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Ultrafast multiexciton decay via Auger recombination is a major impediment for prospective applications of
semiconductor nanocrystals (NCs) in lasing and solar cells enabled by carrier multiplication. One important
unexplored aspect of Auger recombination is the scaling of multiexciton lifetimes with the number of excitons
per NC. To address this question, we analyze multiexciton dynamics in PbSe and CdSe NCs. We observe that
these two systems show a distinct difference in scaling of multiexciton lifetimes, which can be explained in

terms of a difference in symmetries of high-order multiexcitons resulting from significant disparity in degen-

eracies of the lowest-energy quantized states.
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I. INTRODUCTION

Using semiconductor nanocrystals (NCs), one can pro-
duce extremely strong spatial confinement of electronic wave
functions not accessible with other types of nanostructures.
One consequence of this extreme confinement is a significant
enhancement in carrier-carrier Coulomb interactions that
lead to a number of interesting physical phenomena includ-
ing large splitting of electronic states induced by electron-
hole (e-h) exchange coupling,! high-efficiency intraband re-
laxation via e-h energy transfer,>? and ultrafast multiexciton
decay via Auger recombination.* In the latter process, the e-h
recombination energy is not emitted as a photon but is trans-
ferred to a third carrier, promoting it to a higher-energy state
either within an NC* or outside it® (the latter is known as
Auger ionization). Significant interest in Auger recombina-
tion in NCs has been stimulated by studies of NC lasing®’ as
well as a recent demonstration of high-efficiency carrier
multiplication® (CM) (generation of multiple e-h pairs by
single photons), which has been considered as a potential
enabler of generation-III photovoltaics.” In both of these pro-
spective applications, Auger recombination represents a
dominant carrier-loss mechanism. Therefore, understanding
this process and its characteristic time scales is a necessary
step toward, e.g., CM-enhanced solar cells.

In bulk semiconductors, Auger recombination is inhibited
by kinematic restrictions imposed by energy and
translational-momentum conservation.!® However, because
of relaxation of momentum conservation, its efficiency dra-
matically increases in zero-dimensional NCs.*!"!2 Current
knowledge of Auger recombination in NCs is far from being
complete. One well established trend is linear dependence of
the two-e-h-pair state (biexciton) lifetime (7,) on NC
volume.* However, properties of higher-order multiexcitons
remain largely unexplored. An important open question is the
scaling of Auger lifetimes, 7y, with the number of excitons,
N, per NC. Understanding this scaling would allow one to
predict dynamical behaviors of higher-order multiexcitons
based on relaxation properties of biexcitons that have been
well characterized experimentally.
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As was mentioned earlier, new insights into dynamics of
high-order multiexcitons can benefit a number of prospective
applications of NCs. For example, in nanoparticles with
highly degenerate emitting states such as those made of lead
salts, Si or Ge, optical gain requires excitation of more than
two e-h pairs per NC on average, and hence, its dynamics are
governed by recombination of multiexciton states with N
>2.13 Understanding dynamics of higher-order multiexci-
tons is also important for potential photochemical applica-
tions of the CM process, especially, in photocatalytic trans-
formations that require multiple reduction and/or oxidation
steps such as splitting of a water molecule, which is a four-
electron, four-proton process.

In this paper, we theoretically and experimentally study
multiexciton dynamics in NCs of CdSe and PbSe over a
wide range of NC sizes with a goal to infer the factors that
determine the dependence of 7 on N. These two materials
are characterized by a significant disparity in the degeneracy
factors, g, of the lowest-energy 1S quantized states (g=2 and
8 for the 1S electron states in CdSe and PbSe NCs, respec-
tively). As a result, while in PbSe NCs high-order multiex-
citons with N up to 8 can be built from identical 1S states
(symmetric multiexcitons), in CdSe NCs multiexcitons with
N>2 necessarily involve states of both S and non-S symme-
tries (asymmetric multiexcitons). Our quantum-mechanical
modeling of Auger recombination indicates that the differ-
ence in multiexciton compositions can have a distinct impact
on 7y scaling. In the case of symmetric multiexcitons, one
may expect that the scaling is determined by the statistical
factor [Sy=N?>(N—-1)/2], which is calculated as the total
number of Auger recombination pathways. On the other
hand, quantum-mechanical restrictions associated with, e.g.,
selection rules can result in nonstatistical scaling in the case
of asymmetric multiexcitons. We experimentally show that
statistical scaling can be realized in PbSe NCs of large sizes,
for which the T,_vl « N?>(N-1) dependence is observed for the
regimes of both high-intensity excitation (no CM) and
single-photon excitation mediated by the CM process. The
analysis of multiexciton dynamics in CdSe NCs, however,
indicates that in this case, the scaling is nonstatistical, likely
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FIG. 1. (Color online) Illustration of the difference between
single-NC N-exciton Auger lifetimes, 7y, and ensemble-averaged

N . *
lifetime Ty

because of the reduced probability of Auger transitions in-
volving e-h recombination between states of different sym-
metries.

II. AUGER RECOMBINATION IN NANOCRYSTALS
VERSUS BULK SEMICONDUCTORS

In bulk semiconductors, Auger recombination is a three-
particle, cubic process'” described by the rate equation
dn/dt=—Cn® (n is the carrier density and C is the Auger
constant) and the density-dependent instantaneous relaxation
time, 7(n)=(Cn?)~'. In the case of an NC ensemble, one can
define the effective density (n) as the ratio of the NC average
occupancy (the average number of e-h pairs per NC), (N),
and the NC volume, V: (n)= <N>V' Furthermore, by for-
mally applying the bulk rate equation, one can 1ntr0duce the
relaxation time of the average occupancy <N>
—~(N)(d(N)/dt)"'=(B(N)®)~" (here, B=CV?), which indi-
cates quadratic scaling of (T< )~! with (N).

In contrast to the bulk 51tuat10n in the case of NCs, an
important distinction must be made between the decay time
constants of the ensemble-averaged occupancy and the
single-NC N-exciton state, 7y. The latter is defined as a tran-
sition time from the N- to the (N—1)-exciton state (Fig. 1).
Previous experimental studies indicate that Auger recombi-
nation lifetimes in CdSe and PbSe NCs are significantly
shorter than radiative decay times.*®!%15 Therefore, in our
analysis, we assume that the decay of multiexciton states is
dominated by Auger recombination (time constants 7,, 7,
etc.), while the single-exciton decay (time constant 7;) is due
to much slower radiative recombination.

In general, the relationship between 7y and 7, is deter-
mined by the distribution of occupancies in an NC ensemble,
which can be characterized by probabilities p; of finding the
i-exciton state in an NC sample. Temporal evolution of p; is
governed by the following set of coupled rate equations (i
=0, 1, 2... and 1p==):

-pilT;. (1)

Multiplying each of these equations by the respective value
of i and performing summation of their left- and right-hand

dp;ldt =pi/ T
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sides, we obtain d(N)/dt=—37 p;7;'. This equation further
yields the following expression relating the ensemble-
averaged lifetime, 7'<N>, to individual multiexciton lifetimes,
TN:

(7)™ = () ‘Ep, = (N7 (2)

In the limit of large (N), when relative variations in NC
occupancies are small, Eq. (2) yields the following approxi-
mate  relationship  between 7y  and ij Ty

= (d(N)/dD)™ | yy=n= <N>(N) '(xy=n- This expression indi-
cates that for the three- partlcle decay, for which (’T< )
o (N)?, TN is cubic in N: 7y Yo N3, In the same limit (N
>1), one can express the effective NC Auger constant in
terms of the N-exciton lifetime as Cyc=VA(N37y)~".

It is illustrative to compare Cyc with respective bulk val-
ues. For example, in PbSe NCs with energy gap E,
=0.64 eV, 7,=160 ps (temperature T=300 K).'® If we as-
sume that the cubic scaling of TN holds in the case of a small
number of excitons per NC, we can calculate Cyc from the
expression CNC V3(87)™!, which yields Cyc=5.6
X 1072° ¢cm® s~!. The bulk PbSe value of C measured in Ref.
17 is 8 X 10728 cm6 s~!, which is greater than Cyc. However,
such a direct comparison does not account for the difference
in energy gaps of the bulk and the NC forms of PbSe. In bulk
semiconductors, Auger recombination is quickly suppressed
with increasing E,. For example, in bulk PbSe, C
*E, "2 exp[—(m,/m;)(E,/kT)],'® where m, is the transverse
(longltudmal) carrier mass (in lead salts, electron and hole
masses do not differ significantly from each other) and k is
Boltzmann’s constant. This expression predicts that the in-
crease of E, from the bulk PbSe value of 0.26 eV to the NC
value of O 64 eV should lead to a reduction of C to
~1073" cm® s7!. The latter value is much smaller (by a factor
of >500) than Cyc measured for NCs. These considerations
indicate a significant enhancement of Auger recombination
in NCs compared to bulk materials.

III. QUANTUM-MECHANICAL ANALYSIS OF SCALING
OF MULTIEXCITON LIFETIMES

While in the large-N limit the N-exciton lifetime is ex-
pected to be cubic in N, it is not obvious that this scaling will
hold for the case when just a few e-h pairs are excited per
NC. In fact, previous studies of CdSe NCs indicated a scal-
ing that was close to quadratic.* To theoretically analyze the
situation of small N, here, we use first-order perturbation
theory.

We present the operator of the Coulomb electron-electron
coupling as H,,= [drdry (r) ¢ () Uc([r) 15| ) () (),
where Uc=e?/(k|r;—r,|) (e is the electron charge and « is
the NC dielectric permittivity) and =3,V (r)c,
+2,W,(r)d,, in which a and b are the sets of quantum num-
bers for the conduction and the valence-band states, respec-
tively, W,, are corresponding eigenfunctions, and chrdt
(c/d) are the operators of creation (annihilation) of electrons
in the conduction and/or valence band. Auger recombination
can be described as scattering between two electrons in
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FIG. 2. (Color online) (a) Auger transitions that involve excita-
tion of either a conduction-(left) or a valence-band (right) electron;
solid and open circles correspond to electrons and holes, respec-
tively. (b) Possible conduction-to-valence band transitions in the
case of Auger recombination of a symmetric 1S1S51S (left) or asym-
metric 1S1S1P (right) triexciton assuming that the S-P interband
transitions are much weaker than the S-S and P-P transitions. (c)
Comparison of possible energy-transfer pathways involving near-
neighbor interactions during Auger recombination of a triexciton in
a spherical NC (left) and an elongated quasi-1D nanorod (right).

which one is transferred from the conduction to the valence
band (e-h recombination) while the other is excited within
either the conduction [Fig. 2(a), left] or the valence [Fig.
2(a), right] band. The corresponding operators are, respec-
tively, CR_1/2zalaza2br§:;2d b CaCay  and HY)
=1/224 4,0, be 1b db db dy.c,, Where l"balg and Vb1 2 are the
ant1syrnmetr1zed matnx elements of H,, for the trans1t1ons
shown in Fig. 2(a); they can be computed from

oo —Jdrldrz[\lf;k(rl)\l’:l(rz)—‘I’:I(h)q’Z(l‘z)]

araz

XUc(|r) =1 ¥, (1) P, (1)),

Vi;ZZ = f drldrz"lf::l(rl)\lr:z(rz) Uc(|r1 - I‘2|)

X[Wy3(r) W, (r) - \I,a(r2)\lfb3(rl)]~
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In our calculations we consider the Auger decay of biex-
citon state |xx)=c, dﬁ dg |0) into single-exciton state |x)

=c!dgl0), where |O> is the vacuum state The trans1tgon am-
c) : e)a;B
plitude foia operator H ar, is o008,y
=l/22alaza3 ! (dﬁc dbc G dﬁ dpg,), where trian-
gular brackets denote averagmg over the NC vacuum state.
To compute multiparticle correlators that enter the expres-

sion for A¥%E,  \e use the Wick theorem,!® which allows
@1a5:81B,

us to replace them with a sum of products of all possible
nonvanishing single-particle correlators: {c, c ) ya, and

<db dy,)=0p,p,- Using this theorem together w1th the condi-
thIl of antlcommutatmn of operators ¢ and d, we can sim-

9 Cas€ 0‘2 )

plify the expression for the transition amplitude to
Agfl)gzﬂﬁl 8= nggz 88, l"BW ,0pp,- Similarly, we can obtain
the following expression for the amplitude of operator HSM)2
Ag’?gz%] 5= gfzéa —Vﬂ}gzéwl. Finally, using first-order

perturbation theory, we obtain the following expression for
the biexciton recombination rate:

Cl(lz

2
=7{§a:[|l“51“|2 (Eq, + Ea,+ Eg — E,)

+ 0220 PO(Eq, + Eay+ Eg, — Eo)]

+ % (VG P NEq, +Eg +Eg,— Ep)
VBB
+ Vi 5(EQZ+EBI+E52—EB)]}.

It simplifies to W,=2(27/h)(|T'|>g,+|V|*g,) if all of the car-
riers of the initial biexciton state occupy the same lowest-
energy conduction (1S,) or valence-band (15,) levels (1S1S
biexciton); here, Fzriﬁﬁfsc, V= Vlﬁsls S, and g, (g,) are the
numbers of excited electron (hole) states that satisfy conser-
vation of energy, parity, total angular momentum, and the
projection thereof. The latter expression can be further gen-
eralized for the case of recombination of the N-exciton built
from identical 1S states: Wy=SyQm/#)(|T>¢.+|V|*g)).
where Sy=N?(N—-1)/2 is the statistical factor proportional to
the product of the number of all possible conduction-to-
valence band transitions [given by N?; Fig. 2(b), left] and the
number of carriers [e.g., electrons in the process in Fig. 2(b),
left] that can accept the energy released in the individual
interband transition [given by (N—1)]. The factor of 2 in the
denominator for Sy is to avoid double counting of events, in
which either one or the other electron of the interacting pair
is excited up in energy; such events are already accounted for
in the matrix elements I" and V. The scaling of multiexciton
lifetimes in the “statistical” case is simply determined by Sy,
ie., 7 «NA(N-1).

Experimentally, the scaling of Auger lifetimes has often
been inferred from the ratio of the triexciton and biexciton
time constants.* In the case of statistical scaling, 7,/ 73=4.5.
However, a different scaling might be expected if the 1§
state can only accommodate two electrons (as, e.g., the 1S
electron state in CdSe NCs), and hence, the triexciton, in
addition to S-type carriers, also contains carriers in states of
other symmetries (asymmetric triexciton). In this case, the
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7,/ T3 ratio becomes dependent upon the relationship between
matrix elements for specific Auger transitions and, therefore,
cannot be calculated on the basis of statistical considerations
alone. One likely trend in this situation is a decrease in the
decay rate of the asymmetric triexciton compared to that of
the symmetric one because of the reduced probability of in-
terband transitions between states of different symmetries.
For example, if we assume that both the electron and the
hole of the third exciton occupy the first-excited 1P state [the
1S1S1P triexciton; Fig. 2(b), right] and further neglect the
S-P interband transitions, we obtain that 7,/ 73 is 2.5. This
value is significantly smaller than that for statistical scaling
and instead is closer to one expected for quadratic scaling
(7,/ 73=2.25). The general expression describing the 7y scal-
ing for the mixed S/P multiexcitons with N=8 is 7' «<[4
+(N-2)*](N-1) (computed neglecting S-P recombination).

In addition to quantum-mechanical restrictions, geometri-
cal constraints can also result in deviations from statistical
scaling. To illustrate this effect, we consider the situation
when the Coulomb e-h interaction energy is greater than the
confinement energy, and hence, electronic excitations can be
described in terms of Coulombically bound e-h pairs or
“true” excitons (note that in the NC literature, as in this
paper, the term “exciton” is often used in a broader context
and also applied to nominally unbounded e-h pairs confined
not by the Coulombic potential but by the rigid boundary of
the NC). Coulombically bound excitonic states are realized
in, e.g., CuCl NCs?° characterized by strong e-h attraction
and elongated, quasi-one-dimensional (1D) CdSe NCs
(nanorods).?! Auger recombination in a true excitonic system
is a two-particle, bimolecular process,?! in which the energy
released during recombination of one exciton is transferred
to the other. In this case, the ensemble-averaged multiexciton
lifetime 7'<* scales as (N)~!, while single-NC multiexciton
time constants exhibit the N~2 scaling in the limit of large
occupancies. In the small-N regime, statistical considerations
predict that 75y’ is proportional to N(N—1), which results in a
ratio of 3 for the biexciton and the triexciton lifetimes. How-
ever, experimental studies of elongated quasi-1D NCs (quan-
tum rods)?! and 1D carbon nanotubes?® indicated a 7,/ 7y
ratio that was close to 1.5. These results point toward scaling
that is slower than statistical.

One factor that could contribute to reduced scaling in 1D
systems is the “chain” arrangement of interacting excitons as
illustrated in Fig. 2(c) for the case of a triexciton. In a spheri-
cal NC, any of the recombining excitons that comprise a
triexciton can transfer its energy to two remaining excitons
with identical probabilities. On the other hand, in the case of
an elongated particle, the probability of energy transfer is
dependent upon the location of a particular exciton. For ex-
ample, the exciton at the end of the chain will interact more
strongly with its immediate neighbor than with a remote ex-
citon on the other end of the chain. Taking into account only
near-neighbor interactions, we can obtain that the 7,/ 75 ratio
becomes 2, which is reduced compared to the statistical
value. Further reduction in this ratio can result from
quantum-mechanical restrictions as discussed above.

PHYSICAL REVIEW B 77, 195324 (2008)

IV. SCALING OF AUGER LIFETIMES IN CADMIUN
SELENIDE NANOCRYSTALS

A. Biexciton and triexciton lifetimes

An early attempt to experimentally determine the scaling
of 7y lifetimes in CdSe NCs was made in Ref. 4 where
multiexciton dynamics were studied by monitoring carrier-
induced bleaching of the lowest-energy 1S absorption feature
in a femtosecond transient absorption (TA) configuration. Al-
though pure state filling of the 1S state should not permit
detection of dynamics of states with N> 2, experimental data
showed sensitivity to higher exciton multiplicities* (see next
subsection), likely through effects such as Coulomb exciton-
exciton interactions?® and photoinduced absorption (PA) due
to carriers trapped at NC interfaces.”* Therefore, it was pos-
sible to extract higher-order multiexciton dynamics from the
1S decay using a simple “subtractive” procedure.*

In Fig. 3(a), we show the NC-size dependence of 7, (solid
circles) and 73 (open circles) from Ref. 4 (T=300 K). In the
present work, we have performed additional TA measure-
ments of these lifetimes by monitoring both the lowest-
energy 1S bleach and the higher-energy 1P feature. Since the
major contribution to the 1P bleach comes from filling of the
1P electron state,? its dynamics presumably provide a more
direct measure of the SSP triexciton lifetime than the 1S
dynamics. These data are plotted in Fig. 3(a) by solid (7,)
and open (73) diamonds. In the same plot, we also show
lifetimes from Refs. 25 [solid (7,) and open (73) triangles]
and 26 [solid squares (7,)] measured via time-resolved pho-
toluminescence. All of these data sets obtained by different
methods are consistent with each other and allow for analysis
of the 7, and 73 constants over a wide range of NC radii (R).

The fit of the data for 7, indicates that the biexciton life-
time closely follows an R® dependence (7,%R"™;m
=3.1+0.4), as was previously observed for different NC
systems.*325-28 The 7, time constant shows a slower growth
with R than 7,. The best fit to 73«R"™ indicates m
=2.6*+0.6. The difference in 7, and 73 size dependences is
suggestive of a size-dependent 7y scaling.

In Fig. 3(b), we show the 7,/ 75 ratios for three samples
(solid diamonds), for which we simultaneously measured the
biexciton and the triexciton lifetimes. These data indicate
that 7,/ 73 changes from ~2.3 for R=1.45 nm to ~3.4 for
R=4.2 nm. For smaller sizes, the 7,/ 73 ratio is close to the
values expected for either quantum-mechanical (2.5) or qua-
dratic (2.25) scalings. On the other hand, for NCs of larger
sizes, it approaches the cubic-scaling value (3.375) expected
in the large-N limit. A similar trend, namely, the increase in
the 7,/ 73 ratio with NC size, was observed in previous stud-
ies of CdSe NCs [open circles and solid triangles in Fig.
3(b); calculated based on data from Refs. 4 and 25, respec-
tively].

While the 7,/ 7 ratios provide useful initial insight into 7y
scaling, a clearer distinction between different scaling laws
can be made by analyzing higher-order multiexciton life-
times. In Fig. 4, we compare 7y constants for quadratic (open
circles), cubic (open squares), and statistical (solid triangles)
scalings calculated for the same biexciton lifetime of 130 ps.
These data show that the difference between triexciton life-
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FIG. 3. (Color online) (a) The NC-size dependence of biexciton
(solid symbols) and triexciton (open symbols) Auger lifetimes for
CdSe NCs from this work (diamonds), Ref. 4 (circles), Ref. 25
(triangles), and Ref. 26 (squares). Lines are fits to a power depen-
dence 7, 3% R™. (b) The size dependence of the 7,/ 75 ratio for CdSe
[solid diamonds (this work), open circles (Ref. 4), and solid tri-
angles (Ref. 25)] and PbSe (squares) NCs in comparison to ratios
expected for quadratic (2.25), cubic (3.375), statistical (4.5), and
quantum-mechanical (2.5) scalings.

times that corresponds to different scalings is not very sig-
nificant: It is ~40% if one compares quadratic and cubic
scalings and ~30% for cubic and statistical 7 dependences.
The distinction, however, becomes more pronounced for
multiexcitons of higher order. Specifically, the lifetimes that
correspond to quadratic scaling quickly diverge from those
calculated for cubic and statistical scalings with increasing
N. On the other hand, even in the case of high-order multi-
excitons, it is still difficult to make a distinction between
cubic and statistical scalings. For example, for N=5, “qua-
dratic” and “cubic” time constants differ by more than a
factor of 2, while the corresponding difference for cubic and
statistical scalings is still only ~40%. This indicates that
given existing uncertainties in time-resolved measurements,
differentiation between cubic and statistical scalings may
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T T T T T T T
100 M
8'_ E
k= o 7, =130 ps ]
4} 4
S R ]
2k (o) .
d o
D - v o} —
= 108E (m o) c:
& i: Y O ]
I O quadratic v 0 .
°F o cubic v t D‘
. v n
18F1 v statls}lcal l l : v
2 3 4 5 6 7 8 9

N

FIG. 4. (Color online) Calculated multiexciton Auger lifetimes
for quadratic (open circles), cubic (open squares), and statistical
(solid triangles) scalings of the 7y time constants assuming a biex-
citon lifetime of 130 ps.

represent a significant experimental challenge, while it is less
challenging to distinguish, for example, quadratic from cubic
dependences of 7y constants.

One approach to experimentally deriving lifetimes of
high-order multiexcitons is through the subtractive
procedure.* However, its accuracy quickly drops with in-
creasing N. Therefore, in order to analyze relaxation behav-
iors of NC ensembles with large average occupancies, we
perform numerical modeling of measured TA dynamics as
outlined in the next section.

B. Modeling of transient absorption dynamics

In Fig. 5(a), we show TA dynamics measured at the posi-
tion of the lowest-energy 1S absorption feature for CdSe
NCs with R=2.8 nm for pump fluences that correspond to
average initial occupancies (Ny) from 0.56 to 5.4; (N,) is
determined by the number of photons absorbed on average
per NC, (N,;,¢), and can be calculated from (Np)=(N, ¢
=j,0, where j, is the per-pulse pump fluence (measured in
photons/cm?) and ¢ is the absorption cross section at the
excitation wavelength.?* The TA signals in CdSe NCs in the
range of visible wavelengths are primarily due to three ef-
fects: state filling, Coulomb carrier-carrier interactions, and
PA associated with charges trapped at NC interfaces.”>** On
time scales longer than intraband relaxation times, the 1§
bleach (Aa;g) is dominated by state filling. The correspond-
ing contribution to A,y is directly proportional to the occu-
pation number of the 1S electron level and in the case of the
Poisson distribution of occupation probabilities (expected at
short times after photoexcitation before significant carrier re-
combination losses occur) it can be presented as>3?°

Aajgl 1 - 1 N
M= HP1 +2Pi= l=po—Zp1=1- (1 + Q)t?—(m,
ap, 18 2 =2 2 2

3)

where « ¢ is the linear absorption at the position of the 1§
resonance. The contribution of holes to A« is insignificant

195324-5



KLIMOV et al.

1.2 T T T I I =; T
CdSe NCs (R=28nm) 600 .

1.0 (a) ) 400+ -1

Aotyg/0 15

N s o
T T T

't . quadratic

Aoyg/tg 15

o

-
[-X-]
I

k ' cubic
statistical

50 100 150 200 250 300 350
Time (ps)

FIG. 5. (Color online) (a) 1S bleach dynamics measured for
CdSe NCs with R=2.8 nm (symbols) for different pump fluences
(100 fs, 3 eV pulses) that correspond to (Ny)=0.56, 1.1, 2.5, and
5.4 (increasing from bottom to top); lines are calculations assuming
the state-filling model and cubic scaling of 7y (7,=130 ps). Obvi-
ous disagreement between the calculated and the measured traces
indicates a significant influence of non-state-filling-related mecha-
nisms on the 1S bleach dynamics. Inset: early-time instantaneous
1S bleach relaxation time (7;) as a function of initial average occu-
pancy of the NCs. Steady decrease of 7; with (Ny) in the range of
pump fluences that correspond to (Ny)>2 indicates the sensitivity
of the 1S bleach relaxation to recombination dynamics of multiex-
citons with order greater than 2; this further confirms the impor-
tance of non-state-filling-related contributions to the 1S signal. (b)
Pump-intensity-dependent dynamics of NC average occupancies
extracted from TA traces in pl (a) using the phenomenological de-
pendence of Aajg/ g5 on (N) given in Eq. (4) with ky=1.1 and
ky=1.6. The latter is shown by the solid line in the inset together
with the experimental data points (solid circles; =2 ps) and the
dependence obtained for state filling alone assuming a Poisson dis-
tribution of carrier populations (dashed-dotted line). In the same
plot, we also show the dependence of the measured long-term val-
ues of Aayg/ap s (1=325 ps) as a function of (N) (open squares);
see text for details. Solid lines in the main frame are calculations for
the cubic scaling; traces calculated for quadratic and statistical scal-
ings are shown by the dashed and the dashed-dotted lines,
respectively.
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because the valence-band state involved in the absorbing
transition stays unoccupied until the lower-energy emitting
hole state is completely filled, which only occurs at high
excitation levels. The role of holes in bleaching the 1S tran-
sition is further reduced because of a high spectral density of
valence-band states, which leads to spreading of hole popu-
lations across many adjacent states not all of which are op-
tically coupled to the 1S electron level.*®

As illustrated in the inset of Fig. 5(b) [compare circles
(experiment) and dashed-dotted line (state filling)], Eq. (3)
describes an overall trend in the development of the 1S
bleach with increasing pump level (measured 2 ps after ex-
citation) reasonably well. The experimental data, however,
show a systematic deviation from the state-filling model at
high intensities. This deviation is due to contributions from
Coulomb interactions and interface-related PA.>*? In order
to account for these effects and more accurately describe the
evolution of the 1S bleach with pump intensity, one can use
the following phenomenological expression:

|AalS|_ ki(N)
s ko +(N)

(4)

proposed in Ref. 4; the coefficients k; and k, are sample
dependent and are derived by fitting experimental pump de-
pendences. In the case of the sample in the inset of Fig. 5(b),
ky=1.1 and k,=1.6; these values are close to the parameters
used in Ref. 4.

While having only a relatively small effect on saturation
curves, the contribution from non-state-filling-related pro-
cesses to the 1S TA signal greatly affects the measured dy-
namics. Specifically, within the state-filling model, the
1S-bleach decay in CdSe NCs is governed by recombination
of singly and doubly excited NCs, which is a consequence of
the twofold degeneracy of the 1S electron level. However,
measured transients indicate a steady decrease of the instan-
taneous decay constant, 7;, for (N) greatly exceeding 2 [main
panel and inset of Fig. 5(a)]. For example, we measure 7;
=40 ps for (N)=20, which is much shorter than the biexciton
lifetime for this sample (7,=130 ps). This result shows that
the 1S bleach decay can be used to infer lifetimes of NC
states with multiplicity greater than 2.

In order to translate measured TA dynamics into dynamics
of the NC average occupancy, (N(7)), we use Eq. (4), which
is the approach applied previously in Ref. 4. The dependence
described in Eq. (4) was derived on the basis of early-time
TA values; therefore, it is not obvious that it is applicable at
arbitrary times after excitation. On the other hand, one can
easily see that it provides an accurate description of the re-
lationship between Aa;4(r) and (N(¢)) at long times after
excitation (r>7,) when all multiexcitons have decayed to
produce single excitons, and hence, (N) is smaller than 1. In
this case, the NC average occupancy is equal to the number
of initially excited NCs (we assume that ¢ is shorter than the
single-exciton lifetime) and can be calculated from
(M), <, =1 =po=1-exp(=(Np)). The plot of the long-time
values of Aayg/ 5 as a function (N) [open squares in the
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inset of Fig. 5(b)] closely follows the dependence given in
Eq. (4). The fact that this dependence describes well the
experimental data in the limit of both short and long times
after excitation allows us to assume that it also is applicable
on the intermediate time scales.

The (N(#)) dynamics extracted from TA traces in Fig. 5(a)
are displayed in panel (b) of the same figure (symbols). To
model these dynamics, we use coupled rate equations for
probabilities p,(f) given by Eq. (1). To calculate the initial
probabilities [p;(r=0)=p;(0)], we assume a Poisson distribu-
tion of NC  populations, for  which  p;(0)
=((Ny)/i!)exp(=(Ny)). After numerically solving the rate
equations, we calculate the population dynamics (N(z))
=X7,ipi(1), and then, compare them with dynamics derived
from the measured TA traces.

We find solutions of Eq. (1) for quadratic, cubic, and sta-
tistical scalings of the 7y time constants [dashed, solid, and
dashed-dotted lines in Fig. 5(b), respectively]. In the case of
the sample with R=2.8 nm, quadratic scaling results in dy-
namics that clearly disagree with experimental traces. The
dynamics calculated for the cubic and statistical scalings do
not significantly differ from each other, and both are in rea-
sonable agreement with the experimental data. However, the
fact that the measured 7,/7; ratio for this sample is more
consistent with the cubic scaling suggests that the 7y<N™3
dependence is best suited for describing multiexciton dynam-
ics in this case.

Using (N(z)) dynamics computed for cubic scaling, we
also calculate TA dynamics by taking into account only the
state-filling contribution to the 1S bleach. The results of
these calculations are shown by lines in Fig. 5(a) in compari-
son to measured traces (symbols). We observe that at low
and moderate pump intensities ((Ny)=0.56 and 1.1), the
state-filling model provides a reasonable agreement with ex-
perimental time transients. On the other hand, this model
clearly disagrees with the experiment at high intensities
({Nog)>2), which highlights the importance of non-state-
filling induced contributions to band-edge TA signals; be-
cause of these contributions, higher-order multiexcitons have
a significant effect on the 1§ bleach relaxation dynamics.

We have also modeled TA dynamics for smaller NCs with
R=1.7 nm (Fig. 6). In this case, the 1§ bleach measured at
2 ps after excitation initially shows saturation with increas-
ing pump intensities (as expected from state-filling argu-
ments), but then it starts to decrease (at (Ny)>3), as a result
of PA associated with surface-trapped charges (left inset of
Fig. 6).>* As was observed previously,* the contribution
from PA, which grows almost linearly with (N,), can even-
tually completely suppress bleaching, which results in the
situation when the 1S signal is dominated by induced absorp-
tion. The effect of PA leads to a nonmonotonic dependence
of Aa;g on pump fluence, which complicates the extraction
of (N(r)) dynamics from the TA traces measured at high
pump intensities. Therefore, in our modeling, we limit our
analysis to time transients recorded for (N,) <3 (Fig. 6, main
frame).

For initial occupancies studied here, quadratic, cubic, and
statistical scalings produce similar relaxation dynamics
(shown in Fig. 6 by solid, dashed, and dashed-dotted lines,
respectively), all of which are in reasonable agreement with
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FIG. 6. (Color online) (a) NC average population dynamics ex-
tracted from 1S bleach time transients measured for CdSe NCs with
R=1.7 nm (symbols) for different pump fluences (100 fs, 3 eV
pulses) that correspond to (Ny)=0.073, 3.3, 0.8, and 2.2. Solid lines
are calculations assuming quadratic scaling of 7y (7,=20 ps); the
transient measured for (Ny)=2.2 is also compared to calculations
for cubic (dashed line) and statistical (dashed-dotted line) scalings.
The inset on the right is the expanded view of early-time dynamics
measured for (Ny)=2.2 in comparison to calculations (line styles
are the same as in the main frame). The inset on the left is the
pump-intensity dependence of the 1S bleach (symbols) in compari-
son to a fit using the phenomenological dependence given in Eq. (4)
with k;=0.67 and k,=1.13 (line).

the experiment [compare different-style lines (modeling)
with symbols (experiment) for (Ny)=2.2]. The inspection of
short-term dynamics (right inset of Fig. 6), however, indi-
cates that the N? dependence of 7',"\,1 may provide a slightly
better description of experimental data compared to the two
other scaling laws. In combination with the measured 7,/ 73
ratios for NCs of small sizes [Fig. 3(b)], this points toward
the quadratic scaling in small CdSe NCs.

Thus, the analysis of a large body of experimental data for
biexciton and triexciton lifetimes in CdSe NCs indicates that
the ratio of the 7, and 73 time constants is smaller than that
expected for statistical scaling. The observed size depen-
dence of this ratio (7,/ 73 increases from ~2.3 to ~3.4 for R
increasing from 1.45 to 4.2 nm) as well as the absolute 7,/ 73
values can be interpreted in terms of size-dependent scaling
that changes from approximately quadratic at small NC sizes
to cubic at large sizes; numerical modeling using this size-
dependent scaling allows us to describe the measured TA
dynamics reasonably well. As suggested by our quantum-
mechanical modeling (Sec. IIT), the observed deviation from
statistical scaling likely results from the “asymmetric” char-
acter of high-order multiexcitons (N>2) that in CdSe NCs
necessarily comprise both S and non-S-type carriers These
asymmetric multiexcitons are characterized by reduced rates
of Auger decay compared to symmetric multiexcitons be-
cause of a reduced number of recombination pathways.
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V. MULTIEXCITON DYNAMICS IN LEAD SELENIDE
NANOCRYSTALS

A. High-intensity excitation

In the present work, we have also experimentally studied
the regime of highly degenerate 1S states using PbSe NCs. A
multivalley character of a band structure of lead chalco-
genides (four equivalent band minima at the L points of the
Brillouin zone) together with a twofold spin degeneracy lead
to the high, eightfold total degeneracy of the electron and the
hole 1S levels in PbSe NCs.!*! In this case, one can expect
to observe statistical scaling of 7y up to N=8. Further, be-
cause of this high degeneracy, the 1S bleach (Aq,y) is nearly
linear in (N) for NC average occupancies up to ~35;'3 there-
fore, Aa;g (monitored using a TA experiment) provides an
accurate measure of (N) even in the case of high-order mul-
tiexcitons. This situation is more favorable compared to that
in CdSe NCs, where the 1S bleach rapidly saturates for (N)
>1.

First, as in the case of CdSe NCs, we use a subtractive
procedure* to extract biexciton and triexciton dynamics from
pump-intensity-dependent TA traces such as those in Fig.
7(a) (R=4 nm, T=300 K). An example of such dynamics (in
comparison to single-exciton decay) is shown in the inset of
Fig. 7(a). Using these data (7,=160 ps, 7,=40 ps), we obtain
7,/ 73=4. For NCs of smaller radius (R=2 nm), we measure
7,=50 ps and 73=16 ps, which yields 7,/ 73=3.1. For both
sizes, the measured ratios are greater than the quadratic value
(2.25) and are rather indicative of scaling that is at least
cubic.

Following this initial analysis of 7y scaling based of the
7,/ 73 values, we proceed to numerical modeling of 1S TA
dynamics using coupled “Auger” rate equations, as described
in Sec. IV B. We again consider three different scaling laws:
quadratic, cubic, and statistical. In our previous studies of
PbSe NCs, in the regime when multiexcitons were generated
via CM,* we utilized a quadratic scaling of 7' based on
results of earlier studies of CdSe NCs.* However, modeling
of TA data for NCs with R=4 nm [Fig. 7(b)] shows that the
N? and N*(N-1) scalings provide a better description of the
experimental data than the N? scaling. Further, a closer in-
spection of early time dynamics [inset of Fig. 7(b)] indicates
that statistical scaling describes the experimental data
slightly better than the cubic one. Using the N>(N—1) scaling
and 7,=160 ps (derived by the subtractive procedure), we
can accurately model all dynamics recorded for (N) from
0.36 to 5.1 without any fitting parameters or additional nor-
malization [Fig. 7(a)].

We observe some discrepancy between calculated and
measured dynamics at early times after excitation. This dis-
crepancy is likely attributed to the fact that because of rapid
shortening of Auger lifetime with N, the higher-order multi-
exciton decay times are comparable to or even shorter than
the exciton cooling time. Specifically, given intraband energy
loss rates measured in Ref. 33, it takes ~10 ps or longer for
carriers to relax from the initially excited state produced by
1.5 eV photons to the band-edge 1S levels. The latter value
is longer than the Auger lifetime of, e.g., the five-exciton
state, which is ~6 ps (estimated for 7,=160 ps and statisti-
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cal scaling of 7y). In this situation, multiexcitons with N
>4 do not appreciably contribute to the 1§ bleach, which
can explain the fact that the amplitude of the measured TA
traces is decreased compared to the amplitude of the calcu-
lated transients.

Because of the competition between Auger decay and in-
traband relaxation (exciton cooling), rapid shortening of Au-
ger lifetimes with decreasing R (7y*R>; Ref. 4) leads to
decreasing contribution from higher-order multiexcitons to
the 1S bleach in smaller NCs, which makes it more difficult
to infer the scaling of 7y from experimental data. For ex-
ample, our modeling of experimental dynamics for NCs with
R=2 nm [Fig. 7(c); main panel and inset] indicates that both
the statistical and cubic scalings of 7' describe TA traces
better than the quadratic scaling. However, it is difficult to
further distinguish between the N° and N*(N—1) scalings,
because rapid Auger decay of high-order multiexcitons dur-
ing intraband relaxation effectively limits the average NC
occupancy probed in the TA experiment.

B. Multiexciton generation via carrier multiplication

A clearer distinction between different scaling laws for 7y
can, in principle, be made using the CM regime for generat-
ing multiexcitons.® In this process, multiple e-h pairs are
produced at low pump intensities by single photons. High-
efficiency CM was first observed in PbSe NCs,? and then, in
a number of other NCs using both spectroscopic?’-3#-3% and
photocurrent measurements.>® The exact mechanism for CM
in NCs is still under debate. The proposed models include
traditional impact ionization,**2 coherent evolution of the
initially excited single-exciton state,** direct photoexcitation
of biexcitons via intermediate single-exciton states,** and
photostimulated generation of biexcitons from vacuum me-
diated by intraband optical transitions.*?

In the case when multiexcitons are produced by CM, the
average per-exciton excess energy (AE,) is approximately
determined by the expression AE,=(fhw—E,)/(N,), where
(N,y=1 is the average exciton multiplicity (the number of
excitons per photoexcited NC); this quantity is also used as a
measure of the CM efficiency. The latter expression indicates
that in the CM case, when (N,)>1, the per-exciton excess
energy is smaller than that in the regime of traditional high-
intensity excitation [AE,=(fhw—E,)], which should result in
reduced exciton cooling times. The shortening of the carrier
cooling time in the CM excitation regime compared to the
no-CM case was experimentally observed in Ref. 44. This
effect is useful for the purpose of the present study because it
reduces carrier losses associated with Auger decay during the
initial stage of intraband relaxation, and hence, can allow
probing states of higher exciton multiplicity. Another prop-
erty of the CM process, useful in studies of multiexcitons, is
that it produces a narrow, non-Poissonian distribution of ex-
citon multiplicities (potentially, a single-multiplicity en-
semble state),3? for which initial ensemble dynamics are gov-
erned by recombination of just one or two high-order
multiexcitons.

In modeling the decay of the multiexciton system pro-
duced by CM, one needs to account for the fact that in this
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FIG. 7. (Color online) (a) 1S bleach dynamics measured for PbSe NCs with R=4 nm (symbols) for different pump fluences (50 fs,

1.5 eV pulses) that correspond to (Ng)=(N(t=0))=0.35, 1.1, 2, 2.9, 4, and 5.1 (increasing from bottom to top); lines are calculations
assuming statistical scaling of 7y (7,=160 ps). Inset: biexciton (circles) and triexciton (diamonds) dynamics extracted from TA traces in
comparison to single-exciton dynamics (squares). [(b) and (c)] 1S bleach dynamics for PbSe NCs with R=4 nm and 2 nm (initial average
NC occupancies are 4 and 2, respectively) modeled assuming statistical (solid line), cubic (dashed line), or quadratic (dashed-dotted line)
scalings of 7y. The inset in pl (b) is the expanded view of early-time dynamics, which indicates that in the case of the 4 nm sample, statistical
scaling provides a better fit of experimental data than cubic scaling. The expanded view of early-time dynamics for the 2 nm sample [inset
in pl (c)] shows that both cubic and statistical scalings describe experimental data better than the quadratic one. On the other hand, based on
these data it is difficult to further distinguish between the statistical and the cubic scalings.

case, the distribution of initial (r=0) NC occupancies is dif-
ferent compared to the no-CM situation when multiple e-h
pairs are produced via absorption of multiple photons from
the same pump pulse. As was pointed out in the previous
subsection, in the latter case, the initial NC occupancies can
be accurately described by Poisson statistics, for which the
average ensemble multiplicity is directly linked to average
occupancy ((N,o)=(No)(1—e~ M=) 32 and hence per-pulse
pump fluence. In the CM regime (low excitation intensities,
for which (N, ph,()} < 1), initial occupancies are non-Poissonian

and the average ensemble multiplicity is determined not by
the pump fluence but by the pump-photon energy.’? Specifi-
cally, in this case, the photoexcited NC ensemble is charac-
terized by two dominant multiplicities m=[1.1479w/E,
—2.25] and I=m+1 (“1X]” is the rounded-down value of X).
The respective fractions of photoexcited NCs are

fu=m-114ho/E,~2.85) and fi=1-f,, (5

while the corresponding probabilities calculated taking into
account both excited and unexcited NCs are p, o
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FIG. 8. (Color online) (a) 1S bleach dynamics for PbSe NCs with R=4.2 nm (symbols) measured at low pump intensity (N, 0)=0.1)
and different photon energies from 2.4 to 7.8E, (indicated in the figure). These measured traces are modeled (lines) using initial average
multiplicities 1, 2.2, 3, 5, and 7 (from bottom to top) and assuming statistical scaling of 7y time constants. The biexciton lifetime is derived
from a single-exponential fit of the initial fast TA decay (7,=260 ps) measured with 3.9E, photons ((N,, 0}=0.1), for which CM is expected
to primarily produce biexcitons (inset; solid circles); the fit of the TA trace measured using high-intensity ((N,;,0)=1.1), low-photon-energy
(2.4E,) excitation produces a fast decay component with a time constant of 200 ps (inset; open squares). [(b) and (c)] 1S TA dynamics
(symbols) measured with 6.7E, and 7.8E, photons modeled using either cubic (dashed line) or statistical (solid line) scaling of Auger

lifetimes.

=fu{Npno) (for m, 1>0) and polo=1—(N,;0).

In Fig. 8(a), we show TA dynamics recorded at low pump
intensity ((N,,0)=0.1) for photon energies from 2.4 to 7.8E,
for a sample with an NC size that is close to that in Fig. 7.
These traces are normalized to the height of the slow, single-
exciton background. In this representation, the TA values
represent a direct measure of average multiplicity (N,),33%%
which can be related to probabilities p; by (N,

=(1/N )22 ip;i=2,if;.*> We use this expression to
model TA transients in Fig. 8. We calculate probabilities p;
by solving a set of coupled Auger equations [Eq. (1)]. The
initial values of p; are found from Eq. (5) on the basis of
experimental pump-photon energies. We further consider ei-
ther statistical or cubic scaling of 7y time constants with 7,
=260 ps, as derived from a single-exponential fit to dynam-
ics measured for w=3.9E, [inset of Fig. 8(a)], when CM
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primarily produces biexcitons. The latter time constant is
close to that [~200 ps; inset of Fig. 8(a)] measured using
low-photon-energy, high-intensity excitation (no CM).

We see that in the CM case, the distinction between the
statistical and cubic scalings is more pronounced than in the
no-CM situation [Figs. 8(b) and 8(c)], which is because of
both higher initial exciton multiplicity and smaller number
multiplicities contributing to early-time dynamics. The com-
parison of calculated and measured TA traces indicates that
statistical scaling reproduces the measured dynamics more
closely than the cubic one. Furthermore, using statistical
scaling, we can model all of the dynamics in the main panel
of Fig. 8(a) without any adjustable parameters by using ini-
tial multiplicities ((N,o) from 1 to ~7) derived from experi-
mental pump-photon energies.

Thus, in PbSe NCs, the measured 7,/ 73 ratios are larger
than those in CdSe NCs and indicate that the 7y scaling is
faster than quadratic. For the large-size sample (R=4 nm),
the TA dynamics measured using both traditional (high pump
intensity) and CM excitation regimes can be accurately mod-
eled using statistical scaling of multiexciton time constants.
This scaling also describes the dynamics measured for the
smaller-size sample (R=2 nm) well. However, in the latter
case, we cannot exclude the possibility of the cubic scaling,
because for initial exciton multiplicities accessible in our ex-
periments, the dynamics calculated for the cubic and statis-
tical scalings are very similar to each other.

VI. CONCLUSIONS

In conclusion, we have experimentally and theoretically
studied multiexciton dynamics in semiconductor NCs with a
goal to infer the scaling of Auger decay constants with the
number of excitons per NC, N. We showed that in determin-
ing this scaling, it is important to distinguish between
ensemble-averaged (7<*N>) and single-NC (7y) multiexciton
lifetimes. In the large-N limit, (7'Z'kN)‘1 scales quadratically
with (N), which is similar to the quadratic scaling of instan-
taneous Auger decay rates with carrier density in the bulk. In
the same limit (N> 1), the single-NC multiexciton decay
constants scale cubically with N: 7' % BN>.

We further analyze theoretically the 7y scaling for the
situation of a small number of excitons per NC using first-
order perturbation theory. This analysis indicates that in the
case of multiexcitons built from states of identical symmetry
(symmetric multiexcitons), one may expect the statistical
scaling of Auger lifetimes, 7' < N*(N—1), as determined by
the total number of individual Auger transitions. On the other
hand, the 7y scaling is expected to deviate from statistical for
asymmetric multiexcitons (built, e.g., from both 1S and 1P
states) because of reduced probability of recombination be-
tween electron and hole states of different symmetries. Spe-
cifically, the “quantum-mechanical” ratio of the 7, and 73
lifetimes calculated neglecting S-P recombination (2.5) is
close to that for quadratic scaling (2.25). The deviation from
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the statistical scaling can also result from geometrical con-
straints existing, for example, in 1D systems.

To experimentally realize situations of symmetric and
asymmetric multiexcitons, we studied, respectively, PbSe
and CdSe NCs. In PbSe nanoparticles, the 1S conduction-
and valence-band levels can accommodate up to eight carri-
ers; therefore, multiexcitons with order up to 8 can be built
from the same 1S-type wave functions. On the other hand,
the 1S electron state in CdSe NCs is twofold degenerate;
therefore, multiexcitons of order N>2 necessarily involve
both S and non-S symmetry states. We experimentally deter-
mined the 7y scaling from the measured ratio of the 7, and 73
time constants and also from modeling of TA dynamics using
three different scaling laws: statistical, cubic, and quadratic.
In the case of CdSe NCs, the measured 7,/ 73 ratio can be
interpreted in terms of size-dependent scaling, which
changes from approximately quadratic to cubic with increas-
ing R. On the basis of our theoretical studies, we can at-
tribute this deviation from statistical scaling to the reduced
probability of Auger transitions involving e-h recombination
between states of S and P symmetries.

The 7,/ 75 ratios measured for PbSe NCs are larger than
those for CdSe NCs and indicate that for studied sizes the 7y
scaling is at least cubic. To further distinguish between cubic
and statistical scalings, we analyzed TA dynamics using a set
of coupled Auger equations. For larger NCs (R=4 nm), we
studied two excitation regimes with multiexcitons produced
either by high-intensity pulses via absorption of multiple
photons or by single high-energy photons using the CM pro-
cess. The latter regime allows a clearer distinction between
different scaling laws for 7y because it results in higher ex-
citon multiplicities and a narrower, non-Poissonian distribu-
tion of initial multiplicities. Numerical modeling based on
coupled Auger equations indicates that the measured TA dy-
namics for both excitation regimes can be best described by
statistical scaling. On the other hand, in the case of smaller
NCs (R=2 nm), based on modeling of Auger equations, we
cannot make a conclusive distinction between statistical and
cubic scalings because they produce very similar relaxation
dynamics for initial multiplicities realized under our experi-
mental conditions. The differentiation between these two
scalings, in general, represents a challenging experimental
task because the corresponding constants are not signifi-
cantly different even in the case of high-order multiexcitons
with N>3.
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