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We report the first experimental observation of a striking convergence of Auger recombination rates in
nanocrystals of both direct- (InAs, PbSe, CdSe) and indirect-gap (Ge) semiconductors, which is in
contrast to a dramatic difference (by up to 4-5 orders of magnitude) in the Auger decay rates in respective
bulk solids. To rationalize this finding, we invoke the effect of confinement-induced mixing between states
with different translational momenta, which diminishes the impact of the bulk-semiconductor band
structure on multiexciton interactions in nanocrystalline materials.
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Semiconductor nanocrystals (NCs) are nanometer-size
crystalline particles that contain approximately 100-
10000 atoms. Strong spatial confinement of electronic
excitations produced by these nanostructures results in a
number of novel phenomena including greatly enhanced
nonradiative Auger recombination (AR) [1-4]. In this pro-
cess, the electron-hole recombination energy is not emitted
as a photon but is transferred to a third particle (an electron
or a hole). Significant interest in Auger effects in bulk and
low-dimensional structures has been stimulated by studies
of carrier-loss mechanisms in semiconductor lasers [5,6]
and generation-III photovoltaics enabled by carrier multi-
plication [7-9] as well as Auger-assisted energy relaxation
[3,10,11].

In bulk-phase semiconductors, AR rates differ signifi-
cantly for direct- and indirect-gap materials. In direct-gap
semiconductors, AR is a three-carrier process [Fig. 1(a)].
On the other hand, it is a lower-probability, four-particle
effect in indirect-gap materials because of an additional
step involving emission (or absorption) of a momentum-
conserving phonon [Fig. 1(b)] [12]. Strong three-
dimensional confinement obtained in NCs leads to relaxa-
tion of translational-momentum conservation, which might
diminish the distinction between direct- and indirect-gap
semiconductors with regard to AR [Fig. 1(c)]. Whereas the
effect of quantum confinement on radiative recombination
in indirect-gap materials has been considered in the litera-
ture [13-15], its influence on multiparticle processes has
not been examined either theoretically or experimentally.

In this Letter, we report on a striking convergence of
multiexciton behaviors in both direct- (InAs, PbSe, CdSe)
and indirect-gap (Ge) semiconductors that results from
quantum confinement. Specifically, our measurements in-
dicate that similarly sized NCs of different compositions
exhibit comparable AR rates despite a dramatic 4-5 orders
of magnitude difference in respective bulk-semiconductor
values. We further observe a universal, material-
independent linear scaling of AR rates with NC volume
(““V scaling”) indicating that the main factor which con-
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trols AR in NCs is particle dimension, while details of the
material’s band structure play a minor role.

Since AR in NCs of direct-gap materials has been dis-
cussed in the literature [2,8,16,17], below we focus pri-
marily on details of Ge NC experimental studies. In our
work, we investigate Ge NCs fabricated via a plasma-based
technique [18]. The mean NC radii R are from 1.9 to 5 nm,
and the size dispersion is ~15%. To monitor carrier re-
combination dynamics, we employ a transient absorption
(TA) spectroscopy in which photoinduced absorption as-
sociated with nonequilibrium carriers injected by a sub-
100 fs, 1.55 eV pump pulse is probed with a second
variably delayed pulse tuned to 1100 nm.

In Fig. 2(a), we display absorption spectra of Ge NCs
of two sizes in comparison to that of bulk Ge [19]. While
Ge NC spectra do not show any distinct band-edge features
typical of direct-gap semiconductor NCs, the spectral onset
of absorption shows a pronounced blueshift with respect to
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FIG. 1 (color online). (a) The three-particle AR process in
direct-gap bulk semiconductors. (b) Phonon-assisted four-
particle AR process in indirect-gap bulk semiconductors.
(c) AR in NCs. Relaxation of momentum conservation require-
ments in NCs diminishes the difference between direct- and
indirect-gap materials with regard to AR.
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FIG. 2 (color online). (a) Linear absorption spectra of Ge NCs
indicate an absorption onset, which is blueshifted in comparison
to bulk Ge [19]. Insets: Examples of large-area (upper left
corner) and high-resolution (lower right corner) transmission
electron micrographs of Ge NCs indicating good size monodis-
persity and a high degree of crystallinity. (b) Pump-intensity-
dependent TA dynamics of 1.85 nm radius Ge NCs for average
initial exciton occupancies from 0.016 to 8.3. Inset: Pump-
intensity dependence of early- and late-time TA signals.
(c) Pump-intensity dependence of TA signals shortly after exci-
tation for Ge NCs with radii of 1.85, 2.75, and 5.0 nm (symbols)
fit to a linear dependence (line). (d) Long-time TA signals (¢t >
7,) as a function of (N,) fit to the Poissonian distribution
describing the total number of photoexcited NCs.
Inset: Absorption cross sections (symbols) derived from fits to
experimental data in the main panel in comparison to calcula-
tions based on the R? scaling (line; the shaded region is the range
of uncertainty due to the distribution in NC sizes).

bulk Ge, indicating a significant effect of quantum
confinement.

In Fig. 2(b), we display TA dynamics recorded for a
series of pump-photon fluences from ~10' to 5 X
10'® cm™? that correspond to NC average initial occu-
pancy (Ny) = (N(¢ = 0)) from 0.02 to 8 (estimated assum-
ing an R? scaling of absorption cross sections [20] ). The
low-intensity TA traces ({N,) = 0.3) are nearly flat, indi-
cating that no significant carrier losses occur on the time
scale of these measurements (¢ =< 20 ps). As (Ny) in-
creases, a fast relaxation component of progressively larger
amplitude develops in the TA signal. This behavior is
typical of AR in the regime when multiple excitons are
excited per NC [2].

A more conclusive assignment of the fast TA component
is based on the analysis of pump-intensity dependences of
TA signals. At short times after excitation (¢t = 1-2 ps),
photoinduced absorption increases almost linearly with
pump fluence across a wide range of (Ny) from 0.01 to
~10 [inset, Fig. 2(b)]. A similar, nearly linear scaling is
observed for all NC sizes studied here [Fig. 2(c)], indicat-
ing that the TA amplitude provides a quantitative measure

of the average NC occupancy in both single- and multi-
exciton regimes.

Following AR, all initially excited NCs contain only
single excitons independent of their initial occupancy.
Therefore, the TA signal immediately following Auger
decay represents a measure of the total number of photo-
excited NCs. For short-pulse excitation well above the
band edge, the distribution of N, in a NC ensemble is
described by Poisson statistics [20]. In this case, the frac-
tion of photoexcited NCs is represented by [l —
exp((Ny))], which accurately describes long-time TA sig-
nals [Fig. 2(d) and inset in Fig. 2(b)]. Further, using this
expression as a fitting function, we derive experimental
absorption cross sections and then compare them with
calculations based on the R’ scaling. Good agreement
between the computed and the measured values of o [inset
in Fig. 2(d)] together with results of pump-intensity-
dependent TA studies [Figs. 2(c) and 2(d)] support our
assignment of the fast-decaying TA component to AR.

We isolate the biexcitonic component of the TA traces
by subtracting the slowly varying single excitonic compo-
nent measured at low intensities [2] ((N,) << 1). We then
derive biexciton lifetimes 7, either by directly fitting de-
cays obtained for (Ny) close to 1 or by analyzing the
higher-intensity dynamics in the region where the average
exciton multiplicity (N,) (the average number of excitons
per photoexcited NC) falls below 2. These lifetimes do not
depend upon exact pump fluence [compare different types
of symbols of the same color in Fig. 3(a)] but do exhibit a
pronounced size dependence. Specifically, 7, varies from
~4 to ~100 ps for NCs with radii from 1.9 to 5 nm,
approximately following the R*® dependence [solid line in
Fig. 3(b)]. This result, indicating linear scaling of 7, with
NC volume, is similar to previous observations of V scal-
ing for NCs of different compositions [2,21], which pro-
vides further evidence that the observed decay is indeed
due to AR of multiexcitons.

In bulk semiconductors, the AR rate is characterized by
the Auger constant C,, which is defined assuming that the
decay rate r, is cubic in carrier density n: r, = dn/dt =
—C4n. Strictly speaking, this definition may not always
apply to NCs because, in this case, the r, scaling can vary
from quadratic (r, oc N?) to cubic (r4 oc N3) or “statisti-
cal” [r4 o< N’>(N — 1)], depending on the material-specific
electronic structure, NC size, and shape [4]. While recog-
nizing this issue, we still formally introduce the effective
Auger constant for NCs, which we use as a tool for
quantitative comparisons of AR efficiencies in NCs of
different compositions and also between NCs and respec-
tive bulk solids.

Assuming cubic scaling of r, with N and defining an
effective carrier density as N/V; (V,, is the NC volume),
we obtain the following expression relating C4 to 7, [4]:
C4 = V3(87,)"!. The C, constants calculated for Ge NCs
from the measured biexciton lifetimes are displayed in
Fig. 3(c) in comparison to bulk Ge [22]. These data show

177404-2



PRL 102, 177404 (2009)

PHYSICAL REVIEW LETTERS

week ending
1 MAY 2009

a
3
@ | | @ Geunstirred
N
©
£
S
£ 0.1
]
< (=
0 100 200 300 400 2 3 4 5 6
Time (ps) Particle radius (nm)
(c) o Ge NCs (d) 4ot f A aulie o PbSe NCs|
<100 - ' InAs NCs
.’g @ a "o 10° BAquPbSe © Gise tics]
£
o 10 °O 102 A
3@ '::: ¥ -
c 1 Bulk Ge =l B [iria) Co
Gl o gm0 1 o lo]
©o1l m o 1o\
o n
06 08 10 12 14 1955 10 15 20 25
Energy gap (eV) Energy gap (eV)

FIG. 3 (color online). (a) Biexcitonic decay component in Ge
NCs as a function of NC size. Symbols are color-coded accord-
ing to NC size, while different shapes correspond to different
initial occupancies. (b) Biexciton lifetimes in Ge NCs (symbols)
fit to the R® dependence (line). Stirred (squares) and unstirred
(circles) samples produce essentially identical results, indicating
that ionization and photodegradation processes do not affect our
measurements. (c) Auger constants of bulk (solid square) and
NC (open square) Ge as a function of E,. (d) C, in bulk (solid
symbols) and NC (open symbols) forms of direct-gap semi-
conductors PbSe (squares), InAs (triangles), and CdSe (circles)
as a function of E,. Lines are projected values of C, based on
bulklike exponential dependences of Auger constants on E,.

that C, in Ge NCs, which varies from 2.1 X 1072 t0 2.8 X
1072 ¢cm®s™!, is 2-3 orders of magnitude greater than the
bulk Auger constant, indicating a significant confinement-
induced enhancement in the AR efficiency.

To explain this enhancement, we invoke relaxation of
translational-momentum conservation, which occurs as a
result of confinement-induced spreading of electronic
wave functions in k space [13]. In nominally indirect-gap
materials, this effect can lead to significant mixing between
electronic states from direct- and indirect-gap minima that
can result in ‘““pseudodirect” character of a band-edge
transition [13—15]. A significant effect of spatial confine-
ment on electronic structures of indirect-gap Si NCs has
been experimentally detected using steady state [14] and
time-resolved [15] photoluminescence as well as electron
energy loss spectroscopy [23].

Our present results demonstrate that confinement-
induced relaxation of crystal momentum also has a signifi-
cant effect on the Auger process in indirect-gap semicon-
ductors. In bulk Ge, the rate of Auger decay is greatly
reduced in comparison to direct-gap semiconductors be-
cause of the participation of a momentum-conserving pho-
non [Fig. 1(b)]. Relaxation of momentum conservation in
three-dimensionally confined NCs eliminates the phonon-
assisted step in AR, which makes it a lower-order and,
hence, a higher-probability process.

The breakdown of momentum conservation is also ex-
pected to affect AR in NCs of direct-gap materials.
Because of combined requirements of energy and
translational-momentum conservation, AR in direct-gap
semiconductors exhibits a thermal-activation threshold
(E4) [12]. The relaxation of momentum conservation
should remove this threshold and, hence, eliminate the
strong exponential dependence of ry on —E4/kpT (kg is
the Boltzmann constant). This effect must dramatically
change the dependence of Auger rates on the energy gap
(E,) since E, is directly proportional to E,. To analyze the
effect of E, on AR rates, we compare the values of C, for
NCs of different compositions.

From TA measurements conducted on PbSe and InAs
NCs (not shown), we derive biexciton lifetimes and extract
Auger constants. These data are displayed in Fig. 3(d)
together with the C, constants derived from literature
data for CdSe NCs [2]. In the same plot, we also show
values of C, for bulk PbSe [24] and InAs [25]. We further
use these values to calculate Cy for NCs of different E,
using the bulklike exponential dependence predicted by
thermal-activation models [26,27]. The calculated values
[shown by lines in Fig. 3(d)] exhibit much steeper de-
creases with increasing E, than those derived from experi-
ment (open squares and triangles). As a result, for each
given E,, the experimental C, constant in NCs is orders of
magnitude greater than the bulk-based projection. These
observations are consistent with the expected elimination
of the activation threshold.

While the energy gap is a key parameter of AR in bulk
direct-gap semiconductors, it should be of lesser impor-
tance in the case of “‘thresholdless” AR in NCs. Indeed, as
evident from Fig. 3(d), wide-gap CdSe NCs and narrow-
gap PbSe NCs exhibit similar values of C,, while AR rates
in bulk forms of these materials are dramatically different
[28]. Our present findings are also consistent with recent
results of pressure-dependent studies of PbSe NCs [29],
which have shown little effect of E, (tuned by hydrostatic
pressure) on AR rates.

Given the above considerations, an apparent change
in NC Auger rates in Fig. 3(b) and Auger constants in
Figs. 3(c) and 3(d) is not due to variations in E, but rather
due to changes in NC size. Therefore, one might expect
the emergence of NC-specific trends in AR if C, constants
are analyzed as a function of NC radius instead of E,. Such
an analysis is presented in Fig. 4, where we plot C, versus
R for NCs of Ge, PbSe, InAs, and CdSe. Remarkably,
despite a vast difference in electronic structures of the
bulk solids (especially when one compares direct- and
indirect-gap materials), the Auger constants in same-size
NCs of different compositions are similar. Further, they
show a universal cubic size dependence described approxi-
mately by C, = yR>. The numerical prefactor in this
expression () varies by less than an order of magnitude
(from 0.4 X 1072 cm®s™! for CdSe NCs to 2.3 X
107° ecm?s™! for Ge NCs) depending on composition,
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FIG. 4 (color online). Universal size dependence of AR con-
stants in semiconductor NCs. When plotted as a function of NC
radius, C, values for NCs of both direct- and indirect-gap
semiconductors show a similar size dependence described by
C, = yR? (corresponds to the direction of the shaded stripe).

which is in sharp contrast to several orders of magnitude
spread in Auger constants in the corresponding bulk ma-
terials (marked on the right axis of the graph in Fig. 4).

In spherical NCs, the effective Auger constant relates to
the multiexciton decay rate constant (Ky = 7y!) as C4 oc
ROK ) [4]. Therefore, the R? dependence of C, suggests
that K scales as R, which is consistent with experimen-
tal results for Ge NCs in Fig. 3(b) as well as previous
measurements of CdSe [2], InAs [16], and PbSe [8] NCs.
The R™3 dependence indicates strong confinement-
induced enhancement in Auger rates, pointing to multiple
possible reasons. One is the size dependence of the strength
of confinement-induced state mixing, which facilitates AR
in NCs. This effect directly depends on the ratio of R~! and
Ak (separation of states in k space) and, hence, is enhanced
with decreasing NC size [13—15]. Further, carrier-carrier
Coulomb coupling, responsible for Auger decay, is ex-
pected to scale as 1/R, which also contributes to enhanced
Auger decay in smaller NCs. Finally, several existing
models emphasize the importance of surface effects in
AR in NCs [30,31], which may also result in increased
rates of Auger decay with decreasing R because of increas-
ing surface-to-volume ratio.

In summary, a close correspondence in Auger constants
and multiexciton decay rates observed for similarly sized
NCs of different compositions indicates that the key pa-
rameter, which defines Auger rates in these materials, is
NC size rather than the energy gap or electronic structure
details. These observations can be rationalized by
confinement-induced relaxation of momentum conserva-
tion, which removes the activation barrier in Auger decay
in NCs of direct-gap semiconductors and eliminates the
need for a momentum-conserving phonon in indirect-gap
NCs. Thus, this effect may diminish the difference between
materials with different energy gaps (£, would normally

determine the height of the activation barrier) or different
arrangements of energy bands in k space.
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