
Approved for public release; 
distribution is unlimited. 

Title: 

Author(s): 

Intended for: 

Universal size dependence of Auger constants in direct- and 
indirect-gap semiconductor nanocrystals 

Istvan Robel, Ryan Gresback, Uwe Kortshagen, Richard D. 
Schaller, and Victor I. Klimov 

Publication in the scientific journal Nature Physics 

.~ft0-,
LosAlamos 
NATIONAL LABORATORY 
--- EST.1943 --­

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos National Security, LLC 
for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396. By acceptance 
of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free license to publish or reproduce the 
published form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests 
that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos National 
Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does not 
endorse the viewpoint of a publication or guarantee its technical correctness. 

Form 836 (7/06) 



Universal size dependence of Auger constants in direct- and 

indirect-gap semiconductor nanocrystals 

Istvan Robel1
, Ryan Gresback2, Uwe Kortshagen2, Richard D. Schaller1*, and Victor I. Klimov1* 

IChemistry Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA 

2Department ofMechanical Engineering, University ofMinnesota, Minneapolis, Minnesota 55455, USA 

Three-dimensional (3D) spatial confinement of electronic wave functions in semiconductor 

nanocrystals (NCs) results in a significant enhancement of multi-electron phenomena 

4including non radiative Auger recombinationl
- • In this process, a conduction-band electron 

recombines with a valence-band hole by transferring the recombination energy to a third 

carrier. Significant interest in Auger recombination in NCs has been stimulated by recent 

9studies ofNC lasing5
,6 and generation-III photovoltaics enabled by carrier multiplication7

­

because in both of these prospective applications Auger recombination represents a 

dominant carrier-loss mechanism. Here, we perform a side-by-side comparison of Auger 

recombination rates in NCs of several different compositions including Ge, PbSe, InAs, and 

CdSe. We observe that the only factor, which has a significant effect on the measured 

recombination rates, is the size of the NCs but not the details of the material's electronic 

structure. Most surprisingly, comparable rates are measured for nanocrystals of direct­

and indirect-gap semiconductor NCs despite a dramatic four-to-five orders of magnitude 

difference in respective bulk-semiconductor Auger constants. This unusual observation can 
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be explained by confinement-induced relaxation of momentum conservation, which smears 

out the difference between direct- and indirect-gap materials. 

In direct-gap bulk semiconductors, the conduction- and valence-band minima are co-located in 

momentum (k) space. In this case, Auger recombination occurs as a three-particle process 

wherein the electron-hole recombination energy is transferred via the Coulomb interaction to the 

third carrier (an electron or a hole) re-exciting it to a higher-energy state lO (Fig. la). Because of 

combined requirements of energy and translational momentum conservation, this process 

exhibits a thermally activated behaviorlO,ll and is characterized by a rate (rA) that scales as rA oc 

exp(-EAlkBT)], where kB is the Boltzmann constant, T is the temperature, and EA is the activation 

threshold, which is directly proportional to the energy gap, Eg• The corresponding rate equation 

is dnldt = -CAn3
, where n is the carrier density and CA is the Auger constant. 

In indirect-gap bulk materials, carriers involved in Auger recombination are separated in 

k-space (Fig. 1b); therefore, Auger decay occurs with appreciable efficiencies only with 

participation of momentum-conserving phononsll (dashed arrow in Fig. Ib). While involvement 

of phonons removes the activation barrier, it leads to a significant reduction of the decay rate 

because such Auger recombination is a higher-order, four-particle process ll (Fig. 1b). For 

example, direct-gap InAs and indirect-gap Ge, exhibit room-temperature Auger constants that 

6 1 6 1differ by five orders of magnitude (l.IxIO-26 cm s- vs. 1. IxlO-31 cm s- , respectively12,13), 

despite a relatively small difference in energy gaps (0.35 eV and 0.66 eV, respectively). 

Strong 3D spatial confinement, characteristic of ultrasmall semiconductor NCs, leads to 

relaxation of translational momentum conservation, which should diminish the distinction 

between direct- and indirect-gap semiconductors with regard to the Auger process (Fig. Ic). 
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Whereas the effect of 3D confinement on radiative recombination in indirect-gap materials has 

been extensively analyzed in the literature14
,15, the influence of quantum confinement on 

multiparticle processes such as Auger recombination in indirect-gap semiconductors has not 

been systematically studied either theoretically or experimentally. 

The purpose of this work is to address this unexplored aspect of Auger recombination by 

performing a comparative study of Auger-decay rates in NCs of direct- and indirect-gap 

semiconductors. Specifically, we study multi-electron-hole-pair (multiexciton) recombination 

dynamics in NCs of indirect-gap Ge, and compare them with results for NCs of direct-gap InAs, 

PbSe, and CdSe2 
. We observe that the effective Auger constant for all of these materials can be 

described by the universal cubic size dependence CA oc R3. Even more remarkable is that the 

absolute values of Auger constants in NCs of the same size but different compositions are similar 

despite a dramatic orders-of-magnitude difference in CA values in the respective bulk solids. 

These results indicate that the main factor, which defines Auger recombination rates in strongly 

confined NCs, is the size of the particle, while the details of the electronic structure, such as the 

width ofthe energy gap or the positions of the band minima in the k-space playa minor role. 

Since the topic of multiexciton dynamics in NCs of direct-gap materials such as CdSe, 

PbSe, and lnAs, has been discussed in the 1iterature2
,7,16,17, below we focus primarily on details 

of experimental studies of Ge NCs. In our work we investigate Ge NCs with radii, R, from 1.9 to 

5 nm fabricated via a plasma-based technique18
,19 (see Methods for details). To monitor carrier 

recombination dynamics in NCs, we employ a transient absorption (TA) pump-probe 

spectroscopy, in which the absorption changes associated with non-equilibrium carriers injected 

by a sub-1 00 fs, 1.55 e V pump pulse are probed with a second variably delayed pulse. In the case 

of direct-gap NCs, the probe wavelength is normally tuned to the lowest-energy IS absorption 
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feature to monitor carrier-induced band-edge bleaching20 
, Because of the small oscillator 

strength of inter-band (valence-to-conduction band) transitions, indirect-gap NCs do not exhibit 

band-edge bleaching but rather show a structureless photoinduced absorption (PA) due to intra­

band transitions, Since the strength of these transitions increases with decreasing energy, PA 

signals are typically probed in the infra-red21 
, In our studies of Ge NCs, we used a probe 

wavelength of 1100 nm, which was chosen based upon signal-to-noise considerations, 

In Fig. 2a we display absorption spectra of Ge NCs of two sizes in comparison to that of 

bulk Ge. While NC spectra do not show any distinct band-edge features typical ofNCs of direct­

gap semiconductors, the spectral onset of absorption shows a pronounced blue shift with respect 

to bulk Ge, indicating a significant role of quantum confinement. Similar trends were observed 

in previous linear-absorption studies ofGe NCS22
,23. 

In Fig. 2b, we display T A dynamics recorded for a series of pump photon fluences from 

_1014 cm-2 to 5xlOl6 cm-2 that correspond to NC average initial occupancy, <No>, from ~0.02 to 

8 (estimated assuming the R3 scaling of absorption cross sections20
, cr; see Methods). The low­

intensity T A traces «No> :s 0.3) are nearly flat indicating that no significant carrier losses occur 

on the time scale of these measurements (t:S 20 ps). As <No> approaches unity and then exceeds 

it, a fast relaxation component of a progressively larger amplitude develops in the TA signal. 

This behavior is typical ofAuger recombination in the regime when multiple excitons are excited 

per NC2
, 

A more conclusive assignment of the fast TA component can be done based on the 

analysis of pump-intensity dependences of TA signals. At short times after excitation (t 1 to 2 

ps), the PA amplitude increases almost linearly with pump fluence across a wide range of <No> 
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from 0.01 to ~1O (inset, Fig. 2b). A similar, nearly linear scaling is observed for all NC sizes 

studied here (Fig. 2c), indicating that the P A amplitude provides an accurate quantitative 

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

Following Auger recombination, all initially excited NCs contain only single excitons 

independent of their initial occupancy. Therefore, the T A signal measured immediately 

following Auger decay represents a measure of the total number of photoexcited NCs. When 

multiexitons are generated via sequential absorption of multiple photons from the same laser 

pulse, the distribution of initial carrier populations in a NC ensemble is described by Poisson 

statistics20
• In this case, the fraction of photo excited NCs is represented by [1 - exp (<NO»]. The 

latter expression indeed accurately describes the TA signals measur((d at long times after 

excitation (Fig. 2d and inset of Fig. 2b). Further, using this expression as a fitling ftmction we 

derive experimental absorption cross-sections, and then, compare them with calculations based 

on the R3 scaling (see Methods). Good agreement between the computed and the measured 

values of cr (inset of Fig. 2d) together with results of pump-intensity studies of TA signals (Figs. 

2c and d) support our assignment of the fast-decaying TA component to multiexciton 

recombination. 

We derive biexciton lifetimes (1:2) from the measured T A traces using a procedure that is 

explained in Methods. These lifetimes do not depend upon exact pump fluence (compare 

different types of symbols of the same colour in Fig. 3a), but do exhibit a pronounced size 

dependence. Specifically, 1:2 varies from ~4 to ~100 ps for NCs with radii from 1.9 to 5 nrn, 

approximately following the R3 dependence (solid line in Fig. 3b). This type of size dependence 

has previously been observed for Auger decay in NCs of different compositions2
,21, which 
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provides further evidence that the fast initial PA decay observed at high pump intensities is due 

to Auger recombination of multiexcitons. Furthermore, control measurements of stirred and 

unstirred samples (shown by different types of symbols in Fig. 3b) produce essentially identical 

results, indicating that processes such as NC ionization and sample photodegradation do not 

affect our measurements. 

The efficiency of Auger recombination in bulk semiconductors is characterized by the 

Auger constant, CA. Its definition suggests that Auger decay is a three-carrier process, and hence, 

the decay rate, rA, is cubic in carrier density. Strictly speaking, the Auger constant cannot always 

be introduced for NCs because the scaling of rA with the number of electron-hole pairs per NC, 

N, can vary from, for example, quadratic (rA oc N2) to 'statistical' [rA oc N2 (N - 1)], depending on 

parameters such as a material's electronic structure, NC size, and shape4
• While recognizing this 

issue, we still would like to formally introduce the effective Auger constant for NCs, which 

provides a convenient tool for quantitative comparisons of Auger recombination efficiencies in 

NCs of different compositions and also between NCs and respective bulk solids. 

Assuming cubic scaling of rA with N and defining an effective carrier density as NIVo (Vo 

is the NC volume), we obtain the following expression relating CA to 't2 (Ref. 4): C'.<\.=Vo2(S't2rl. 

The CA constants calculated for Ge NCs from the measured biexciton lifetimes are displayed in 

Fig. 3c in comparison to the bulk Ge value. These data show that CA in Ge NCs (varies from 

6 l2.1 x10.29 to 2.8xlO-28 cm s· ) is 3 to 4 orders of magnitude higher than the bulk Auger constant 

indicating a significant enhancement in the NC Auger recombination efficiency, 

To explain this enhancement, we invoke relaxation of translational-momentum 

conservation, which occurs as a result of confinement-induced mixing between electronic states 
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from direct- and indirect-band minima14
,24-26. In bulk Ge, the rate of Auger decay is greatly 

reduced compared to that in direct-gap semiconductors because of participation of a phonon, 

which compensates for a large difference in the k-vectors of conduction- and valence-band 

carriers involved in the recombination process27 (electrons and holes are separated between the 

direct- and indirect-gap minima of the respective bands; Fig. 1 b). Relaxation of momentum 

conservation in 3D confined NCs eliminates the phonon-assisted step in the Auger 

recombination, which makes it a lower-order, and hence, a higher probability process. This can 

explain the observed enhancement in Auger recombination in Ge NCs compared to bulk crystals. 

Previously, similar arguments have been used to explain high emission efficiencies in nanoscale 

forms of Si24
-
26

,28. In bulk Si crystals, radiative recombination is a low-probability, phonon­

assisted process. However, mixing between direct- and indirect-gap states in quantum-confined 

Si nanostructures leads to an increased strength of zero-phonon, pseudo-direct transitions, which 

greatly increases emission rates. 

In addition to eliminating the need for momentum-conserving phonons in the case of 

indirect-gap semiconductors, relaxation in momentum conservation in NCs is expected to 

remove the thermal activation threshold (EA ) in Auger recombination in the case of direct-gap 

materials29
• This effect must dramatically change the dependence of Auger rates on the 

material's energy gap since EA is directly proportional to Eg• To determine whether Auger 

recombination in NCs exhibits a thermally activated behavior, we analyze the dependence of CA 

onEgo 

From TA measurements conducted on PbSe and InAs NCs (not shown), we derive 

biexciton lifetimes, and then, use them to calculate effective Auger constants. These data are 

displayed in Fig. 3d together with the CA constants derived from literature data for CdSe NCs2
. 
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· In the same plot, we also show values of CA for bulk PbSe30 and lnAs12. We further use these 

values to calculate CA for NCs of different energy gaps using the bulk-like exponential 

dependence on Eg predicted by thennal-activation models31
,32. The calculated values (shown by 

lines in Fig. 3d) exhibit much steeper drops with increasing than those derived from 

experiment (open squares and triangles). As a result, for each given energy gap, the experimental 

CA constant in NCs is orders of magnitude greater than the bulk-based projections. These 

observations are consistent with the expected elimination of the thennal activation threshold. 

While the energy gap is a key parameter of Auger recombination in bulk direct-gap 

semiconductors, it should be of lesser importance in the case of "thresholdless" Auger 

recombination in NCs. Indeed, as evident from Fig. 3d, wide-gap CdSe and narrow-gap PbSe 

NCs exhibit similar values of CA, while Auger recombination rates in bulk fonns of these 

materials are dramatically different. Specifically, whereas Auger decay is fairly efficient in 

narrow-gap PbSe bulk crystals, it has never been observed in wide-gap CdSe, where radiative 

processes dominate (therefore, in Fig. 3d we do not show CA for bulk CdSe). These findings are 

consistent with recent results of pressure-dependent studies of PbSe NCs in Ref 33, where 

hydrostatic pressure was used to tune the NC energy gap without significantly affecting NC size. 

TA studies of such "pressure-tuned" samples indicated that Auger dynamics of biexcitons 

remained almost unchanged despite a significant change (by more than 400 me V) in the energy 

gap, strongly suggesting that Auger recombination in NCs is "thresholdless", and hence, not 

significantly affected by Eg• 

Given the above arguments, an apparent change in NC Auger rates in Fig. 3b and Auger 

constants in Figs. 3c and 3d is not due to variations in Eg but rather due to changes in NC size. 
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Therefore, one might expect the emergence of NC-specific trends in Auger recombination if CA 

constants are analyzed as a function of NC radius instead of energy gap. Such an analysis is 

presented in Fig. 4 where we plot CA 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 approximately by CA = yR3. The numerical pre-factor in this expression (y) varies by 

3 3less than an order of magnitude (from OAxlO-9 cm s-1 for CdSe NCs to 2.3xlO-9 cm s-1 for Ge 

NCs) depending on composition, which is in sharp contrast to several orders of magnitude spread 

in Auger constants in corresponding bulk materials (marked on the right axis of the graph in Fig. 

4). 

Based on the definition of the effective Auger constant, the R3 dependence of CA suggests 

that the multiexciton decay rates (tN-I) increase as K3 with decreasing R, which is consistent with 

experimental results for Ge NCs in Fig. 3b as well as previous measurements of CdSe2
, lnAsl6

, 

and PbSe7 NCs. The K3 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 Auger recombination in NCs; this effect 

directly depends on the ratio of KI and Ak (separation of states in k-space), and hence, is 

26enhanced with decreasing NC size24
- • Further, carrier-carrier Coulomb coupling, responsible 

for Auger decay, is expected to scale as R2, which also contributes to el1hanced Auger decay in 

smaller NCs. Finally, several existing models emphasize the importance of surface effects in 

9 



Auger recombination in NCS34
,35, which may also result in increased rates of Auger decay with 

decreasing R because of increasing surface-to-volume ratio. 

Given a large number of factors (some listed above) that can potentially affect Auger 

rates in NCs, it is not clear whether existing theories can explain the emergence of universal 

trends in the Auger process, because most of the reported theoretical studies heavily rely on 

specific electronic structures of individual semiconductors. However, based on our experimental 

findings the details of NC electronic structures are apparently of secondary importance in the 

Auger process, while the dominant role is played by size effects. Understanding these behaviors 

represents an important current challenge in the theory of multiexciton interactions in strongly 

confined semiconductors. This subject is also directly linked to another problem of great current 

interest - carrier multiplication7
,8. The latter represents the inverse of the Auger process, and 

hence, new insights gained from Auger-recombination studies can greatly help in understanding 

the physics underlying carrier multiplication. 

To surnmarize, a close correspondence in Auger constants and multi exciton decay rates 

observed for similarly sized NCs of different compositions indicates that the key parameter that 

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 conservation, 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 smear out the difference between materials with different energy gaps 

(Eg would normally determine the height of the activation barrier) or different arrangements of 

energy bands in momentum space. While the above considerations provide qualitative 
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understanding of experimental results, quantitative modeling of the observed universal trends 

requires new generalized theories of multiexciton processes in NCs capable of treating materials 

with very different electronic properties (direct- and indirect-gap semiconductors) in a unified 

framework and providing a realistic description of NC surfaces to allow for assessment of a 

potential impact of interfacial effects. 

Methods 

Ge NC synthesis. Germanium tetrachloride precursor in an argon buffer is introduced into a 

non-thennal, flow-through plasma reactor, as described in detail elsewhere18
,19. GeCl4 is 

dissociated when passing through the plasma and Ge NCs fonn with sizes proportional to their 

residence time in the plasma region. H2 is used to scavenge CI after dissociation. A typical NC 

size dispersion is in the 15-20% range. In order to passivate the Ge NC surface, a 

hydrogennylation reaction is perfonned, resulting in 1-dodecene-capped particles that can be 

dispersed in organic solvents (toluene was used in our optical measurements). 

Absorption cross-sections. To detennine the average occupancy ofNCs immediately following 

photoexcitation (<No», we use the expression <No> oj, where 0 is the NC absorption cross-

section at the pump wavelength and j is the per-pulse pump fluence measured in photons per 

cm • To estimate 0 we apply the expression 0 = nGe lir VODaO discussed in ref. 20, where ao 
l1S0/venl ­

and nGe are the bulk absorption coefficient and refractive index, respectively (for bulk Ge, these 

values can be found in Ref. 36), nsolvent is the matrix/solvent refractive index and f is the 

dielectric-confinement factor2o• 

2
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Multiexciton lifetimes. To extract the multiexciton decay component from the TA data, we 

subtract the slowly-varying single-exciton dynamics recorded at low intensities «1'10> « 1) 

from time transients obtained at moderate pump fluences (<No> from -1 to -10). We then derive 

biexciton lifetimes, 'f2, either by directly fitting decays obtained for <No> 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. <Nx> can be 

determined from the ratio of the TA signal at arbitrary time to the amplitude of the slow single­

excitonic background observed following fast multiexciton decay20. 
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Figure captions 

Figure 1. Auger recombination in direct- and indirect-gap semiconductors. a, Three­

particle Auger process in direct-gap bulk semiconductors. b, Phonon-assisted four-particle Auger 

process in indirect-gap bulk semiconductors; numbers indicate the sequence of events. c, Auger 

recombination in Nes. Strong spatial confinement in Nes leads to relaxation of momentum 

conservation requirements, which diminishes the difference between direct- and indirect-gap 

materials with regard to the Auger process. 

Figure 2. Linear- and transient-absorption properties of Ge NCs. a, Linear 

absorption spectra of Ge Nes indicate an absorption onset, which is blue-shifted compared to 

bulk Ge. Insets: Examples of large-area (upper left corner) and high-resolution (lower right 

corner) transmission electron micrographs of Ge Nes indicating size-monodispersity and a high 

degree of crystallinity. b, Pump-intensity-dependent TA dynamics of 1.85 nm radius Ge Nes for 

average initial occupancies from 0.02 to 8.3. The fast initial decay component is due to 

multi exciton recombination. Inset: Pump-intensity dependence of early- and late-time TA signals 

for Ge Nes with R = 1.85 nm. Saturation of the long-time signal observed for large <No> occurs 

because following Auger recombination, all photoexcited Nes contain single excitons 

independent of their initial occupancies c, Pump-intensity dependence of TA signals shortly after 

excitation for Ge Nes with radii of 1.85,2.75, and 5.0 nm (symbols) fit to a linear dependence 

(1ine). d, Long-time TA signals (t» '[2) as a function of <No> fit to the Poissonian dependence 

describing the total number of photoexcited Nes. Inset: Absorption cross-sections (symbols) 

derived from fits to experimental data in the main panel in comparison to calculations based on 
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the R3 scaling (line; the shaded region shows the range of uncertainty due to the distribution in 

NC sizes). 

Figure 3. Multiexciton dynamics and Auger constants in semiconductor NCs. a, . 

Biexcitonic decay component in Ge NCs as a function of NC size. Symbols are colour-coded 

according to NC size, while different styles correspond to different initial occupancies. b, 

Biexciton lifetimes in Ge NCs measured for stirred and unstirred solution samples (squares and 

circles, respectively) as a function of NC radius fit to the R3 dependence (line). c, Auger 

constants of bulk (solid square) and nanocrystalline (open square) Ge as a function of energy 

gap. d, Comparison of CA in bulk (solid symbols) and nanocrystalline (open symbols) forms of 

direct gap semiconductors PbSe (squares), lnAs (triangles) and CdSe (circles) as a function of 

energy gap. Lines are projected values of CA based on bulk-like exponential dependences of 

Auger constants on Eg• 

Figure 4. Universal size-dependence of Auger constants in semiconductor NCs. 

When plotted as a function of NC radius, CA values for NCs of both direct- and indirect-gap 

semiconductors show a similar size dependence described by CA = yR3. 
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