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Ultrafast dynamics of inter- and intraband transitions in semiconductor nanocrystals:
Implications for quantum-dot lasers

V. I. Klimov,* Ch. J. Schwarz, and D. W. McBranch
Chemical Sciences and Technology Division, CST-6, MS-J585, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

C. A. Leatherdale and M. G. Bawendi
Department of Chemistry and Center for Materials Science and Engineering
and Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139
(Received 2 September 1998; revised manuscript received 6 May 1999

Application of femtosecond transient absorption in the visible and near-IR spectral ranges and time-resolved
photoluminescence allows us to separate electron and hole relaxation paths and to map the structure of
interband and intraband optical transitions in CdSe and CdS nanocrild@ls with a wide range of surface
properties. In contrast to electron relaxation, which is controlled by NC surface passivation, depopulation of
hole quantized states is extremely féstib-ps-to-ps time scale@ all types samples, independent of NC
surface treatmenrincluding NC's overcoated with a ZnS layeOur results suggest that ultrafast hole dynam-
ics are not due to trapping at localized surface defects such as a vacancy, but rather arise from relaxation into
intrinsic NC states or intrinsically unpassivated interface st@&®163-18209)51228-9

Three-dimensional3D) quantum confinement results in electron dynamics, controlled by NC surface passivation,
discrete energy structures and atomiclike selection rules fdnole dynamics are extremely fast in all samples with appar-
interband and intraband optical transitions in semiconductoently different surface properties, suggesting that they are not
nanocrystal§NC's) '~ Structures of interband transitions in due to trapping at localized surface defects such as vacan-
lI-VI NC’s have been extensively st.ud|_ed5 using linear cies, but are rather due to relaxation into either intrinsic NC
a_bsorpuorf‘, photoluminescencéPL) excitation; and tran-  states, or surface states that remain unpassivated even under
sient absorptiotiTA).®’ Time-resolved TA studies have also the range of surface treatments of this work.
been applied to probe energy relaxation and recombination TA measurements in the visible spectral range were per-
dynamics in NCS7 The large level separation has beenformed using a fs pump-probe experiment with a white-light
predicted to significantly |nh|1%|t energy relaxation in NC’s ¢ continuum, as previously describ¥dThe pump-photon
due to a p_honon bottleneck, ‘.’Vh";rg’ 1however, ha:'s been energy was 3.1 eV, the puniprobe pulse duration was 100
argued against by recent experimeffts: The relaxation of fs. In IR TA measurements, the probe pulses were derived

carriers from the lowest quantized states in NC’s can be sig: . . - ;
nificantly faster than for radiative decay, due to the enhancgf-rom an IR optical parametric amplifier, tunable in the range

ment of nonradiative processes associated, e.g., with sun‘ac}(izl_z'7 pm. }PTmti-resoIvleSdo fP Lt' was mTaﬁ urec\iNusTg d fs
trapping®® Since both electrons and holes contribute to in-UP~CONVErsiorwith an IS lime resolution. Yve stud-

terband TA signals measured with a visible probe, visiblded CdSe and CdS NC's prepared by colloidal synttésis
TA data do not allow a reliable separation of electron andd high-temperature precipitation in molten glassesl-
hole dynamics, which is essential for understanding thdoidal CdSe samples were of two types: NC's passivated
mechanisms for carrier trapping and the origin of trapping¥ith molecules of tri-n-octylphosphine oxitle(TOPO and
sites. Additionally, most of the ultrafast studies of 11-vI “overcoated” NC's containing a final layer of Zn§.NC
quantum dots have concentrated on NC/glass samples, whigiizes and size distributions were determined from linear ab-
have poorly controlled surface properties. Therefore, it resorption spectra using calibration curves derived from a
mains unclear whether the fast initial depopulation of quancomparison of optical data with data of transmission electron
tized states in NC's is entirely due to trapping at surfacemicroscopy and small-angle x-ray scatteriig@he NC mean
defects or due to relaxation into intrinsic quantum dot stategradii (R) varied from~1 to ~4 nm. The NC size disper-
Separation of electron and hole dynamics is possible bgion was 4-9% in colloids and 15-25% in glass samples.
using TA with an IR probe tuned in resonance with eitherAll measurements were performed at room temperature.
electron or holeintraband transitions? Of the few IR TA In Fig. 1, we show visible-to-near-IR spectra of pump-
studies of quantum-dot systerhs-*all have concentrated on induced absorption changeda (symbolg for TOPO-
electron intraband transitions, whereas hole energy structurggssivated CdSe NC’s witR=1.73(a) and 1.17 nmb) at
as well as hole dynamics have not been studied to date. lpump-probe delay timesAt) 1, 5, and 50 ps. To exclude
this paper, we report a femtosecoffd) study ofinterband effects of many-particle interactions on carrier dynamics,
and intraband(electron and holetransitions in 1I-VI quan- these data were taken at low pump intensities corresponding
tum dots with a range of surface properties performed comto N.,<1 [Ngy, is the average number of electron-hoéeh()
bining fs TA in the visible and IR spectral ranges togetherpairs excited per N Electron relaxation into the lowesSl
with time-resolved PL. Our data indicate that in contrast tostate in these samples occurs within less than & Rspula-
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FIG. 1. Visible-near-IR TA spectrésymbolg recorded at dif-
ferent delay times 4t) between pump and probe pulses for CdSe
colloidal NC’s (TOPO passivationwith R=1.73(a) and 1.17 nm
(b) (dotted lines are linear absorption spegtiasets: Comparison
of visible (1S transition) and IR TA dynamics. All data were taken
at a pump fluencev,=0.32 mJ cm?.

Delay Time (ps)

FIG. 2. (a) Visible (2.26 eV} and(b) IR (0.69 eVJ TA dynamics
for CdSe colloidal NC's R=1.73 nm) with differently prepared
surfaces: freshcircles and aged(squares TOPO-capped NC's,
and NC's overcoated with a ZnS lay@rosses Lines are fits to a
double-exponential decay.
tion of the 1S state leads to state-filling-induced saturation of
the 1S(e)-nS:(h) interband optical transitiond=(is the total samples shown in Fig. 1, over the IR range studied, the intra-
hole angular momentum, amdis a number of the state of a conduction-band contribution can only be due to ti®1P
given symmetr§) with associated bleaching featureA  electron transition. In NC's witlR=1.73 nm, this transition
<0) in the visible portion of TA. For the 1.73-nm sample, has an energy of 0.45 eV*® Assuming a~0.1 eV transi-
we observe two bleaching bands at 2.26 and 2.4 eV, whickion broadeningestimated for a~-5% size dispersion the
mark the positions of $(e)-1S3,(h) (1S bleaching and  1S-1P electron absorption does not contribute significantly
1S(e)-2S5,5(h) (2S bleaching transitions, respectiveRyIn  to the TA signal measured in the 0.55—0.7-eV range, mean-
the case of the 1.17-nm sample, only one band at 2.53 el\hg that it is almost entirely due to intra-valence-band tran-
(1S transition is seen within the observation range. Thesitions. Consequently, the dynamics of this signal are indica-
spectral positions of the TA features closely match thosdive of hole relaxation behavior.
seen in linear absorptiofdotted ling. In the inset to Fig. da) and in Figs. 2a) and 2b) (circles

The state-filling-induced bleaching of interband opticalwe compare time transients recorded for the 1.73-nm sample
transitions is proportional to the sum of the occupation numat visible [2.26 eV (IS bleaching] and near-IR(0.69 eV}
bers of the electron and hole states involved in these transspectral energies. In contrast to the relatively slow initial
tions. However, at room temperature, the hole population isub-100-ps relaxation of theSlbleaching(electron dynam-
spread over a large number of valence-band states, and tie), initial relaxation of the near-IR TAhole dynamickis
bleaching signals are dominated by electron populationsextremely fast and occurs on the sub-ps-ps time scale. A
This is clearly indicated by the fact that in all colloidal and pronounced difference in electron and hole relaxation rates
glass samples, theSland 2S bleaching bands, which in- allows us to separate electron and hole contributions to IR
volve the same electron § but different hole states, show TA. Since the “hole” signal decays on the ps time scale, the
essentially identical dynamics At>2-3 ps, dominated by 50-ps IR spectrum in Fig.(&) is characteristic of the elec-
depopulation of the commonSlelectron level. tron 1S-1P absorption. To derive the fast hole-related por-

In the near-IR spectral range, for both samples shown iion of TA [thick solid line in Fig. 1a)], we subtract the
Fig. 1, A« is positive indicating excited-state absorption duespectrum detected at 5 ps from the 1-ps spectrum which
to intraband transitions. For both the 1.73-nm and 1.17-nngives a bandhole near-IR intraband absorptijopeaked at
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~0.5 eV. Due to quantum confinement, th8-1P electron
transition shifts to higher energies in NC's witlR
=1.17 nm, leading to an increased relative contribution of
the slow electron-related portion of TA in the near-IR spec-
tral range[Fig. 1(b) and insel From the 50-ps “electron”
TA spectrum[Fig. 1(b)], we can assign the energy of the
1S-1P transition to~0.5-55 eV. The fast TA component
reflecting the hole contribution peaks-a.64 eV.

Analysis of the B bleaching decayelectron relaxation
shows that it is very sensitive to NC surface properties. In
Fig. 2(@) we compare $ bleaching dynamics for three
samples with the same NC radigs.73 nm), but different
degrees of surface passivation. These samples are freshljgg
prepared TOPO-passivated NC(sircles, the same NC's <
but eight months after preparati¢squares and freshly pre-
pared NC’s overcoated with four monolayers of ZnS
(crosses For all samples, the 9 bleaching shows a two-
component decay: initial sub-100-ps relaxation, followed by
slow ns decay. In freshly prepared TOPO-capped NC's, the
fast component is about 15% of the signal amplitude. The
fast component is enhanced up+®0% in the aged sample,
but gets reduce@own to~7%) in the “overcoated” NC's.

This comparison clearly indicates that the fast initial electron
decay is due to trapping at surface defects. The number of
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these defects grows with the loss of passivation in aged col- FIG. 3. Comparison of visible-TA and PL dynamics fran-
loids, resulting in increased availability of sites for electronsition) with IR-TA dynamics in CdS/glassR~4 nm) sample
relaxation. On the other hand, the number of surface defecisv,=0.02 mJ cm?). Time constants; and r,) and amplitudes
is significantly reduced in NC's with an epitaxially-grown (a, and a,) are taken from fits of the IR traces to a functign
shell of a wide-gap semiconductor, resulting in the suppres=a;e”""1+aye™"" (not shown for clarity. Inset: PL spectra de-
sion of the fast component in the electron relaxation. Since itected at 0.45 and 3 ps after excitation.

TOPO-capped NC's passivating molecules are coordinated

to surface metal ion¥, the electron traps are most likely ation time? In Fig. 3, we show a comparison of PL and

associated with metal dangling bonds.

visible TA dynamics(both for the 1S transitionwith IR TA

In contrast to the initial electron dynamics, which can bedynamics for CdS NC's witfR~4 nm. The B bleaching is
controlled by surface passivation, the hole dynamics aréominated by a component with a 55-ps time constant, due
practically unaffected by NC surface properties, as clearlyio electron surface trapping. The PL relaxation occurs on a

seen from comparison of IR tracgsg. 2(b)] for the samples

much shorter 1 ps) time scale, indicative of fast hole

described in the previous paragraph. All three samples shovglaxation, analogous to that in CdSe samples. Interestingly,
nearly identical fast decay with a 1.4-ps time constant, indithe 0.56-eV TA trace is almost identical to that for th& 1
cating rapid depopulation of hole quantized states, indeperbleaching, indicating the dominant contribution of electrons
dent of the surface passivation. The fast decay of “hole” IRinto the IR signal at this spectral energy. With increasing
signals (0.5-2 p$ is seen for all colloidal CdSe NC’s probe spectral energy, the TA relaxation becomes faster, and

(TOPO- and ZnS-cappédstudied by us R=1-4 nm).
Similar fast relaxation of near-IR signa(8.8—1.5 ps time

at 0.69 eV, it closely matches that of PL, indicating that both
are dominated by hole dynamics. Fast hole relaxation is ac-

constants is also observed in CdSe/glass nanocompositesompanied by a low-energy PL shift-60 meV) which
(NC radii from the 2.2—4.2 nin The fact that hole dynamics provides an estimate of the hole localization enefgge the
are extremely fast in all types of samples, including “over-inset to Fig. 3.
coated” NC’s, indicates that these dynamics are not due to The relaxation data shown above are also relevant to the
trapping at localized surface defects, but rather due to rela¥mportant technological issue of room-temperature optical
ation into intrinsic NC states which are likely of surface ori- gain and lasing in NC media. Previously, optical g&iR®

gin (e.g., hole self-trapped surface states as analyzed in Rednd lasing® in CdSe NC’s have been demonstrated at cryo-
19) or intrinsically unpassivated Se or S lone pair sites. Thegenic temperatures. To explore the possibility of achieving

importance of hole surface trappiritpcalization in I-VI

room-temperature gain, we studied the TA pump dependence

NC’s has been also indicated by several previous experimerior colloidal CdSe NC'{TOPO and ZnS cappgaf various

tal studie$132°

sizes with PL quantum yield up to 30%. In the inset to Fig.

For CdS NC/glass samples, in addition to TA measure4, we show a normalizedSabsorption change{A a/ ay,
ments, we performed studies of PL dynamics. In contrast teyg is the linear absorptionat At=2 ps vs pump fluence
state-filling-induced TA signals, which are proportional tow,. The gain threshold corresponds toA @/a,=1. None
the sum of the electron and hole occupation numbers, PL ief the samples shows crossover from absorption to gain even
proportional to the product of these numbers; therefore Plat very high pump densities correspondingNg,>10. In-
dynamics are dominated by carriers with the shortest relaxterestingly, in the plot of~Aa/ay vs Ngp (main frame of
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L B B LA B removed from quantized states, consistent with our IR data
- e indicating ultrafast hole trapping. Interestingly, time-
TOPO-capped gain threshold resolved visible-TA data indicate thaSloptical gain is not
M1 @ 233nm m observed even on the short 1-ps time scale, suggesting that
F | O 173nm ﬁgﬂ ] during the energy relaxation the hole reaches the manifold of
F s c;;;:(;“ ’ : surface states before the electron relaxes into tBesthte.
|| x 1.47nm | We also do not see any signatures of the “biexciton” gain

which should be located at spectral energies below tBe 1
transition. The latter is consistent with data of Ref. 22, indi-
cating that the gain due to the biexciton-exciton transition is
only observed at low temperature$<€170 K for 2.5-nm
CdS NC's.

In conclusion, we have performed time-resolved PL and
visible-to-near-IR TA studies of II-VI semiconductor NC’s
which allow us to directly compare the dynamics of inter-
and intra-band transitions between quantized states. We ob-

001

T T[T
<

10'2w ‘}y'l serve extremely fast depopulation of hole quantized states

o/ %50 ] (sub-ps and ps time scajas all types of samples, indepen-
Pl — ol — dent of NC surface properties, indicating that hole trapping
N sites are not defect-related but rather are intrinsic to nano-

crystal quantum dots. In contrast to this observation, initial
FIG. 4. Pump dependence of the normalize8 absorption  fast electron relaxation is extremely sensitive to the degree of
changes(symbol in CdSe colloidal sample6TOPO- and ZnS-  syrface passivation, suggesting that it is due to trapping at
cappedwith Rfrom 1.17 to 2.77 nm plotted Wy (main framgor - gyrface defects, associated most likely with metal dangling
normalized pump fluencéinse (wpo=15.6 mJcm?). Lines are  pongs. \We observe a “universal” size-independent TA
model curves for state filling in the system for which the IoweSIpump-intensity dependence, indicating saturation of tBe 1
optical transition couples a populated electron state to either a popUy < ration bleaching before a crossover to gain occurs. This
lated (dashed lingor unpopulatedsolid line) hole state. provides additional strong evidence that ultrafast depopula-
tion of hole quantized states is a general feature of Il-VI

Fig. 4), all experimental data points fall along one “univer- quantum dots.

sal” curve which shows a linear growth beldM,,=1, and
saturation at a level Aa/ag~1 aboveN.,=1. These data
are compared with the dependence expected for state filling This research was supported by Los Alamos Directed Re-
in a system for which the lowest optical transition couples asearch and Development funds, under the auspices of the
populated electron state to either a populdtished lingor ~ U.S. Department of Energy. C.A.L. and M.G.B. also ac-
unpopulatedsolid line) hole state. This comparison strongly knowledge partial funding from the NSF-MRSEC program
suggests that already at 2 ps after excitation all holes arender Grant No. DMR-9400334.
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