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Engineering semiconductors to enhance carrier multiplication �CM� could lead to increased photovoltaic cell
performance and a significant widening of the materials range suitable for future solar technologies. Semicon-
ductor nanocrystals �NCs� have been proposed as a favorable structure for CM enhancement, and recent
measurements by transient absorption have shown evidence for highly efficient CM in lead chalcogenide and
CdSe NCs. We report here an assessment of CM yields in CdSe and CdTe NCs by a quantitative analysis of
biexciton and exciton signatures in transient photoluminescence decays. Although the technique is particularly
sensitive due to enhanced biexciton radiative rates relative to the exciton, kBX

rad�2kX
rad, we find no evidence for

CM in CdSe and CdTe NCs up to photon energies ���3Eg, well above previously reported relative energy
thresholds.

DOI: 10.1103/PhysRevB.76.081304 PACS number�s�: 78.55.Et, 73.22.Dj, 73.90.�f, 78.67.Bf

Carrier multiplication �CM� in the form of impact ioniza-
tion is a well-understood phenomenon in bulk semi-
conductors.1,2 The process, consisting of inelastic scattering
of energetic charge carriers and valence electrons to create
additional e-h pairs, normally has high energy thresholds and
low efficiency due to momentum conservation requirements
and competition from ultrafast intraband relaxation. While
this conventional bulk CM has found a particular application
in avalanche photodiodes for single photon detection, effi-
cient CM following optical excitation could have a signifi-
cantly wider impact in the area of solar energy conversion.

In a typical photovoltaic cell with a single active layer,
photon energy in excess of the band gap is lost by rapid
thermalization. The CM process, if efficient, could harvest
this excess energy into additional e-h pairs, boosting the
maximum theoretical power conversion efficiency from 32%
to �40%,3,4 and, more importantly, widening the range of
candidate materials for new solar technologies to include
previously ignored narrow-gap semiconductors. Strongly
confined semiconductor nanocrystals �NCs� have been pro-
posed as candidate structures for efficient CM �Ref. 5� be-
cause of an anticipated relaxation of momentum conserva-
tion constraints6,7 and potential slowing of competing
phonon-mediated intraband cooling due to the discrete elec-
tronic structure �“phonon bottleneck”�.5

Recently, transient absorption �TA� measurements have
shown evidence of efficient ultrafast CM in ir-emitting PbSe,
PbS, and PbTe NCs above a photon energy threshold
��=3Eg.8–10 In extensions of the work, subsequent TA mea-
surements have indicated that a single photon could generate
up to seven e-h pairs in PbSe �Ref. 11� and that CM is
similarly efficient in visible-emitting CdSe NCs above a
��=2.5Eg threshold.12

The conclusions of the TA measurements suggest new and
unique underlying physics as well as some interesting ques-
tions. First-principles theories explaining the balance of Cou-
lomb coupling and phonon relaxation rates implied by the
experiments have yet to emerge. At the same time, studies on
intraband relaxation in CdSe and PbSe NCs at room tem-
perature have found fast cooling dynamics that do not appear

consistent with a phonon bottleneck.13–15 In addition, some
aspects of the experimental data are intriguing, such as simi-
lar CM effects seen in PbSe and CdSe despite the very dif-
ferent state structures at threshold, and the observed linear
dependence of CM yields on excess energy.12

We present here an assessment of CM yields in CdSe and
CdTe nanocrystals by transient photoluminescence �tPL�.
While complementary to TA in some ways, tPL is a
background-free measurement better suited to the low exci-
tation fluences necessary in CM studies. It is also more se-
lective since it relates to the number of e-h pairs instead of
single-particle state filling. Both TA and tPL capitalize on the
unique, fast dynamics of multiexciton �MX� states16–18 to
isolate and quantify MX populations, and though more com-
plicated to interpret, tPL becomes a useful and particularly
sensitive technique when carefully calibrated. A recent study
has analyzed CM yields in CdSe NCs by tPL and concludes
that there is agreement with previous TA determinations.19

Their analysis and experiment differs from ours in several
significant ways. We find instead that CM efficiency in CdSe
and CdTe NCs is close to zero even for photon energies up to
3.1Eg. Implications are discussed.

Tunable uv excitation pulses were generated by nonlinear
mixing of the visible output and 3.1 eV remnant of an optical
parametric amplifier �Coherent OPA 9400� pumped by a
250 kHz amplified Ti:sapphire laser �Coherent RegA 9000�.
In a seperate experiment, the Ti:sapphire was tuned to the red
and 5.9 eV pulses were obtained by doubling its second har-
monic. Room temperature hexane dispersions of NCs in
1 mm-path-length cuvettes were excited at 45° incidence.
Emission was collected front-face and spectrally dispersed
onto a streak camera �Hamamatsu C5680�. We studied both
organic ligand-capped CdSe or CdTe �core� and CdSe/ZnS
or CdSe/ZnCdS �core/shell� overcoated particles.31

Figure 1 shows PL decays of a representative sample of
Eg=2.0 eV CdSe NCs under weak and strong excitation at
3.1 eV and 5.6 eV �Eg determined from the lowest absorp-
tion feature�. At high fluence both decays show an additional
fast component consistent with biexciton �BX� emission. Re-
markably, and unlike data from Ref. 19 which shows a fast
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component under uv excitation, we find that the two low-
fluence decays follow each other closely, suggesting that CM
is less efficient than previously reported. A quantitative de-
termination of the CM yield requires first a careful charac-
terization of the BX tPL signature, which we describe in
detail.

Results of an excitation-fluence series at 3.1 eV are
shown in Fig. 2. Decays at low fluence are dominated by
exciton �X� emission. In most cases, X dynamics are
multiexponential with contributions from NCs with different
nonradiative relaxation and trapping rates.20,21 The
decays are adequately described by a biexponential,
f�t�=exp�−t /�Xslow�+cfast exp�−t /�Xfast�, chosen for simplic-
ity, where �Xfast�100–300 ps and �Xslow�1–10 ns. With in-
creasing fluence, early-time spectra show BX emission at the
band edge and a further, blueshifted feature corresponding to
1P-1P emission from higher multiexcitons �Figs. 2�a� and
2�b��.17,18 The BX state then decays quickly with a size-
dependant lifetime �BX�0.1–1 ns due to a fast nonradiative
“Auger”-like Coulomb process.16 As shown in Fig. 2�c�, the
measured tPL decays are well described by a superposition
of X dynamics and an additional single exponential BX com-
ponent, aBX exp�−t /�BX�+aXf�t�.

The relationship between the observed tPL decay ampli-
tudes, aX and aBX, and the underlying MX populations was
studied using a first-order kinetic model of MX relaxation,
pm� �t�=−kmpm+km+1pm+1, giving aX� pm�0

o kX
rad and

aBX � pm�1
o �kBX

rad − kX
rad��1 +

k2

k3 − k2

pm�2
o

pm�1
o + ¯ � ,

where pm is the relative population of NCs with m electrons
and holes, pm

o are initial values at t=0, km are the MX decay
rates, and kX

rad and kBX
rad are the X and BX radiative rates. The

aBX term includes BX populations formed by cascaded decay
of higher MX states and is proportional to kBX

rad−kX
rad since BX

emission is partially offset by correspondingly reduced X
emission at early times.31 The pm

o are related to the incident
laser power assuming poissonian photon absorption statistics
and explicitly accounting for the inhomogeneous excitation
profile of the beam,

pm
o =� n�r��m

m!
e−n�r��d3r�, n�r�� = jp�r��� ,

where jp�r�� is the measured photon flux at r�, n�r�� is the
average number of absorbed photons per NC, and � is the

absorption cross section, treated here as an adjustable param-
eter.

Band edge PL decays show growth and slow saturation of
aX and aBX that fit reasonably well to the expected curves
�see Fig. 2�d��.32 From the fits we extract the aBX /aX ratio
expected at BX saturation �pm=2

o = pm�0
o � and find a sample-

dependant �aBX /aX�sat value in the range 3–6. This implies a
substantially faster radiative rate of the BX relative to the X
and leads to enhanced sensitivity of tPL for detection of
small multiexciton populations, as is illustrated by the
prominence of BX features in Fig. 2�c�. We estimate
kBX

rad /kX
rad�3–5, consistent with previous measurements on

high quality NCs showing kBX
rad /kX

rad�3.22

The observed faster radiative lifetime of the BX relative to
the X is explained by the electronic fine structure of
these states. Because emission from the X ground state is
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FIG. 1. �Color online�. �a� Absorption spec-
trum of a typical CdSe NC core sample used.
Excitation energies employed in tPL are indicated
by the arrows. �Inset� Detail of band edge absorp-
tion structure and emission spectrum. �b� Band
edge luminescence dynamics of the sample at the
two indicated excitation energies for peak pulse
fluence as noted.
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FIG. 2. �Color online� �a� Transient PL spectra of the NCs in
Fig. 1 collected from t=−10 ps to t=10 ps and �b� decays inte-
grated from 1.89 to 2.02 eV under 3.1 eV excitation with peak flu-
ences as noted. �c� A separate subset of our data, showing PL decays
normalized at long times. The black lines are fits to the form
aBXe−t/�BX +aXf�t� where �BX=185 ps and f�t�, the single X dynam-
ics, are kept constant �Refs. 30 and 31�. �d� �Lines� Predicted initial
NC populations in an X or higher state �pm�0� or in a BX or higher
state �pm�1� plotted against the peak average number of e-h pairs
created, n0=max	n�r��
. �� , � � Scaled and fit aX and aBX PL com-
ponents extracted from fits to measured decays.
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spin forbidden, X luminescence is relatively slow
�kX

rad�0.05 ns−1� and consists mostly of emission from ther-
mally populated spin-allowed bright states.23–25 However,
transitions from the BX ground state to some states in the X
fine structure are predicted to be optically allowed,25 indicat-
ing that kBX

rad can be significantly larger than the 2kX
rad value

one would predict from a simple carrier counting argument.
The sensitivity of the tPL experiment was thus exploited

to estimate carrier multiplication yields in NC samples under
uv excitation.33 We find that, while signatures of multiexci-
ton emission appear at high fluence, decays under weak 5.6
or 5.9 eV excitation are close to indistinguishable from de-
cays under weak 3.1 eV �Fig. 3� even for large NCs where
the excitation energy �� exceeds 3Eg. This contrasts with
the measurements of Ref. 19 which show an additional fast
component under uv excitation. Quantitative values shown in
Fig. 4 of the CM yield, the fraction of photoexcited NCs
initially found in the BX state, ycm= p2

o	 p1
o+ p2

o ,34 were ob-
tained as the ratio ycm= aBX /aX	 �aBX /aX�sat from fitting the
uv-excited decays to the form aBX exp�−t /�BX�+aXf�t�.31

As seen in Fig. 4, our results do not match the �� /Eg
dependence of ycm found in TA measurements on CdSe NCs
using 6.2 eV excitation12 �Fig. 4�. This could be because ycm
is not only a function of the ratio �� /Eg, as suggested by TA
on PbSe NCs,8 but also depends explicitly on ��. However,
our interpretation of recent tPL data at 6.2 eV �Ref. 19� using
our estimated kBX

rad�3kX
rad suggests a ycm of at most �35%

even at �� /Eg�3.2, instead of the 70% CM yield reported,
which assumed kBX

rad=2kX
rad.19 tPL and TA assessments of CM

yield in CdSe NCs therefore appear to disagree, and it is
possible that CM in semiconductor NCs is generally less
efficient and not as universal as has been thought.

There are several reasons to expect a different CM en-

hancement in II-VI semiconductors compared to the lead
chalcogenides. The electronic state structure in wide gap
NCs at energies 
1Eg in excess of the band edge is likely
bulklike with level spacings that are small. On the other
hand, the analogous electronic states in the lead chalco-
genides might be more discrete in character because of the
smaller Eg and lighter effective masses. For these reasons,
our experimental conclusions cannot be extended to the nar-
row band NCs, but the findings suggest the need to verify TA
assessments of ycm in the lead chalcogenides with other tech-
niques such as tPL.

We note that the nature of a potential CM enhancement
mechanism in NCs is itself not well understood. Although
theoretical schemes have made progress towards explaining
some of the reported phenomenology, these calculations have
yet to quantitatively account for the balance of Coulomb and
intraband relaxation processes leading to CM enhancement
in a way that is clearly consistent with what is already known
about carrier cooling and Auger rates in NCs. Calculations
based on a traditional impact ionization model26 reconcile
fast CM ��1 ps� with the slower band-edge Auger multiex-
citon relaxation ��100 ps� but make the assumption of con-
stant Coulomb matrix elements between X and BX sub-
spaces. While this “random-k”-like approximation appears
justified for the specific case of bulk Si at high energies,1,27 it
might not apply to direct-gap semiconductor NCs, especially
since the NC surface is thought to play a large role in Auger-
like and other Coulomb processes.7,28 Other researchers have
pursued a generalized treatment, going beyond the perturba-
tive approach of typical impact ionization calculations to ex-
amine the effect of phase and population relaxation rates on
the CM process.9,29 Calculations on PbSe NCs using a
simple model of the electronic structure have shown efficient
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FIG. 3. �Color online� Band edge PL decays of Eg�2.07 eV
�top� and Eg=1.89 eV �bottom� core/shell CdSe NCs under weak
�n0�0.01� excitation at 3.1 eV �black� and 5.6 eV �red�. The
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tively, for which TA measurements at 6.2 eV predict CM yields of
22% and 50% �Ref. 12�.
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CM �Ref. 29� but, in doing so, obtain large values of Cou-
lomb matrix elements that appear to conflict with the much
slower observed Auger rates. The third approach, virtual-
state-mediated CM,11 has so far not taken dephasing or popu-
lation decay into account but could be generalized with the
introduction of decay rates in the energy denominators of
their second-order perturbation expression �E→E− i
�. All
theoretical approaches so far thus hinge on the relative rates
of Coulomb interaction and intraband relaxation at threshold,
but neither has been measured or accurately calculated for
NCs.

In summary, we have determined CM efficiencies in CdSe
and CdTe NCs by transient photoluminescence. Exciton and
biexciton features were first characterized under 3.1 eV ex-
citation from which we find a relatively fast BX radiative rate

kBX
rad�3kX

rad. Measurements under weak 5.6 and 5.9 eV exci-
tation show no evidence of biexciton generation, and thus no
CM, up to photon energies as high as 3.1Eg.
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