization dephases in thet12 interval. The
delay t12530 fs is chosen to yield the best signal to no
ratio for the oscillatory component. The Fourier spectrum
the oscillatory component shows two modes at 350 and
cm21 @inset of Fig. 3~a!#. Similar modes are observed in th
resonance Raman spectrum of InP nanocrystals.14 The fre-
quencies of the two modes, assigned to the LO~350 cm21!
and TO~310 cm21! phonons, correlate well with the phono
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frequencies in bulk InP. Both modes are coupled to the
tical transition, while in II-VI nanocrystals only the LO
mode is observed.

The electronic dephasing in the 3PPE case is measure
settingt13 at a fixed delay to suppress the contribution of L
modes and detecting the scattered signal as a functio
t12. Figure 3~b! exhibits the echo signal for three differen
t13 delays corresponding to t1352p/vv ~95 fs!,
t1353p/vv ~135 fs!, t1354p/vv ~190 fs!. Data are pre-
sented only for delayst12,t13. At longer delays,t12.t13,
the echo signal no longer represents a polarization decay
measures the decay of the excited-state population and
not be used to extractT2. In the three cases, the echo sign
exhibits a fast pulse-width-limited initial response, followe
by a slower decay. As expected, the slow decay is obse
to be strongly dependent on the timing of the third-pu
delay (t13) due to the mode suppression. Fort1352p/vv the
modulation of the signal by the vibrational beat is su
pressed, fort1353p/vv the modulation is maximal and
faster decay is observed, finally fort1354p/vv , the decay is
longer relative to the 3p case as suppression is effectiv
again. This is a manifestation of the effect of quantum be
of the coupled phonon modes on the observed decay
demonstrates the utility of 3PPE in extracting reliableT2
times when a vibrational mode is coupled to the electro
transition. Thet13 delays were chosen to suppress the m
strongly coupled LO-phonon mode at 350 cm21. The TO
mode is close in frequency and thus is also effectively s
pressed.

The magnitude of the LO coupling, quantified by th
Huang-Rhys parameterS, can be extracted from a fit to th
2p, 3p, and 4p data.9 Such a fit yields a value ofS50.08
for this sample. This is lower than the value reported
CdSe nanocrystals of similar size (S50.18!.9,22 This can be
explained by considering that coupling to LO modes occ
via the Fröhlich mechanism—the electronic excitation alte
the charge distribution and distorts the lattice. As expec
the coupling is weaker in the more covalent III-V materia
since the Fro¨hlich mechanism is polar in nature.

An intriguing aspect of the echo response in the electro
dephasing measurement@Fig. 3~b!# is the presence of a
pulse-width-limited initial decay. For an inhomogeneous
broadened two-level system, a calculation of the echo
sponse for the 3PPE case using real pulses within a th
order perturbation expansion with all terms predicts asingle
exponential decay with a time constant ofT2/4 whereT2 is
the electronic dephasing time.20

C. Interpretation of the echo response

To understand the observed echo response we nee
consider the HB spectra for the same sample which sh
that a two-level system is inadequate to describe the ba
edge absorption of the nanocrystals. The HB data for
29-Å InP sample is presented in Fig. 4~a!. As for the 34-Å
sample shown in Fig. 2, the HB data shows that above
lowest band-gap transition lies an additional electronic tr
sition.

We model both HB and 3PPE results within this thre
level picture~ground stateua& and two excited statesub& and
uc& separated byDEbc). For HB we repeat the procedur
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followed for the 34-Å sample and extract a ‘‘single-particle
absorption spectrum which consists of a band-gap Lorent
transition (ua&→ub&, width Gba , dipole momentmba), a
phonon sideband~spacingDEv ib), and a second broad ex
cited transition (ua&→uc&, width Gca , dipole momentmca),
@see Fig. 4~a!#. Additional parameters that are included in t
model are the linewidth (G in) and center (Ein) of the inho-
mogeneous distributiong(v) ~see caption of Fig. 4 for the
exact parameters!. The presence of the higher-lying trans
tion in InP nanocrystals is confirmed by theoretical lev
structure calculation~Sec. III D!.

The 3PPE data was modeled using a Bloch equation
malism. The optical Bloch equations23 were written for the
three-level system described above within the rotating w

FIG. 4. Simultaneous modeling of HB and 3PPE data for
29-Å InP sample.~a! HB data~solid lines! and fits~dashed lines!.
Arrows designate the position of the pump pulse. The top fra
shows the extracted ‘‘single-particle’’ absorption spectrum~solid
line! and inhomogeneous distribution~dashed line! with the follow-
ing parameters; inhomogeneous distribution:G in50.17 eV,
Ein52.0 eV; homogeneous absorption:Gab511 meV,DEvib5330
cm21, DEbc50.09 eV, Gac50.11 eV, mca /mba51.9. ~b! 3PPE
electronic dephasing measurement for the 2p delay~solid line! and
model ~dashed line!. See text for details.
n

l

r-

e

and electric dipole approximations. Coupling of the tran
tion to optical phonons, which is effectively suppressed
the experiment by the timing of the third-pulse delay, w
excluded. We assume different homogeneous linewid
Gba51/(pT2ba) where T2ba represents a polarization de
phasing time for the ua&→ub& transition, and
Gca51/(pT2ca) wereT2ca represents a polarization depha
ing time for the ua&→uc& transition. Negligible population
decay is assumed in the time window of the experiment. T
equations were solved within the perturbative approach,8,9,19

using real pulse widths, to calculate the third-order mat
elementsrba

(3)(t,t12,t13) and rca
(3)(t,t12,t13). In the phase-

matched direction2k11k21k3, the radiated polarization is
a superposition of the contribution of the two transitio
ua&→ub& and ua&→uc&, and the echo response is calculat
as the square of this polarization. The fit is presented in F
4~b! as the dashed line. Aside from the linewidth of th
band-gap transition (Gba), all the parameters used to fit th
echo response are identical to those extracted from the fi
the HB data. This analysis provides the following interpre
tion: the fast pulse-width-limited initial decay in the ech
response is associated with the contribution of the exc
transition. The slow component of the decay which follow
~decay constant570610 fs! yields aT2ba time of 280640 fs
for the band-gap transition. Theua&→ub& transition line-
width extracted from this dephasing time is 561 meV com-
pared to 1162 meV extracted from HB. This disparity in
linewidth can be explained taking into account the six ord
of magnitude difference in the time scales of the two m
surements. The HB experimental linewidth is additiona
broadened by processes occurring on the ns time scale
as spectral diffusion,18 and possibly by the presence of a
electron and hole pair trapped on the excited nanocrys
which exert an electric field acting to Stark shift and broad
the transition.24 It should be noted that both the HB and th
3PPE results are also consistent with the broad high-en
transition being composed of a manifold of overlappi
states. In this case, the broad excited transition in the mo
represents the manifold of states.

The appearance of an instantaneous fast decay compo
in 2PPE experiments has been reported previously in qu
tum well samples.25,26 Two primary mechanisms have bee
shown to contribute to the appearance of the instantane
response—the first is the interaction induced mechan
which is a many-body effect resulting from coherent excito
exciton interaction.25 This mechanism can be ruled out in th
present case as coherent exciton-exciton interactions ca
be present since the average distance between the nano
tals is estimated to be hundreds of angstroms, and in
intensity regime of this study the excitation density is mu
less than one exciton per nanocrystal. In this respect,
nanocrystal response is analogous to that of a molecule.

The second mechanism, reported by Kimet al.who con-
ducted time and spectrally resolved four-wave-mixing e
periments on quantum well samples26 is assigned to the free
induction decay of off-resonant laser fields, which
enhanced by the strong pulse overlap and the resulting p
lation grating near zero delay in the 2PPE case. This mec
nism is ruled out in the present study as our experiments
conducted on resonance with no detuning@laser bandwidth
smaller than the inhomogeneous absorption width, refe

e

e
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7064 55U. BANIN et al.
inset of Fig. 3~b!# and the off resonance contribution is e
pected to be minimized. Furthermore, in other systems s
as CdSe nanocrystals a similar fast decay was observe
depend systematically on size with diminishing contributi
in the smaller nanocrystals.8,9 Finally, the consistency of the
3PPE and the HB experiments and the ability to model b
of them simultaneously within the three-level picture d
scribed above provides conclusive evidence for our ass
ment of the echo response.

This case presents an interesting limit for the four-wa
mixing response in a correlated inhomogeneously broade
three-level system.27 In the limit of two narrow transitions
with similar values ofT2, the short pulse will create an elec
tronic quantum beat. However, for InP nanocrystals the s
ond state homogeneous width is comparable to the en
splitting between the two states and the electronic quan
beat is overdamped. Thus in our measurements we obse
pulse-width-limited initial response arising from the cont
bution of the second broad transition, followed by a slo
decay which arises from the band-gap state. In the follow
section we will present results of a calculation of the si
dependent level structure in InP nanocrystals consistent
the observed transitions.

Our findings point out the complementary nature of t
time domain 3PPE approach and the frequency domain h
burning measurement in examining the homogeneous op
properties of nanocrystal samples. Hole burning yields
homogeneous electronic level structure. However, the ho
geneous linewidth can be extracted only from the more di
fs 3PPE experiment, since on the ns time scale additio
broadening mechanisms are present.

D. Assignment of the observed transitions

The zero-order effective-mass approach for the calc
tion of energy levels in quantum dots takes into account o
single valence and conduction bands confined within infin
spherical wells.28,29 In this case, both hole and electron wa
functions are a product of a spherical harmonic and a Be
function. Simple selection rules ofDn50, D l50 @n is the
electron~hole! level number, 1 is the electron~hole! orbital
angular momentum# are obtained. This zero-order treatme
predicts the confinement related blueshift of the gap as w
as the appearance of discrete levels. However, while
single-band description is sufficient for the conduction-ba
states, Efros and co-workers have demonstrated that in
quantum dot regime substantial mixing takes place am
the valence-band levels.11,30We find that this is also the ex
planation for the multiple transitions observed at the ba
edge of the InP nanocrystals. The proper description of
hole levels is obtained by applying spherical boundary c
ditions onto the Luttinger Hamiltonian. The starting point
the treatment is the usual three-band Luttinger descrip
for the valence bands. After applying the spherical bound
conditions, the only good quantum numbers are the total h
angular momentumF5Lh1J (Lh is the orbital angular mo-
mentum of the lowest contributing hole level,J is the total
angular momentum before mixing!, and the parity. This
treatment was previously applied to the II-VI systems,
well as to other quantum dots.11,12,31We adopt the notation
of Ekimov et al.11 for quantum dot states; hole levels a
ch
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designated bynLF wheren is the level number,L represents
the orbital angular momentum of the lowest contributing
hole sublevel, andF is the total hole angular momentum;
electron levels are designated bynle wheren is the level
number andl e is the orbital angular momentum. The selec-
tion rules are then (Lh2 l e50).

The results of calculation of the size-dependent energie
of the first few transitions relative to the band-edge transition
between the 1S3/2 hole and the 1Se electron levels are pre-
sented in Fig. 5 for InP and CdSe for comparison. The rela
tive positions of the second excited state extracted from th
HB spectra for the InP samples shown in Fig. 1~b! is marked
by crosses on Fig. 5~bottom frame!. This allows us to assign
the observed transitions; the lowest excitonic transition is
between the 1S3/2 hole level and the 1Se electron level. Two
transitions are energetically consistent with the second ex
cited state; 2S3/21Se and 1S1/21Se .

FIG. 5. Calculated excitonic transitions for InP nanocrystals ver-
sus size~lower frame!. DE between the higher-energy transitions
and the lowest 1S3/21Se transition is shown. Crosses designate the
measured position of the excited transition as extracted from the HB
data in Fig. 1. A similar calculation for CdSe is presented in the top
frame for comparison. The 1P3/2 hole level is shown as a dashed
line for both materials. We use bulk literature parameters for both
materials~Ref. 34!.
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A comparison of the level structure of InP with CdS
reveals that the small value of the spin-obit splittingD in InP
leads to a congestion of electronic transitions close to
band-gap. The transitions do not fan out with size as repo
for CdSe; in fact, in InP nanocrystals the energy of t
1S1/21Se transition gradually gets closer to the band-gap
the size is reduced. An additional difference in the predic
level structure of InP and CdSe is in the ordering of t
lowest hole levels. In CdSe the lowest hole level is 1S3/2 and
the second hole level 1P3/2 always lies energetically highe
@see Fig. 5~b!, dashed line#. In InP, however, the 1P3/2 hole
level is energetically lower than the 1S3/2 level. Although
this is not expected to affect the absorption of the nanoc
tals ~the 1P3/21Se level is optically dark!, it may have an
effect on the luminescence properties of InP, as the hole
float up to the 1P3/2 level affecting the radiative recombina
tion of electron and hole.

E. Line-broadening mechanisms

An issue of considerable importance is to examine
various contributions to the homogeneous linewidth of
lowest transition in the nanocrystals. One wishes to as
whether the observed width is an intrinsic size effect
whether it is an extrinsic effect of scattering from surface
interior defects which may be defeated by improved sam
preparation. The nature of the dephasing mechanisms ca
investigated by conducting a temperature dependence o
linewidth. The 3PPE data for three temperatures for the 2
InP nanocrystal sample are presented in Fig. 6. Shown
electronic dephasing measurements of the echo response
function of t12 with t13 set at the fixed delay of 2p/vv . The
slow decay component assigned to the band-gap transitio
clearly becoming faster as temperature is increased. Lin
fits to the slow component in the 3PPE case allows us
extract the temperature dependence of the linewidth of
band-gap transition. The extracted decay rates for the s
component are shown in Fig. 7. Multiple points from seve
separate sets of measurements are presented, along wi
echo decay rate for a CdSe sample of the same size rep
by Mittlemanet al. in an earlier work~see Ref. 9 and refer
ences therein for experimental details!. Compared with CdSe

FIG. 6. Electronic dephasing measurements in the 3PPE
figuration (t13595 fs, 2p/vv conditions! for the 29-Å InP sample
at three temperatures.
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nanocrystals, the low-temperature dephasing rate is slow
InP, but the slope of the temperature dependence is con
erably steeper.

An intrinsic dephasing mechanism which is consiste
with the temperature dependence of the dephasing rate
both materials is the coupling to low-frequency acous
modes which serve as a heat bath.10,32Such coupling is me-
diated by the deformation potential. The coupling streng
ga , to a mode of frequencyva can be extracted from the
following formula:6

ga'
~De2Dh!

2

pr 3C11\va
, ~3!

where (De2Dh) is the deformation potential for the bul
material,33 C11 is the bulk elastic modulus,34 and r is the
nanocrystal radius. Using this formula and the material
rameters for InP and CdSe, the temperature dependenc
the echo decay rate in both cases is reproduced~Fig. 7, solid
lines!. The only free parameter is an offset which represe
the temperature-independent contribution to the echo de
rate resulting from elastic scattering at surface or inter
defects~0.0044 fs21 in InP, 0.018 fs21 in CdSe!. The larger
deformation-potential coupling~1.0 versus 0.4 for InP and
CdSe, respectively! and higher average acoustic frequenc
calculated for modes of an elastic 29-Å sphere35 in InP with
respect to CdSe lead to a considerably steeper temper
dependence for InP nanocrystals. In our measurements w
not access the temperature regime in which broadening
to LO phonons is expected to contribute due to pulse wi
andS/N limitations8 ~the LO-phonon frequency in InP is 35
cm21 and the mode will not be significantly thermally pop
lated atT5150 K!.

The intrinsic acoustic-phonon-coupling mechanism
counts for most of the observed zero-temperature linew
of the InP sample. Negligible in the bulk, the deformatio
potential coupling strength is enhanced with decreasing s
This arises from the enhanced deformation, averaged o
fewer bonds, induced by the transition of the electron from
bonding to an antibonding orbital. The average acoustic b
frequencies are also larger for smaller sizes. The overall
fect is considerable broadening at small diameters, whic

n-
FIG. 7. Temperature dependence of the echo decay rate

29-Å InP ~circles! and CdSe nanocrystals~crosses!. The solid lines
are the simulated decay rates for the model described in the te
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qualitatively observed in the hole-burning spectra for the
ries of samples shown in Fig. 1~b!.

The deformation-potential coupling mechanism predict
1/r 5 dependence of the linewidth on size. This suggests
while in the very small sizes considerable intrinsic broad
ing is present, there is a size regime in which the sim
confinement pictures suffice and the spacing of the electr
transitions greatly exceeds the linewidth. This size regim
material dependent. In InP nanocrystals with a radius of
Å, the predicted intrinsic low-temperature linewidth is 0.0
meV, and even at 300 K the linewidth is predicted
broaden only to 0.06 meV by this particular mechanism.

IV. CONCLUSIONS

InP nanocrystals in the size range below 50-Å in diame
exhibit an electronic structure of a band-edge transit
along with close-lying excited states, assigned within
model of a particle in a spherical box including the effects
valence-band mixing. The excited transitions, as observe
ns hole burning, are broadened and congested leading
pulse-limited fast decay component in the fs 3PPE meas
ments. The band-gap transitions have linewidths on the o
of a few meV. Direct 3PPE measurements for 29-Å samp
show that the low-temperature electronic dephasing tim
z
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280640 fs. The temperature dependence is consistent wi
line-broadening mechanism which results from coupling
low-frequency acoustic modes. This intrinsic mechani
limits the linewidth in highly confined quantum dots.

Compared to the CdSe nanocrystal system, we find
the Fröhlich coupling to LO phonons is smaller in InP. Th
TO mode is also coupled to the electronic transition unl
the more polar CdSe case. The observed and calculated
structure is found to be more congested in InP prima
because of the smaller spin-orbit splitting in the bulk. T
low-temperature linewidth for 29-Å InP is smaller than th
observed for similar size CdSe, but the temperature dep
dence of the broadening is considerably steeper indica
stronger deformation-potential mediated coupling to acou
phonons in InP nanocrystals.
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