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We report transient absorption saturation measurements on lead sulfide colloidal nanocrystals at the first and

second exciton energies and fit the results to a model incorporating intraband and interband relaxation processes.

We study in detail the Auger recombination from the first excited state, which takes place when more than
one electror-hole pair is excited in a dot. We find an Auger coefficient of 45073 cmf/s for dots of 5.5

nm diameter, and observe saturation of the absorption bleaching when the (8-fold degenerate) first level is
filled. We develop a model for the absorption dynamics using Poisson statistics and find a good fit with our
experimental measurements.

1. Introduction photoluminescence at the important telecommunications wave-
length of 1550 nm.

Auger recombination has previously been modeled in other
nanocrystals using Poisson distributidh&or PbS nanocrystals,
we expand previous models by limiting the fundamental level

Colloidal semiconductor nanocrysthtsffer the versatility of
semiconductors with simplified processing methods. Lead salt
nanocrystakhave a band edge tunable from red to beyond the

infrared telecommunications wavelength,where no other occupancy 1o its degeneracy and are thus able to account for
practical solution-processable organic semiconductors exist. pancy generacy .
the observed saturation in the absorption change.

Many lead salt nanocrystal devices have been demonstrated, o
Auger processes speed up recombination but usually reduce

such as lasers,photodetector, photovoltaic solar cell&/ : . :
. luminescence. Thus they are useful for fast nonlinear optical
modulators® and transistor8. . . e ;
. N ' devices, but should be avoided where long lifetimes or high
The delocalized carriers in bulk semiconductors lead to Auger . L . . )
. . . luminescence efficiencies are required, for example, in multiple-
processes proportional to the cube of the carrier density. In . . ) .
} . .~ _exciton generation devicé8 Therefore, a good understanding
guantum dots, however, the strong confinement of excitons gives . . RO X
- of multi-exciton recombination is needed for the design of many
a sharp threshold for Auger processes. They are absent with . . .
nanocrystal devices. Since nanocrystal electron dynamics are

only one exciton, but occur efficiently when additional excitons :
; . . ) not completely understood, this study may also prove to be
are available. Therefore, carrier relaxation rates differ by several ’ . .
useful for devices in other materials systems.

orders of magnitude between dots with single and multiple
excitons, as observed previously in several types of nanocrystals2. Experimental Details
including PbS&-12 and other VI semiconductord®14 but
PbS nanocrystals have not previously been studied.

Here we report the first detailed investigation of relaxation
and recombination dynamics in PbS quantum dots, providing a
model for their fundamental processes. Although absorption
dynamics in PbS nanocrystals embedded in gla3ses other
non-luminescent colloid§ have been investigated before, we
use the higher quality nanocrystals available today. Earlier
studied’ investigated absorption saturation at energies high
above the band gap with no correlations to the electronic
structure. We measure and model the Auger coefficient for
relaxation from the fundamental exciton state and the carrier

Ilfgtlmet_ln th? L]_lnger excn_e(: sta_tt_es. Wedet?(]plmntthet_chan?(:hl_n fluence is 3.5:J/cn?. The pump fluence ranges from 80 to 5600
ahsorp ion 3 }’Ilg pump in enfll:es;r?r][ th edsa uration o f thequcn?' The pump and the probe beams meet at an angle of
]? a;ge, atnl S OV\; expder;r?en ?. ylgg € egenterlac%/ 0 20° with spot sizes of 400 and 6@, respectively. The solution
undamental quantum dot level ISTeur hanocrystals have iy 4 cuvette with an internal path length of 1 mm. The pump

* Corresponding author, E-mail: e istrate@utoronto.ca. and probe pulses overlap over the entire thickness of the cuvette.

T Currently with the Institute for Optical Sciences, University of Toronto, The _sample absorbs40% of the pump fluence;-50% is )
60 St. George Street, Toronto, Ontario, M5S 1A7, Canada. transmitted, and the rest is reflected. No pump absorption

10.1021/jp076809g CCC: $40.75 © 2008 American Chemical Society

Our PbS nanocrystdsare capped with oleate ligands and
dispersed in toluene. They have a diameter near 5.5 nm, and a
fundamental exciton energy of 0.84 eV, with an absorption peak
at 1480 nm. Their photoluminescence quantum efficiency is
24%, measured using an integrating sphere. The concentration
as estimated from the mass left after evaporation of the solvent
is 1.1 x 108 dotsiL (8.5 ugluL). We expect that the true
density will, however, be lower because excess ligands in the
solution will contribute to the measured mass.

Absorption transients are monitored in a punguobe setup
with 2 ps and 800 nm pump pulses, and 2 ps probe pulses tuned
from 800 to 1600 nm, at a repetition rate of 1 kHz. The probe
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Figure 1. Linear absorption (line) and maximum absorption change (points) of the nanocrystals. The maximum absorption change occurs

approximately 2 ps after the arrival of 4 mJ&pump pulses. The pump wavelength is 800 nm.

saturation was observed. The pump does not produce boiling 10 @) ' ' ' j j
of the solution.
0.8
3. Results
gc 0.6
The linear absorption, measured with a CARY 500 spec- 3
trometer, is shown in Figure 1 (solid line). The first two exciton " 04l
peaks are visible. The change in absorption with 4 m3Jfmump
pulses is also shown (points). It is strongest at the fundamental 0.2
exciton energy, eliminating almost the entire linear absorption.
Only very weak gain is observed at longer wavelengths, 0.0 L
indicating that additional non-saturable or exited-state absorption ‘ ; ; ;
mechanisms exist in such dots, as previously obsefved. -50 0 50 100 150 200 250
The change in absorption is nearly zero between the first two Time Delay (ps)

excitons and increases again at the second exciton, indicating
carrier accumulation. At shorter probe wavelengths, the absorp-
tion saturation becomes negative, indicating excited-state ab-
sorption.

Figure 2a shows the evolution of the absorption change, or
bleaching, at the fundamental exciton (1480 nm), with pump
fluences between 80 and 56@J/cn?. Figure 2b shows the
dynamics at the second exciton (1050 nm), for fluences between
800 and 400@J/cn?. Maximum bleaching versus pump fluence
is shown in Figure 3.

At the fundamental exciton wavelength, bleaching recovery
depends strongly on pump levels. At high pump fluences, most
of the bleaching recovers within 200 ps, but a slow component
remains. The fast component is not exponential: recovery at Figure 2. (a) Absorption saturation dynamics at the first exciton energy
early times is faster than that at later times, indicating a multi- (1480 nm). From the bottom to the top, the pump fluences are 80,

; : : P 160, 280, 400, 560, 800, 1200, 1600, 2000, 2400, 3200, 4000, and
exciton Auger process. No increase in bleaching is observed5600 wlicn?. The smooth lines represent fits using the Auger

for fluences above 120@J/cn¥, SUggeSt'ng_ tha_lt' at th's_ p‘?'nt’ recombination model presented in Section 4. (b) Absorption saturation

the 8-fold degenerate fundamental léfeis filled. This is dynamics at the second exciton energy. The pump fluences are 800,

different from CdSe nanocrystals, where bleaching increases1600, 2400, 3200, and 40Q@/cnt.

after the first exciton level is filled® The strength of the long-

time component is approximately 1/8 of the peak absorption constant near 4 ps. There is no long-time component and no

change, consistent with the 8-fold degeneracy of the state. Itssaturation in the bleaching amplitude for the pump fluences used

recovery, measured with a continuous wave probe laser and ahere.

fast photodetector, has a single-exponential decay with time The bleaching rise times at the two wavelengths are single-

constant of 500 ns. exponential. At the second exciton, the time constants are near
The second exciton dynamics are different. The absorption 1.5 ps, limited by the 2 ps laser pulses. At the first exciton, the

saturation is 6 times weaker with an exponential decay of time rise time is near 3.5 ps. Nanocrystals in a solid film show the

Time Delay (ps)
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0.00 per dot, as described in the text. Lines are added for visibility.
00 08 16 24 32 40 48 56 For an average of one exciton, 24% of the dots have more than
Pump Energy (m.J/cm’) one exciton and can undergo Auger recombination. At an

Figure 3. (a) Maximum absorption saturation as function of pump average of four excitons, only 2% of the dots are unexcited,

power at the wavelength of the first exciton. The error bars represent which means that, after Auger recombination, almost all dots

the standard deviation from four repeated measurements. (b) Maximumy, 6 gne exciton. For stronger excitations, the slow component

absorption saturation as a function of pump power at the second exciton . . - )

wavelength. of absorption saturation _W|II therefore not increase. For an
average absorption of eight photons, only 55% of the dots

same rapid recovery shown in Figure 2a, with similar rates. The receive eight fundamental excitons. Complete state filling and
slow component, however, is faster in the film (decay time near maximum absorption change is reached around an average

15 ns), indicating that it depends on surface properties, while absorption of 12 photons. _ S
the fast Auger relaxation does not. The evolution from the initial to the final distributions in

Figure 4 obeys the following equations:
4. Modeling of Results

Auger recombination in nanocrystals depends on the total — = Cal(n+ 1)3Pn+1], n=1

number of excitons per dot, since interdot interactions are dt
unlikely at this time scale. As in bulk, it is a three-particle dP
process, proportional to the carrier number cubed. It is impos- "¢ [—n3P +(n+ 1)3p J2<n<7
sible with a single exciton, resulting in the long lifetime dt A n L
component remaining at the end of the first 200 ps, when all
dots with multiple excitons have relaxed to a single exciton. dP, _ 3 _
The number of photons absorbed by each dot, producing high- dt Al=P], n=8 @)
energy excitons, is given by a Poisson distribuibsince no
state-filling is observed at the pump wavelength. These excitonswhereP,, is the proportion of dots with fundamental excitons,
decay rapidly to the fundamental exciton. For low pump powers, andC, is the Auger coefficientn denotes the unitless number
the distribution of fundamental excitons is therefore described of excitons per dot. Using the data from Figure 2a (fits shown
by the same Poisson statistic. At higher powers, however, thewith smooth lines) results in an Auger coefficig®t = 590 x
8-fold degeneracy of the fundamental exciton will limit the 10f sX. Pump fluences between 80 and 12@@'cn? yield
occupancy at that level. If more than eight energetic excitons between 0.8 and 12 energetic excitons per dot. The fits in Figure
are created, the excess excitons recombine without entering thi2a involve only two free parameters: the Auger coefficiént
level. We justify this assumption with the identical bleaching and the correspondence between exciton density and pump
recovery curves for 1200 and 56@30/cn? pump fluences in fluence.
Figure 2a, which imply that, in both cases, the same number of The density of dots, estimated in section 2 todiel x 103
fundamental exciton states is occupied. We postulate that thedots peL, requires a fluence of680uJ/cn? for one exciton
excess excitons enter defect states in which they are notper dot. From the data in Figure 2a we obtain a fluence 0
detectable by pumpprobe measurements. udlcn® for one exciton per dot. The discrepancy between these
We therefore use a Poisson distribution for the population in results is attributed to the excess ligands, which add to the
the fundamental level, modified to limit the number of excitons measured mass. From the data fits, we obtain an absorption cross
to eight. We assume the recombination rate to be proportional section at 800 nm of 2.5 1071 cn¥.
to the number of excitons cubed, but to be zero for dots with  We used am® dependence for Auger recombination because
one exciton. This assumption will be discussed later. three charge carriers are involved. To test this assumption, we
To illustrate these statistics, Figure 4 shows the initial (after tried to fit our data to am? dependence. No good fit was
intraband relaxation but before recombination) and final (after obtained.
Auger recombination) distributions of fundamental excitons for ~ Using a nanocrystal volume of 8% 10721 cm?, we can
dots that have absorbed an average of 1, 4, 8, and 12 photonsconvert our Auger coefficient to the form used in bulk
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semiconductorsC = 4.5 x 1030 cmf/s. This number is within (3) Hines, M. A,; Scholes, G. DAdv. Mater. 2003 15, 1844
an order of magnitude of the coefficient of bulk G&Aand 1849. ' ' _
nanocrystalline CdSe and is approximately 2 orders of (4) Hoogland, S.; Sukhovatkin, V.; Howard, I.; Cauchi, S.; Levina, L;

. - Sargent, E. HOpt. Expres2006 14, 3273-3281.
magnitude lower than the coefficient of bulk PB&#and PbTe. (5) Konstantatos, G.: Howard, 1.; Fischer, A.; Hoogland, S.: Clifford,

At the second exciton, the fast, single-exponential bleaching ; - Kjem, E.: Levina, L. Sargent, E. Hature 2006 442, 180-183.
recovery and the well-known lack of phonon bottlen@ck (6) McDonald, S. A.: Konstantatos, G.; Zhang, S.; Cyr, P. W.; Klem,
indicate that excitons enter and leave this state rapidly on their . J. D.; Levina, L.; Sargent, E. HNat. Mater.2005 4, 138-142.
way to the lowest level. The lack of bleaching saturation shows  (7) zhang, S.; Cyr, P. W.; McDonald, S. A.; Konstantatos, G.; Sargent,
that the 16 degenerate states at this févate not filled. We E. H. Appl. Phys. Lett2005 87, 233101.
postulate that charge carriers that do not find a free state atthe  (8) Klem, E. J. D;; Levina, L.; Sargent, E. Appl. Phys. Lett2005

fundamental energy level enter defect states below the second’> 053101
exciton. (9) Talapin, D. V.; Murray, C. BScience2005 310, 86—89.

(10) Wehrenberg, B. L.; Wang, C.; Guyot-Sionnest,JPPhys. Chem.
B 2002 106, 10634-10640.

] ) ) ] ] (11) Schaller, R. D.; Petruska, M. A.; Klimov, V. J. Phys. Chem. B
We investigated exciton dynamics at the first and second 2003 107, 13765-13768.

energy levels of PbS quantum dots and found that, if more than  (12) Harbold, J. M.; Du, H.; Krauss, T. D.; Cho, K.-S.; Murray, C. B.;
one fundamental exciton is excited per dot, Auger recombination Wise, F. W.Phys. Re. B 2005 72, 195312.
i i i (13) Klimov, V. I.; Mikhailovsky, A. A.; McBranch, D. W.; Leatherdale,
takes place, with arate propoonng(l) to the number of excitons C. A Bawendi. M. G.Science2000 287, 10111013,
cubed and a coefficient of 4.5 10730 cnf/s. For dots with a 14 Burda. C.: Chen. X N R El-Saved. MCAem. R
single exciton, recombination takes place through slower 2085 )105”10%5'1'10;”’ - arayanan, K. E-eayed, em. Re
mechanisms with a time of 500 ns. The bleaching saturation (15) Wundke, K.; Pting, S.: Auxier, J.; Schagen, A.; Peyghambarian
indicates that the fundamental exciton is 8-fold degenerate. Oncen.: Borrelli, N. F. Appl. Phys. Lett200Q 76, 10-12. '
filled, additional excitons do not contribute to absorption (16) Patel, A. A.; Wu, F.; Zhang, J. Z.; Torres-Martinez, C. L.; Mehra,
saturation, in contrast with CdSe. The similarity in the decay R.K. Yang, Y.;Risbud, S. H]. Phys. Chem. B00Q 104, 11598-11605.
curves for highly excited dots indicates that the first eight (17) Wu, F.; Yu, J. H.; Joo, J.; Hyeon, T.; Zhang, J.@pt. Mater.
excitons relax to the fundamental level, and the others recombine?007 29, 858-866.
without passing through that level. (18) Kang, I.; Wise, F. WJ. Opt. Soc. Am. B997, 14, 1632-1646.
Knowl e and control over th havior of Auger processes (19) Ellingson, R. J.; Beard, M. C.; Johnson, J. C.; Yu, P.; Micic, O. |;
. owledg .0 - er the be . ge . pro . c Nozik, A. J.; Shabaev, A.; Efros, A. INano Lett.2005 5, 865-871.
is necessary for this material to be used efficiently in devices. 20) S ¢ E HAdv Mater 2005 17 515. 502
Photovoltaic devices, photodetectors, and photoluminescent 221; Sarge? = T UI T_er' o 517, o o a Rand
: : . : ee, 1or example, Leon-Garcia, ropapiiity an anaom
deVIC_e,S n,eed |0I.’19 carrer Ilfgtlmes, and A,UQer processes mUS[Processes for Electrical Engineeringddison-Wesley: Reading, MA, 1994;
be minimized. High-speed signal processing devices, however,p 106.
benefit from the rapid recovery provided by Auger recombina-  (22) Coldren, L. A.; Corzine, S. WDiode Lasers and Photonic
tion. In both cases, knowledge of Auger processes is an Integrated Circuits Wiley: New York, 1995.

5. Conclusions

important first step in the design of devices. (23) Klann, R.; Hder, T.; Buhleier, R.; Elsaesser, T.; Tomm, J. W.
Appl. Phys 1995 77, 277-286.
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