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We present results of theoretical studies of the electronic structure, and experimental studies of electronic
relaxation dynamics, for colloidally synthesized InP quantum d@f3's). Detailed theoretical calculations of
the electronic structure of a 41.8 A diameter InP QD, based on an atomistic pseudopotiential approach, are
presented and discussed in the context of experimental measurements. Using femtosecond transient absorption
(TA) spectroscopy, we find that the rate of relaxation of photogenerated excitons to the lowest-energy exciton
level varies depending upon excitation energy and surface chemistry. Etching the QD’s passivates surface
electron traps and yields enhanced carrier cooling, which we ascribe to improved confinement of charge
carriers to the QD core. When exciting near or slightly above the first exciton state, we observe a sub-
picosecond decay of the band edge TA bleach signal which we attribute to a thermalization process. We also
present size-selective transient absorption measurements providing experimental evidence which confirms the
existence of twas-like exciton states spaced byl00 meV.
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INTRODUCTION states is 47 meV, again, more than the LO phonon energy.
The large interstate energy spacing and the concomitant po-
Nanomaterials exhibit unique physical and chemical proptential for slowed cooling of excitons is known as the “pho-
erties, including size-dependent electronic structure arisingon bottleneck.”~® Conduction band electrons have tradi-
from confinement of the charge carriers within particlestionally been identified as the charge carriers subject to
smaller than the bulk material's Bohr exciton diameter. Col-slowed cooling, because the smaller electron effective mass
loidally prepared semiconductor quantum do@D's) lie  yields single-particle conduction levels spaced further apart
typically in the 10 to 100 A diameter range. Quantum dotsthan those of the hole in the valence band. However, recent
display clear quantum size effects, including emission blueresults on CdSe QD’s have shown that interaction between
shifted from that of the bulk, and absorption spectra whichthe electron and hole facilitates electronic relaxafifihe
include discrete exciton transition features. Colloidal QD’seffect for colloidal CdSe QD’s has been described as an
expose a large fraction of their atoms to the surface, withrAuger-like process in which the hot electron can scatter its
~50% of atoms in contact with the surface for a 20 A diam-excess energy to the hole, which can then cool efficiently via
eter InP QD; as such, the surface-specific electronic structugghonon scattering, relaxing quickly via the denser manifold
can play a significant role in certain scattering and relaxatiorof valence band states. In spite of the Auger-like cooling
processes. Colloidal IlI-V and 1I-VI QD’s are typically pre- mechanism, slowed relaxation has been observed for hot
pared in the presence of organic surfactants, which stabilizelectron&® as well as for hot hole3.Slowed relaxation of
the particle surface against oxidation, partially passivate suot carriers, which may enable more efficient photoenergy
face states, and serve to solubilize the particles in nonpolaronversion, requires that the dynamics of charge separation
organic solvents. Trioctylphosphif@OP) and trioctylphos-  of the electron and hole compete with electronic relaxation.
phine oxide(TOPO are used frequently to cap IlI-V and To study the electronic structure and electronic relaxation in
[I-VI semiconductor QD’s, and provide large potential barri- InP QD’s, we have conducted transient absorptioh) ex-
ers to both the electron and the hole. Semiconductor QD’periments on InP QD’s using an interband pump followed by
provide a material system well suited to studying interactions white light probe over the range of approximately 440 to
between charge carriers, which may be strongly confined td60 nm. Our spectral TA measurements yield excellent
the dot core as an exciton or separated via surface trap statagreement with theoretical excitonic structure calculations.
or scavenger molecules. The recent demonstration of rooynamical measurements on InP QD’s indicate some depen-
temperature lasing using colloidal CdSe QD’s demonstratedence of electronic relaxation on the nature of the nanocrys-
their potential for application to optically pumped devides. tal surface. In particular, we observe slightly faster relaxation
Colloidal semiconductor QD’s show a sparsity of elec-for etched QD’s than is observed for unetched QD’s. Previ-
tronic energy levels due to quantum confinement. An InFous measurements on InP QD’s suggested evidence of sur-
nanocrystal of 35 A diameter has an energy spacing betweeace hole trapping dynamics competing with electronic
the first and second lowest exciton states-&3 meV? more  relaxation'® The time-dependent TA data presented here,
than the longitudinal opticdLO) phonon energy43 meVj.>  while niether corroborating nor contradicting the role of sur-
The spacing between the second and tHirtlke exciton  face hole traps, does provide further evidence that improving
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confinement of the charge carriers to the dot core increasdban the Coulomb interaction and the relevant energy resolu-

the electronic relaxation rate. tion of current experiment does not contain the exciton fine
structure due to exchange interaction, we include only the
THEORETICAL dominant Coulomb interaction in our CI calculation. For

each exciton state, the transition energy consists of the spac-
Electronic structure calculations on colloidal semiconduc-4ng between the contributing single particle electron and va-
tor QD’s provide information important for predictive and lence states minus the exciton binding energy. The theoreti-
interpretive uses. To explain the physical origins of observedtal transition spectrum obtained from our Cl calculation is
excitonic peaks, we calculated excitonic energies using th#lustrated in Fig. 1, revealing seven major peaks. We iden-
atomistic pseudopotential methddPM). Specifically, the tify the single-particle states that are responsible for these

computation is done in two steps. major peaks, and the results are given in Table Il. The peak
First, the single-particle orbital energies and wave func-at 1.84 eV arises from the transition between the two
tions are computed by solving the Sctiimger equation highest-energys-like valence states and the lowestike

conduction state. The peak at 1.94 eV comes from the tran-
1, sition between the split-of§-like valence state and the low-
-5V +§4 Z var=Rp=7) 1 i=eihi, (1) est conduction state. The two peaks at 2.18 and 2.24 eV are
noe attributed to the transitions fromp-like valence states to
where v (r—R,—7,) is the screened, nonlocal P-like conduction states. The theoretical peaks from 2.3 to

pseudopotenti&l for the atom of typar located at siter, in ~ 2-7 €V are mainly due to the-like single-particle states.
cell R, ande; is the single particle orbital energy. The APM Comparing the experimental spectrum with that predicted by
approach, counting the existence of each atom in colloidal"€0"y shows that each of the broad experimental peaks at
dots, allows us to study near-band edge electronic structurg 1-9 o ~2.15 eV actually result from two different transi-

of InP QD’s and also the effects of surface states due to In ofOns- Similarly, the broad experimental peak -a2.5 eV

P dangling bond& This approach is accurate and reliable: €sults from three exciton transitions.

the theoretical lowest-energy excitonic ¢apf fully passi-

vated InP dots agree well with _the experimental EXPERIMENTAL
measurementS, and moreover, the predicted surface states
were confirmed by experimental observatidhddere we Indium phosphide QD’s were synthesized using standard

present calculation results of the electronic structure of aolloidal methods, in the presence of trioctylphosphine oxide
41.8 A diameter InP QD. To study the origin of each peak in(TOPO and trioctylphosphine (TOP), as previously
the experimental spectrum over a wide energy range, a largeported:®> The zinc blende InP nanocrystals studied here
number of single-particle states, including 32 valence stateBave a mean diameter of 42 A, as determined by the energy
and 16 conduction states, are calculated. The calculated oof their first exciton absorptiotf, with a size distribution of
bital energy and its envelope-function charadctep,d or f) ~*6%. The organic capping molecules TOPO and TOP
of each state are given in Table |. With spin-orbit couplingserve to solubilize the dots for suspension in organic solvents
included, the first two highest-energy valence states are dosuch as hexane and toluene, and also effect partial passiva-
bly degenerate-like states, and the next two highest-energytion of surface dangling bonds.
valence states aglike. The energy separation eflike and All absorption, emission, and TA measurements have
p-like valence states is38 meV, which is comparable to the been conducted at room temperature on colloidal QD solu-
LO phonon energy in InP dots. The fifth valence state intions contained in fused silica cuvettes of 1 or 2 mm path
Table | is the spin-orbit split-ofp-like state, while the sixth length. In order to investigate the spectroscopic properties
valence state is the split-offlike state. Our calculation thus for different surface chemistries, we have made measure-
shows that the spin-orbit splitting is smaller for thdike =~ ments on InP QD samples in hexane, b@th as-prepared
than for thes-like valence states in the 41.8 A dot. For con- and(2) etched. As prepared, the QD’s are capped with TOP/
duction states, the lowest-energy level is predominantlyTOPO; this sample exhibits weak-1% quantum vyield at
slike. Unlike small InP dots for which the second lowest- room temperatupeband edge photoluminesceng@eL) and
energy conduction level is-like, the second lowest level for significant emission at lower energies which we attribute to
a 41.8 A dot isI'-like with p envelope function. The enve- deep trap emission. We prepare the etched sample using a
lope characters given in Table | assist with understandinglilute methanolic solution of HF or NHF in the presence of
which single-particle states contribute to the interband exciTOPO/TOP- Etched dots show a factor of ten or more in-
ton transitions. In Table |, it can also be seen that, for thoserease in the near-band-edge PL, and a reduction in the rela-
states far from the band edge.g., the 25th valence state tive intensity of near infrared emission indicative of im-
there is a strong mixing of envelope pariiye., p, f of odd-  proved passivation of deep surface trap states. Steady state
parity mixing with d of even parity, and it is generally not absorption measurements were made on a Cary 500 double
possible to assign a well-defined principal quantum numbespectrophotometer at 1 nm spectral resolution. Steady-state
to each dot state as in atomic physics. emission spectra were recorded for 400 nm excitation using a
As a second step, we calculated the excitonic energy leluorolog-3 spectrometer with CCD detection system. Exci-
els and wave functions using the configuration interactiortation light generated by a 450 W xenon arc lamp was se-
(Cl) approaclt. Since the exchange splitting is much smallerlected for 1 nm bandwidth using a double monochrometer.
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TABLE I. Valence (a) and conductior(b) single-particle states
for a 41.8 A diameter InP quantum dot. Columns 3—6 indicate the @
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Wavelength (nm)

diamete £ 675 625 575 525 475 o
percentage distribution of envelope angular momentum component 3 10 T T T T T 10 &
for each single-particle level. Energies are relative to vacuum. }% ' ’ S
< g
(a) Valence states 2 2
State index EnergyeV) s p d f £ §
[7] —_
1 —6.0303 76.9 9.5 8.0 1.7 § E‘
2 —6.0303 76.9 9.5 8.0 1.7 B %
3 —6.0679 2.7 84.9 5.7 2.6 S . ™
4 ~6.0679 27 849 57 26 E gof/ S T
5 —6.1268 0.2 84.2 6.0 4.5 E 18 20 22 24 26 §
6 —6.1275 69.8 4.8 17.7 2.1 a A2}
Energy (eV)
7 —6.1386 2.0 60.5 11.5 16.1
8 —6.1386 20 605 115 161 FIG. 1. Theoretical excitonic spectrurfdashed ling for a
9 —6.1403 0.4 5.3 77.5 5.7  sample of 41.8 A diameter InP quantum dots. The transition inten-
10 —6.1403 0.4 5.3 77.5 5.7  sity is proportional to the absorption coefficient, and consists of a
11 —6.1542 0.0 29 80.9 4.5 sum of the oscillator strengths for various excitonic transitions. The
12 —6.1834 40.2 4.2 37.4 3.6 solid line shows the measured photoinduced bleach spectrum, at a
13 —6.1835 40.2 4.1 37.3 3.7 delay of 1.0 ps, for a sample with average size-@f2 A diameter.
14 ~6.1961 0.5 292 0.7 825 Theoretical transition peaks correspond to those listed in Table II.
15 _6.2261 373 51 33.4 5.8 'I_'he two small peaks between 2.0 and 2.1 eV originate frqm transi-
tions between valence states 12, 13, and 15, and conduction state 1.
16 —6.2473 0.9 254 11 36.9 . .
We refer to the broad features observed in the experimental spec-
17 —6.2496 3.0 218 14.8 35.2 trum at 1.9, 2.15, and 2.5 eV as th&" “ P,” and “D” exciton
18 —6.2544 5.1 213 7.2 47.3 transitions, respectively.
19 —6.2549 3.5 23.1 16.5 36.4
;2 :2522? ;'g :252.2 ;?? Zi The front-f_ace emission _fro_m the sample was collected at
: : : ' ' 22.5° relative to the excitation beam and passed through a
22 —6.2657 L5 331 146 305 single monochrometer before being imaged on the CCD ar-
23 —6.2665 53 383 8.6 29.1 ray.
24 —6.2880 16 327 152 193 Our transient absorption experimental setup, previously
25 —6.2852 19 261 204 209  gescribed in detafl’ is based on a Clark-MXR CPA-2001
26 —6.3054 17 145 179 121  regeneratively-amplified Ti:sapphire laser, operating at 989
27 —6.3114 24 140 138 249 Hz The 775 nm output pulses pump a TOPAS OPA capable
28 —6.3119 38 128 185 265 of output in the range of 290 nm to 24m; in addition, a
29 —6.3245 45 1v5 222 112 fraction of the 775 nm pulse train is focused @rE 2 mm
30 —6.3316 53 217 190 114 sapphire window to generate white ligiwL) probe pulses
31 —6.3544 11.8 9.0 268 9.0  which range from approximately 440 to 950 nm. We use a
32 —6.3641 8.4 81 277 9.5  chirp-corrected approach for our fixed-time spectral TA mea-
: surements, in which the arrival times for the various WL
(b) Conduction states : )
1 —4.0608 825 106 L5 14 wavelength components are determined using twp—photon
) 37855 c7 732 105 6 absorption(a fixed visible OPA wavelength mixed with the
3 —3.7855 5.7 732 10.5 2.6 TABLE Il Th tical iton transiti K dth
4 -8l 53 731 105 2.9 lence and cc.nndui?iz)enIZztiatz)s(c\;v?]?chrigiltrli(ior:xtget% tsr;eatr:ansi?if)ﬁs\./a
5 —3.7019 0.8 1.2 6.3 0.8
6 —3.7017 0.7 1.1 6.4 0.8 Exciton transitions
7 —3.7017 0.7 11 6.4 0.8 Peak positioneV) Valence states Conduction states
8 —3.6994 2.7 0.3 3.7 0.8
9 —3.6324 1.3 3.3 1.3 16.5 1.84 1,2 1
10 —3.6312 0.1 6.1 1.0 9.6 1.94 6 1
11 —3.6298 0.1 6.3 0.9 9.3 2.18 3,4 2,3,4
12 —3.6298 0.1 6.3 0.9 9.3 2.24 5 4
13 —3.5879 4.6 0.9 5.6 5.0 2.24 7.8 2,3
14 —3.5599 1.9 9.0 585 12 2.38 17-25 2,3,4
15 —3.5568 1.8 5.7 39.1 7.5 2.48 9, 10, 11 14, 15
16 —3.5540 1.6 2.6 22.3 3.9 2.60 17, 19, 21, 22, 24, 25 14
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Energy (eV) Samples with sufficiently narrow size distribution reveal
TA features corresponding to higher energy exciton transi-

25 22 1.9 1.7 15 1.3
03— 1 T ' T P tions. The solid line in Fig. 1 shows the normalized TA spec-
0.30[  [— etched trum at 1 ps delay following photoexcitation at 3.2 eV to a
‘. |7---_unetched . . _
025\ . ‘ per-dot average exciton population @fy)=0.4. Although

the calculated excitonic structurdotted line in Fig. 1 re-
veals multiple transitions within each of the broad experi-
mental peaks, we refer here to the experimental exciton fea-
tures at 1.9, 2.15, and 2.5 eV as th&™*“ P,” and “D”"
peaks, respectively. The calculated envelope function charac-
ter of the single particle levels contributing to t8eP, andD
experimental peaks are indeed primardly p-, and d-like,
respectively(see Tables | and )l However, the calculated
Wavelength (nm) excitonic transitions indicate that broadening produces an ex-

FIG. 2. Absorption and emission from as-prepatedetched perimental spectrum concealing additional structure corre-

and etched 42 A diameter InP QD’s in hexane. Note the logarithmiéPonding to two or three transitions within each of 8)&,
scale for emission intensity. and D experimental peaks. Thus, the excitonic ladder along

which relaxation occurs for core-confined electron-hole pairs
WL) in a 0.5 mm thick ZnO crystdf consists of more states than are resolvable spectroscopically.

The visible pump and WL probe pulses are focused tofwo important issues to note are the following: first, the
spot sizes 0f~500 and 125um, respectively. Spatially fil- €xcitonic ladder also includes states which are orbitally for-
tering the visible pump beam is used to improve the transbidden. While these states offer only very weak oscillator
verse mode qualitf/ We utilize standard TA measurement strength for absorption, they are accessible to cooling exci-
techniques in which a visible pump pulse photoexcites thdons and therefore further increase the state density and re-
dots at or above the first exciton transition, and the WL pulsdéluce the magnitude of energy gaps between exciton states.
probes the induced change in absorption at a specific energgecondly, our calculations do not include the effects of
e.g., the energy corresponding to the first exciton absorptiorglectron-hole exchange and the crystal field, both of which
We determine the system response using two-photon absorpplit the exciton states and result in fine structure which sig-
tion between pump and probe pulses in ZnO. Two effectdlificantly increases the number and density of exciton states.
contribute to the pump-induced change in absorption. At There are two distinct ways to discuss electronic relax-
short times, the carrier-induced Stark effect results in a deation in QD’s: one can speak of the cooling of electrons and
rivativelike differential absorption spectrum. As the excitonsholes separately through conduction and valence band levels,
cool to the band edge on the100 fs time scale, state-filling Or one can speak of exciton cooling. For strongly confining
induced bleaching of the absorption dominates the TA signaiQD’s in which the electron and hole wave functions are con-

We determine the solution nanoparticle concentratiorfined to the dot core as an exciton, the electron and hole are
from the decadic extinction coefficient as previously correlated and quantum mechanically occepgitonicstates
described” The average excitation density per partidhg), rather than single particle levels. On the other hand, if one
is computed using the product of the pump fluenigg fpho- charge carrier wave function transfers from the dot core
tons per pulse per cthand the absorption cross sectiap: ~ States to a surface state or external stege, by charge sepa-
(No)=j,0a. Measurements are typically made exciting atrationto a surface trap or surface scavenger moléa,&ﬁlthe.
(No)=<0.5 electron-hole pairs per dot, which simplifies ex- fémaining core-confined carrier can be said to occupy single

perimenta' interpretation by |arge|y avoiding mumpairAuger 'pal’ticle.leve|s, W|th a SubStantial reduction in the C0u|0mb'
recombination effect® interaction. For real-world dots, even charge-separated carri-

ers will be imperfectly screened from one another, and the
spectrum of interaction thus ranges from the strongly corre-
lated “pure exciton” to weakly interacting. Consider the case
Figure 2 shows absorption and emission data for unetchedhere two types of dots exist within a colloidal QD sample,
and etched samples of 42 A diameter InP QD’s in hexaneconsisting of(1) dots for which the electron and hole are
Absorption features associated with exciton transitions areonfined to the particle core as an exciton &&gdots for
evident near 660, 570, and 500 nm. Following etching, thevhich one carrier remains confined while the other traps at
exciton features broaden indicating a slightly increased sizéhe surface. If the extension of the wave function to surface
distribution due to the etching process. For the unetchetrap states is sufficiently fast to compete with electronic re-
sample, band edge emission is extremely weak while emidaxation, two different relaxation scenarios may occur de-
sion at lower energies associated with deep level traps ipending upon the trapping time: relaxation of the core-
relatively strong. In contrast, etching strongly increasesonfined exciton, or electronic relaxation with a reduced
band-edge emission while significantly reducing the relativeCoulomb interaction. The distinction is important in part be-
strength of the deep trap emission. Clearly the surface chenzause while for 42 A diameter InP QD’s the spacing between
istry affects one or more of the relative rates of radiativethe two lowest conduction levels suggests an intraband gap
nonradiative, and deep trap related recombination. of 275 meV, the gap between the two lowest exciton transi-
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. , FIG. 4. Transient absorption dynamics probed at 660(hr88
FIG. 3. D_ynamlc_s _for .the_ unc_etched 42. A dlameter_ InP QD eV, the S bleach peakfor unetched 42 A diameter InP QD’s in
sample showing variation in rise time 8fexciton bleach signal at hexane, as a function of excitation energy, excited to a level of
660 nm for excitation wavelengths between 450 and 600 nm. Excim):0 2 The solid line shows the exponen’tial fitt for 1.94 eV ex-

ton transitions associated with tRebleach may be excited only by citation energy, and indicates a relaxation time of 325 fs. The

550 nm and shorter_ wavelength excn_atlo_n. The solid line shows_ th‘aashed line shows the two-photon absorption cross correlation in
two-photon absorption cross correlation in ZnO for 2.07 eV excita-> 5 tor 2 07 eV excitation

tion.

tions is just 44 meV’ Relative to the intraband spacing of excitation at 450 nm(2.75 e\}, which is well above the
conduction electroiisingle particlg levels, the magnitude of p-like exciton transitions, yields components of 360 fs and
the gaps between exciton states, on which the phonon bottl€-5 ps, indicating substantially slowed relaxation.
neck may depend, decreases significantly if the electron and As previously reported, photoexcitation within about 100
hole cool together through the exciton states. meV of theS bleach peak results in the appearance of a
The rise time of theS exciton bleach signal at 660 nm <1 ps relaxation component within tibleach dynamicd’
(1.88 eVj correlates to the dynamics of electronic relaxationThe short time decay component of tBéleach relaxation,
to the s-like exciton states at 1.84 and 1.94 eV. Therefore,shown in Fig. 4 as a function of excitation energy, becomes
when photoexciting excitons above the highgeke transi-  decreasingly prominent for increasing excitation energy, and
tions (1.94 eV, the build-up of theS bleach provides a mea- vanishes for photoexcitation wavelengths shorter than 600
sure of relaxation to exciton states involving th8,llevel.  nm. Although we earlier attributed this initial relaxation to
Figure 3 presents dynamics of tBebleach for the unetched hole cooling!’” our continued investigation has revealed that
sample, as a function of excitation wavelength, for a photothe decay component persists even when photoexciting at or
excited average per-dot exciton density of 0.2. As expectedyelow the lowess-like exciton energy. The lowest excitation
the S bleach build-up time increases for increasing excitatiorenergies prepare the exciton in a state without significant
photon energy, reflecting the fact that relaxation from higherexcess energy above the band edge, and thus hole-related
energy states proceeds more slowly. The rise time ofSthe cooling effects are not expected. The short time relaxation is
bleach signal can be well fit using two exponentials, and theresent independent of QD etching, and shows no polariza-
increasing rise time with increasing initial exciton energy istion anisotropy for our room temperature measurements. The
reflected in both the faster and slower components. Analysifast decay is most prominent when the exciton has the least
of the relaxation rate using a model based on the calculateeixcess energyFig. 4), indicating that the relaxation com-
excitonic structure is in general problematic: for example petes with, or is masked by, state-filling from higher-lying
our sample size distribution blurs the existence of the duallevels. Additionally, the bleach intensity for higher-energy
peaked nature of th& bleach peak. However, we believe excitation never achieves the peak signal level we observe
that the two components arise from the carrier-induced Starfor the lowest-energy excitation.
effect (faste) and the effect of state filling from higher exci-  We attribute this fast relaxation component to thermaliza-
ton stategslower. Experimentally we measure the dynamicstion of the exciton over many fine structure states. As noted
at the peak of thé& exciton bleach at 660 nif1.88 eV}, and  above, real world QD’s exhibit fine structure within the elec-
we are currently unable to resolve the separate contributiortsonic spectrum. Some of the near-band edge exciton states
of the 1.84 and 1.94 eV exciton transitions. Excitation at 600are spin-allowed, and others are not. Calculations reveal that,
nm (2.07 eV} yields time constants of 60 and 300 fs, indi- for 42 A diameter InP QD’s, the band edge fine structure
cating very fast relaxation. Excitation at 550 r{h25 e\j  consists of levels typically within 5 meV of one anotfiér.
permits excitation into the highest of the tyelike exciton  Therefore, following absorption into spin-allowed states, the
states, and the dynamics of tiebleach build up indicate distribution of excitons within the sample will broaden to
components of 190 fs and 1 ps. Pumping at 500 (@®8 populate the many thermally accessible states, some of
eV) yields rise time components of 250 fs and 1.5 ps, whilewhich exhibit considerably less oscillator strength. The result

075308-5



RANDY J. ELLINGSON et al. PHYSICAL REVIEW B 67, 075308 (2003

1oF 7 NI 1 nals which rise similarly for the first-200 fs, the etched

:W%&.M“ Geteeetgevey sample proceeds to complete its rise faster than does the

o8k (a) - unetched sample. The effect of etching on the bleach dynam-

ics is small but reproducible. We are unable to determine

- here the origin of this effect, but the difference in rise time

concurs with a model in which superior core confinement of

- the charge carriers, through surface state passivation, facili-

O unetched tates cooling via exciton-phonon interaction. Figurén)5

¢ etched . shows theP peak bleach dynamics, measured at 578 nm

(2.15 eV). Apart from the etched sample showing a larger

bleach following the initial decaye.g., after 5 ps the dy-

2 4 6 8 10 namics of theP exciton bleach decay are very similar. We
attribute the relatively poor correlation between the dynam-
ics of the rise of theS bleach and decay of the bleach to

' ! ' ] the complexity of the exciton electronic structure; contribu-
tions from the carrier-induced Stark effect further complicate

(b)

06}

0.4}

Normalized AT/T

02

OO ER I RO G

0.0

analysis of the correlation.
Resolution of distinct exciton transitions near the first ex-

7 citon transition has been challenging for colloidal InP QD'’s,
owing to both the relatively large size distribution achieved
LS P o] by covalent chemistry synthesis of 1lI-V QD’s as well as the
* relatively small spin-orbit splitting in bulk InP which pro-
duces a higher state density near the valence band edge. Ba-
nin et al. applied transient nanosecond hole burning to 34 A

L L L 1 diameter InP QD'’s, and resolved the first exciton transition

4 6 8 10 and also a second excited transition spaced at 100 meV, with
Delay (ps) a width of 100 me\#! Bertramet al. used PLE to map exci-
ton transitions in InP QD’s, characterizing the size depen-

FIG. 5. Comparison of transient photoinduced bleaching of thedence of eight distinct transitio8 Both of these character-

S and(b) P excit ks, at 1.88 and 2.15 eV, tively, for.” . .
(&) Sand(b) P exciton peaks, a an ev, Tespecively, 1or ations were carried out at low temperatures20 K).

etched and unetched InP QD samples. Photoexcitation at 2.30 e . TA fInP h
and above excites thP exciton states. Relaxation to thelike revious room temperature measurements of In ave

exciton states proceeds more quickly in the etched dots owing ts€vealed only a smgle.,.br(gal\g bleach peak associated with the
better surface passivation by fluorine. Dotted curves show the cross@West exciton .'[I’anSItIOlll.’ Size-selective spectroscopy,
correlation in ZnO between pump and probe pulses. based on reducing the photoexcitation photon energy to se-
lectively excite only the largest dots within the distribution,
is an aggregate depopulation of the absorbing transitions arfths been used previously to narrow the size distribution of
thus a decrease in th® absorption bleach. Increasing the the sample that is photoexcitéd?’We have investigated the
photoexcitation energy introduces exciton relaxation, a statesize-selective TA spectrum for our sample of etched InP
filling process which masks the effect of dispersion into spin-QD’s. Decreasing the excitation photon energy below that of
forbidden states. That the maximugnbleach is highest for the S bleach peak, we observe a redshifting of the spectrum
low energy excitation suggests that relaxation from highelas well as a slight narrowing of the spectral features. As we
exciton states proceeds directly into spin-forbidden as weltontinue to tune the excitation to longer wavelengths beyond
as spin-allowed states. ~690 nm and to increase the intensity to compensate for
The landscape of InP QD trap states, both internal andlecreasing sample absorption, the TA spectral features begin
surface-related, is quite compl&kAmong the prominently to once again broaden and show less size selection; this ef-
identified trap states are surface and core electron {kajije  fect can be explained by increasingly significant two photon
due to phosphor vacangyan additional deep electron trap at absorption which leads to an excitation at effectively twice
the surface due to oxygen, and a surface hole trap consistirge incident photon energy. The global TA spectrum, for pho-
of an indium vacancy”?°While etching with HF is believed toexcitation at 370 nm, peaks at660 nm. In contrast, as
to passivate both types of surface electron traps, the surfachown in Fig. 6, size-selective excitation at 690 nm yields a
hole trap is found to persist after etching. We attempt toTA spectrum(0.3 ps delay which peaks at~-680 nm. The
study the effects of surface preparation on relaxation dynamamplitude-normalized TA spectrum does not change mark-
ics by comparing theS and P bleaching dynamics of our edly between delays of 0.3 and 20 @t shown, because
etched and unetched samples for photoexcitation at 2.30 etie low excitation photon energy yields essentially no ex-
(see Fig. 5 The unetched QD’s are passivated with TOP/cited excitons. The 0.3 ps spectrum shown in Fig. 6 reveals a
TOPO and, as indicated by the low band edge PL efficiencygubstantially asymmetri§ bleach, indicating that two dis-
(Fig. 2), are affected by surface electron traps which appeatinct transitions comprise the broader pe@akhich for in-
largely passivated by the HF etch. As shown in Figg)5 creasing excitation photon energy merge into one more
while the etched and unetched samples si®hleach sig- nearly symmetric peakOpen circles show the TA data, and

Normalized AT/T
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Energy (eV) pulse photon ech@t 20 K) to measure the effects of dephas-

25 923 21 1.9 1.7 ing on the linewidth for INP QD’s in the range of 29 to 34 A
;i diameter? They found that dephasing through coupling to

acoustic phonon modes limits the linewidth for these dot
sizes to~5 to 10 meV at 20 K. Although room temperature
measurements have not been reported, the additional cou-
pling to thermally active LO phonon modes is expected to
broaden the transition energy widths significantly. Therefore,
widths of several tens of meV may result from dephasing
mechanisms.

10x10°
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500 550 600 650 700 750

Results of theoretical electronic structure calculations on
Wavelength (nm)

41.8 A diameter InP quantum dots based on the atomistic
FIG. 6. The open circles show the transient absorption spectrurRS€udopotential method have been presented. By first calcu-
for the etched 42 A diameter InP QD sample at 300 fs delay follating 32 conduction levels and 16 valence levels and includ-
lowing size-selective 690 nm excitation. Asymmetry in Biexci- g these in a configuration interaction calculation, seven
ton peak indicates the presence of two transitions. The dotted ling@ajor exciton transitions have been revealed. We identify the
show the Gaussian fit components which when summed producgingle particle states, including their envelope character,
the solid line. Variations in the fit for multiple size-selected spectrawhich contribute to the exciton transitions. Calculated exci-
yield an energy spacing between peakandB of 100 to 110 meV. ton transitions are compared with the experimentally deter-
mined femtosecond TA spectrum, and excellent agreement is
the solid line shows a fit to the data consisting of individualfound. Femtosecond TA spectroscopy has been utilized to
Gaussian components graphed as dotted lines. The resultdAvestigate the dynamics and spectral dependence of exci-
fit curves in Fig. 6 labeled\ andB indicate the transitions tonic relaxation in colloidal InP quantum dots with average
we correlate to the twa-like exciton transitions. For this diameter of 42 A. Following photoexcitation-430 meV
spectrum, transitiond and B show widths of 1165 meV  above theS bleach peak, electronic relaxation as evidenced
and 70:t5meV, respectively, and are spaced by 110by the rise time of thé bleach proceeds more efficiently for
+5meV. While the relative amplitudes of these peaks vangtched QD's, likely due to superior passivation of surface
somewhat with sample and precise excitation wavelengtirap states. Varying the photoexcitation wavelength to in-
the spacing between them falls consistently within the rangérease the initial exciton energy above fihike exciton en-
of ~105 to 115 meV, suggesting that with improving sample€rgies results in slowed relaxation to théke exciton states.
size distribution these twe-like exciton transitions will be- We also observe a fast initial relaxation process for excita-
come increasingly distinct. While the observation of twotion close to the first absorbing exciton state, and attribute
slike exciton transitions correlates very well with the calcu- the effect to thermalization of excitons into “dark” exciton
lated results, we do not observe evidence of a twolevels which do not contribute to the absorption cross sec-
componentP bleach peak; the calculated spacing betweerion. Finally, by tuning the photoexcitation energy to size-
the p-like exciton peaks of 60 meV is slightly too small to selectively pump larger dots in the sample, the braek-
resolve within our TA spectral data. citon peak exhibits asymmetry and structure indicative of
The width of the globally excite® bleach peak, shown as two s-like exciton states, as expected from our theoretical
the solid line in Fig. 1, has three contributiofi size inho- ~ calculations.
mogeneity,(ii) underlying transition width, andii) broad-
ening via dephasing through electronic coupling to QD core,
surface, and solvent vibrational modes. While size inhomo-
geneity dominates the global TA spectrum, the size-selected The authors thank Olga I. Mic for providing further in-
TA spectrum shown in Fig. 6 does display two distinct peakssight into the nature of colloidal InP QD trap states. The
within the S bleach; as noted above, the widths of theseauthors from the National Renewable Energy Laboratory
transitions have been estimated using Gaussian peak fittingish to thank the U.S. Department of Energy, Office of Sci-
(Fig. 6). While the intrinsic linewidth has been predicted to ence, Office of Basic Energy Sciences, Division of Chemical
be less than 0.1 meV even at room temperature, Banal. ~ Sciences for generous financial support. H. Fu thanks the
applied both nanosecond hole-burnifaf 6 K) and three- NSF for financial supportGrant No. DMR-0116316
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