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ABSTRACT: Lead selenide (PbSe) nanorods are of interest for applications in infrared
LEDs, lasers, and photovoltaics due to the possibility of tuning their band gap from the
far- to the near-infrared by decreasing their radius. We study the photogeneration
quantum yield and properties of free charges and excitons in PbSe nanorods using a
combination of time-resolved transient optical absorption and terahertz spectroscopy.
Photoexcitation predominantly leads to the formation of excitons and to a smaller
extent to free mobile charges. Theoretical analysis of the exprimental data yields an
exciton polarizability of 10−35 C m2 V−1. The sum of the mobilities of a free electron and
a hole is found to be close to 100 cm2 V−1 s−1. The high quantum yield of excitons
makes PbSe nanorods of interest as a gain material in near-infrared LEDs or lasers. To
use PbSe nanorods in photovoltaics, heterojunctions must be realized so that excitons
can dissociate into free charges.

■

INTRODUCTION
Nanorods of PbSe are of interest due to the possibility of
tuning their band gap from the far- to the near-infrared by a
decrease in their radius. A band gap of close to 1 eV can be
realized, which is ideal for solar cells, near-infrared detectors,
and lasers.1−3 Interestingly, it has been found that a single
energetic photon can excite two or more electrons in PbSe
nanorods via a process known as carrier multiplication
(CM).1,4 The eﬀect of CM in solar cells based on PbSe
nanorods was found to lead to an external quantum eﬃciency
of close to 120%.2
For optoelectronic applications as mentioned, it is important
to understand to what extent photon absorption leads to the
formation of free electrons and holes or mutually bound
electrons and holes in the form of neutral excitons. The
quantum yield of excitons ﬁrst increases when the photoexcitation density increases since then it becomes more likely
that electrons and holes recombine to form excitons, as
described by the Saha model.5−7 At very high density where
the distance between excitons becomes comparable to their
diameter, their spatial overlap causes screening of the
electron−hole (e−h) Coulomb attraction, which can lead to
the dissociation of excitons into free charges forming an e−h
plasma.6,8 Understanding the nature of photoexcited species as
a function of density is of interest from a fundamental
perspective as well as for optoelectronic applications of PbSe
nanorods.
Theoretical calculations on PbSe nanowires have yielded
exciton binding energies that strongly increase as their radius
decreases, with a value that is as high as 0.4 eV for a radius near
1 nm.9 Transient optical absorption (TA) and photoluminescence measurements do not directly reveal to what
© 2020 American Chemical Society

extent photoexcitation leads to the formation of neutral
excitons and free charges.1,4,10 However, according to the
theoretical analysis of TA decay kinetics, excitons are the
dominant species in longer PbSe nanorods.10,11
The aim of the current work is to determine to what extent
the photoexcitation of PbSe nanorods leads to free charges or
excitons and to determine the charge carrier mobility and the
exciton polarizability. We combine time-resolved TA spectroscopy with terahertz (THz) photoconductivity measurements
for diﬀerent photoexcitation densities in order to distinguish
free charges from excitons. From an analysis of the TA and
THz photoconductivity data, it is inferred that photoexcitation
predominantly leads to the formation of excitons with a
polarizability of 10−35 C m2 V−1. The quantum yield of
photogenerated free charges is less than 0.13. The sum of the
mobility of an electron and hole moving in phase with the THz
electric ﬁeld is as high as 91 ± 13 cm2 V−1 s−1.

■

METHODS
Synthesis and Characterization of Nanorods. PbSe
nanorods were synthesized by exactly following a previously
reported procedure.12 Transmission electron microscopy
(TEM) images were acquired using a Philips CM30T
microscope operating at 200 kV. The nanorods were dispersed
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Figure 1. Structural and optical characterization. (A) TEM image of PbSe nanorods. (The scale bar represents 60 nm.) (B) Optical absorption
spectrum of the PbSe nanorod dispersion exhibiting a low-energy absorption peak at 1395 nm.

Figure 2. TA spectroscopy results. (A) ΔOD after photoexcitation at 800 nm. (B) The bleach rises more slowly at higher excitation density. (C)
Initial bleach signal, A, obtained by averaging over a time range of 5−10 ps and the long-time bleach, B, obtained by averaging over 2.0−2.5 ns
plotted versus the excitation density. (D) Values of Ni = A/B (red markers plotted on the left axis) and N0 (black curve plotted on the right axis) as
a function of the number of incident photons per cm2, j0, (bottom axis) and the excitation density (top axis).

the presence of the pump pulse (Ion) and the absence of the
pump pulse (Ioff) using the relation13

in tetrachloroethylene for all spectroscopic measurements. The
steady-state optical absorption was measured using a
PerkinElmer Lambda 1050 spectrophotometer.
In the pump−probe laser experiments described below, it
was found that stirring the sample solution or the prolonged
duration of the measurements had no eﬀect on the results.
This implies that the pump pulses do not cause charging or
degradation of the nanorods.
Transient Optical Absorption Spectroscopy. The PbSe
nanorod dispersion was photoexcited with 800 nm optical
pulses with a duration of 180 fs. The reduced absorption
(bleach) near the band gap due to presence of free electrons,
holes, and excitons was probed by broadband optical pulses
generated in a sapphire crystal using the laser system described
in ref 12. The bleach of the low-energy absorption peak
(Figure S2) was obtained from the transmitted probe light in

ij I (λ) yz
ΔOD = logjjj on zzz
j Ioff (λ) z
k
{

(1)

The decay kinetics of the bleach was obtained by integrating
the entire peak in the 1100−1600 nm interval at each pump−
probe delay time.
Optical Pump−THz Probe Spectroscopy. The PbSe
nanorod dispersion was photoexcited with 800 nm optical
pump pulses of 60 fs width. The photogenerated free electrons,
holes, and excitons were probed by single-cycle THz pulses.
Single-cycle THz pulses were generated in a nonlinear crystal
ZnTe via optical rectiﬁcation of 60 fs pulses of wavelength 800
nm similar to that in previous work.14,15 The THz pulse was
detected in a ZnTe crystal by spatially overlapping it with a
chirped optical laser pulse centered at 800 nm so that the
7551
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entire THz waveform is detected by a single laser shot.14,15
Diﬀerential THz signal ΔE(ω, t) at time t after the pump pulse
was obtained from the Fourier transform electrical ﬁeld of the
transmitted THz pulse in the presence and absence (E0(ω)) of
optical pumping. The complex THz conductivity, (Δ σ), is
related to diﬀerential THz signal ΔE(ω, t) according to14,16,17
ΔE(ω , t )
LΔσ
=
E0(ω)
2nsolcε0

unit area in the nanorod dispersion), while the decay becomes
faster (additional data in Figure S3). The faster decay at higher
density is due to Auger recombination, which occurs when
multiple e−h pairs and/or excitons are present in a
nanorod.4,10,11,19 The remaining bleach at longer times is
due to a single free e−h pair or a single neutral exciton in a
nanorod, which decay on a longer time scale than considered
here.11,20
Figure 2B shows the bleach normalized to the maximum
value in a short time range of 5−10 ps. The rise of the bleach
during this time is due to energetic relaxation (cooling) of the
initially hot electrons and holes to the band edge. At the lowest
excitation density, this is observed to occur within 1 ps, similar
to previous results.10 With increasing density, cooling appears
to be prolonged and takes about 4 ps at the highest density.
This can be understood as follows.21 Net cooling of the charge
carrier population occurs by the emission of phonons. At a
higher charge carrier density, a larger number of phonons is
emitted, and the nuclear lattice heats up more than for a low
charge carrier density. Consequently, at higher density the
reabsorption of phonons by charge carriers is more likely and
the cooling time becomes longer.
The initial average number of free e−h pairs and excitons
can be determined from the ratio of the maximum bleach
amplitude, A, at short time after photoexcitation and the bleach
at long time, B, when Auger recombination is complete and a
single e−h pair or exciton is left in a photoexcited
nanorod.4,22,23 In Figure 2C, values of A are shown, as
obtained by averaging the bleach over a time range of 5−10 ps,
which is suﬃciently long after the pump pulse so that charges
have cooled to the band edge. The values of B in Figure 2C
were obtained by averaging over 2.0−2.5 ns, during which the
bleach in Figure 2A can be attributed to single e−h pairs or
excitons since the bleach exhibits no signiﬁcant decay. The
values of A ﬁrst increase linearly with excitation density,
reﬂecting that the number of e−h pairs and excitons is directly
proportional to the excitation density. At higher excitation
density, the increase becomes sublinear, which is attributed to
decay by Auger recombination on a time scale shorter than 10
ps. The value of B ﬁrst increases with excitation density due to
the fact that more nanorods are photoexcited, while it
eventually saturates when all nanorods are excited and thus
contains one e−h pair or exciton at longer times.
Figure 2D shows ratio A/B as a function of the incident
(bottom axis) and absorbed (top axis) number of photons per
unit area. The ratio A/B is equal to the average initial number,
Ni, of e−h pairs and excitons per photoexcited nanorod in the
time range of 5−10 ps. The value of Ni is equal to the average
number of absorbed photons per photoexcited nanorod, N0,
provided the density of e−h pairs and excitons in the nanorods
is low enough that Auger recombination at times of less than
10 ps is insigniﬁcant. The number of absorbed photons per
nanorod follows a Poisson distribution so that the average
initial number of e−h pairs and excitons per nanorod is equal
to j0σabs, with j0 being the number of incident pump photons
per unit area and σabs being the absorption cross section at a
pump wavelength of 800 nm. The initial average number of e−
h pairs and excitons per photoexcited nanorod is then equal to

(2)

with L being the sample thickness, nsol = 1.5 being the
refractive index of the solvent, c being the speed of light in a
vacuum, and ε0 being the vacuum permittivity.
The real part of the THz conductivity signal, SR(t), is related
to the quantum yield (i.e., the number of pairs of free electrons
and holes per absorbed photon, ϕ(t), present at time t after the
pump pulse) and the sum of the real component of the
electron and hole mobility μe + μh ≡ μR of charges moving
along the direction of the nanorod according to7,14,16,18
SR (t ) = ϕ(t )μR = R

LΔσR
eNa

(3)

In eq 3, e is the elementary charge and Na is the number of
absorbed photons per unit area in the nanorod dispersion,
which is referred to as the photoexcitation density. Factor R in
eq 3 takes into account the eﬀects of the angle between the
polarization direction of the pump laser pulse and the direction
of the THz electric ﬁeld with respect to the randomly oriented
axes of the nanorods. The transition dipole moment for an
optical transition is parallel or perpendicular to the axis of the
nanorod, so the optical absorption cross section of a nanorod
depends on the angle Θ of its axis with respect to the pump
polarization direction according to cos2(Θ) or sin2(Θ),
respectively. Assuming that the THz conductivity perpendicular to the axis of a nanorod is negligible, the THz conductivity
of a nanorod at an angle Ω with the THz ﬁeld is proportional
to cos2(Ω). Taking this into account, the factor R can be
determined from the ratio of the THz conductivity measured
with the pump laser polarization parallel and perpendicular to
the THz ﬁeld, respectively. From such measurements, it was
found that R = 3.3 (SI section 1). The imaginary conductivity
signal SI(t) due to free electrons and holes, as well as the
polarizability of excitons along the direction of the nanorod, is
given by7,18
SI(t ) = ϕ(t )μI + [1 − ϕ(t )]

LΔσI
αω
=R
e
eNa

Article

(4)

with μI being the sum of the imaginary electron and hole
mobility, α being the polarizability of an exciton, and ω being
the radian frequency of the THz ﬁeld.

■

RESULTS AND DISCUSSION
According to an analysis of the TEM image in Figure 1A, the
nanorods have a diameter of 4.0 ± 0.8 nm and a length of 51 ±
11 nm. The optical absorption spectrum of the PbSe nanorod
dispersion is shown in Figure 1B. The absorption peak at lower
photon energy is maximized at 1395 nm.
Transient Optical Absorption Spectroscopy. Figure 2A
shows the time-dependent bleach, ΔOD, after photoexciting
the PbSe nanorod dispersion with 800 nm pump pulses with a
duration of 180 fs (Methods and Figure S2). As expected, the
initial amplitude of the bleach increases with the excitation
density (deﬁned as the number of absorbed pump photons per

N0 =
7552

j0 σabs
(1 − e−j0 σabs)

(5)
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Figure 3. THz photoconductivity results. (A) Real (positive) and imaginary (negative) diﬀerential THz signals after photoexcitation at 800 nm for
excitation densities as indicated. (B) Quantum-yield-weighted real mobility of free charges obtained from the data in Figure 3A. (C) Initial
quantum-yield-weighted real mobility of charges, SR,i (red markers), and product of the quantum yield calculated from the Saha model and the
ﬁtted mobility of charges. (D) Quantum yields of charges and excitons versus Ni calculated from the Saha model.

Fitting eq 5 to the ratio A/B for those densities at which A
increases linearly with the excitation density (so that Auger
recombination does not aﬀect A) yields the black curve in
Figure 2D with σabs = (5.0 ± 0.4) × 10−14 cm2. At higher
excitation density, A/B is smaller than N0, which is attributed
to the decay of e−h pairs and excitons by Auger recombination
on a time scale shorter than 10 ps.
For the value of σabs at 800 nm obtained from the ﬁt, the
optical absorption spectrum in Figure 1B yields an absorption
cross section at the maximum of the low-energy peak equal to
2 × 10−14 cm2. Cunningham et al. reported a cross section of
7.2 × 10−15 cm2 at the low-energy peak for PbSe nanorods with
volume 240 nm3.19 Taking our value of σabs at the low-energy
peak and assuming it to scale linearly with the nanorod
volume,24 which is 640 nm3 for our nanorods,4,19 yields an
absorption cross section of 7.5 × 10−15 cm2 for nanorods of
volume 240 nm3, which agrees with the value reported by
Cunningham et al.19
THz Spectroscopy. THz photoconductivity experiments
were conducted to determine to what extent photoexcitation
leads to the formation of free e−h pairs and neutral excitons.
Figure 3 shows THz photoconductivity data obtained by
photoexcitation of the PbSe nanorods with 800 nm pump
pulses of 60 fs duration. The real component of the THz
conductivity is due to the motion of charges with velocity in
phase with the THz ﬁeld, and the imaginary part of the THz
conductivity is due to the out-of-phase velocity resulting from
the backscattering of charges and the polarizability of excitons
(Methods).16,17,25
Figure 3A shows the real (positive) and imaginary
(negative) components of the diﬀerential THz signal averaged
over frequencies (f = ω/2π) in the range of 0.5−1.2 THz as a
function of time after the pump pulse. To realize the

absorption of at most one photon per nanorod, it was
necessary to use low excitation densities, leading to a relatively
large noise level in the THz signals. The diﬀerential THz signal
is directly proportional to the conductivity or, equivalently, the
density of e−h pairs and excitons weighted by their mobility
and polarizability, respectively (Methods). The real component is attributed to the presence of free mobile charge carriers
only. Excitons do not contribute to the real component since
the calculated exciton binding energy in PbSe nanowires of
diameter 4 nm is as high as 0.154 eV (ref 9); consequently,
excitation to a higher exciton level will largely exceed the THz
photon energy (1 THz = 4 meV). At higher excitation density,
the imaginary THz signal decays faster than the real
component. This must be due to the fact that excitons also
contribute to the imaginary component. Hence, from the data
in Figure 3A, we can conclude that both e−h pairs and
excitons are produced by photoexcitation.
Figure 3B shows the real component of the product of the
quantum yield of e−h pairs, ϕ(t), and the sum of the mobility
of an electron and a hole (i.e., SR(t) = ϕ(t)μR). Note that the
quantum yield is the number of e−h pairs per absorbed pump
photon at time t after the pump pulse. It can be seen that SR
decays faster at higher excitation density, which is due to the
enhanced Auger recombination of charges. The reduction of
the magnitude of SR with excitation density may result from a
decrease in the quantum yield of charges and/or a reduction in
the charge mobility at higher density. This reduction will be
addressed further in the next section. The initial values of the
quantum-yield-weighted real mobility, SR(t), averaged over t in
the interval 5−10 ps are shown in Figure 3C as a function of
the average initial number of e−h pairs and excitons per
nanorod, Ni.
7553
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Figure 4. Theoretical modeling. (A) Calculated real and imaginary components of μac as a function of μdc at frequency 0.8 THz for a nanorod of
length 51 nm. (B) Experimental SI,i values (markers), obtained by averaging over 5−10 ps after the laser pump pulse and ﬁt with μI = 25 cm2 V−1
s−1 and α as an adjustable parameter (drawn curve). (C) Experimental (markers) and theoretical (drawn black curves) decays of N as a function of
time with the initial condition for a Poisson distribution of excitons; see eq 10. (D) Decay with N = Ni as the initial condition in eq 10 for N ≥ 6.

Quantum Yield and Mobility of Charges and Polarizability of Excitons. According to the 1D Saha model, the
equilibrium between the density of pairs of free charges nq =
ϕiNi/L and excitons nX = (1 − ϕi)Ni/L on a nanorod of length
L is described by26
nq 2
nX

ij 2m*kBT yz
zz
= K = jjj
j π ℏ2 zz
k
{

1/2

ij −E yz
expjjj X zzz
j kBT z
{
k

mainly to the formation of excitons with a quantum yield
exceeding 0.85 even at low Ni.
The real mobility of charges obtained above can be limited
by scattering at the ends of the nanorod. The alternating
current (AC) charge carrier mobility μac(f) at THz frequency f
on a nanorod of ﬁnite length L can be related to the direct
current (DC) mobility μdc of a charge on an inﬁnitely long
nanowire according to27−29

(6)

μac (f ) = 8μdc ∑

The quantum yield of e−h pairs ϕi is obtained from the real
THz conductivity data 5−10 ps after the pump pulse in Figure
3C. The reduced eﬀective mass of electrons and holes m =
0.112m0 is obtained from the calculated valence and
conduction band dispersion (SI Section 5) reported in the
literature,9 and the exciton binding energy EX = 0.154 eV is
also taken from the literature.9 kB is the Boltzmann constant, ℏ
is the reduced Planck constant, and T is the temperature (293
K). Using eq 6, the quantum yield of e−h pairs is found to be
ϕi =

−KL
2Ni

(

1−

1+

4Ni
KL

Cp−2

∞

p=0

ikBTμdc

1−

eL2 2πf

Cp 2

(7)

(

1

)

with e being the elementary charge and Cp = 2π p + 2 .
Equation 7 yields for the real and imaginary components
Cp−2

∞

μacR (f ) = 8μdc ∑
p=0

)

. Fitting the product ϕiμR to the

1+

data in Figure 3C with K calculated from eq 6 and the mobility
of an e−h pair as an adjustable parameter yields μR = 91 ± 13
cm2 V−1 s−1. The ﬁt reproduces the experimental values of SR,i
up to Ni = 6. The reduction of SR,i with Ni can be attributed to
a decrease in the quantum yield of e−h pairs (and thus higher
quantum yield of excitons), as described by the Saha model
(eq 6). Note that ﬁlling of traps with charges would lead to an
increase in SR,i when Ni increases. Hence, trap ﬁlling is not
important. For higher values of Ni, the experimental values of
SR,i are lower than those from the ﬁt. This can be due to a
decrease in the charge mobility since at higher density the
mutual scattering of charges in a rod of ﬁnite length will reduce
their mobility. Figure 3D shows the quantum yield of e−h
pairs and that of excitons. It is seen that photoexcitation leads

= 8μdc ∑
p=0

1+

2

4

p

2

eL 2πf

Cp−2

∞

μacI (f )

kBTμdc

( )C

(8)

kBTμdc

eL2 2πf
2
kBTμdc

( )C
eL2 2πf

p

4

(9)

Figure 4A shows the real and imaginary parts of the ac
mobility for f = 0.8 THz (the central frequency at which the
experimental data in Figures 3 and 4 were obtained) calculated
from eqs 8 and 9 for a nanorod length of L = 51 nm as a
function of μdc. The experimental AC mobility is reproduced
for 115 and 2265 cm2 V−1 s−1. The correct value can be
determined by also considering the initial imaginary THz
conductivity data in Figure 4B, which correspond to
αω
SI, i = ϕμ
+ [1 − ϕi ] e (eq 4), with μI being the sum of
i I
the imaginary electron and hole mobility, α being the
7554
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polarizability of an exciton, and ω being the radian frequency
of the THz ﬁeld. Fitting SI,i with the quantum yield from the
Saha model and μI = 25 cm2 V−1 s−1 (corresponding to μdc =
115 cm2 V−1 s−1) yields the drawn curve in Figure 4B with α =
(0.9 ± 0.1) × 10−35 C m2 V−1. The ﬁt reproduces the
experimental data with the exception of high densities. By
contrast, taking μdc = 2265 cm2 V−1 s−1 and the corresponding
μI = 404 cm2 V−1 s−1 fails to reproduce the measured data
(Figure S6). Therefore, we conclude that μdc = 115 cm2 V−1
s−1. Since this value is close to the measured real THz mobility,
the eﬀect of scattering of charges at the ends of a nanorod is
very small when probed at a frequency near 0.8 THz. The
mobility from the present work is comparable to that reported
previously for as-grown colloidal PbSe nanowires in a ﬁeldeﬀect transistor device.30 Interestingly, the mobility in the
device could be enhanced by about an order of magnitude via
coating the nanowires with SiO2.30 Unfortunately, after being
coated the nanowires are no longer solution processable. The
mobility of charges in the colloidal PbSe nanorods is more
than 1 order of magnitude higher than for amorphous silicon,
making the nanorods of interest for electronic applications.
In the analysis described above, it was assumed that either
the electron or the hole is mobile, which gives a lower limit to
the exciton polarizability. Since the eﬀective masses of
electrons and holes are almost equal (SI Section 5), it is
reasonable to assume that electrons and holes have the same
mobility of 45 cm2 V−1 s−1. In that case, we obtain μI = 12 cm2
V−1 s−1 and an upper limit to the exciton polarizability equal to
α = 1.1 × 10−35 C m2 V−1. The exciton polarizability can be
estimated theoretically using αtheory =

2e 2aB 2 31
,
E1 − E0

Article

Taking into account the Auger recombination of excitons,
the time-dependent average number of excitons per nanorod is
given by32
É
∞
ÅÄÅ
i1
y ÑÑÑ
Å
N (t ) = ∑ Ai expÅÅÅ − ijjj (i − 1)k 2A zzzt ÑÑÑ
ÅÅÇ
k2
{ ÑÑÖ
(10)
i=1
with kA2 being the Auger recombination rate for two excitons in
a nanorod. The coeﬃcients in eq 10 are equal to32
∞

Ai = N ie−N (2i − 1)∑
j=0

N j Γ(i + j)
j! Γ(2i + j)

(11)

By taking the initial value of the number of photogenerated
excitons in a nanorod equal to N = joσabs, we could reproduce
the measured optical bleach transients until N = 6 with a value
of kA2 = 3 × 109 s−1 (Figure 4C). For N > 6, the ﬁtted transients
exceed the experimental results at shorter times. This is
attributed to the Auger recombination of hot e−h pairs before
they reach the band edge so that the maximum in the
measured transient does not represent the initial number of
photoexcitations. Hence, for the transients at higher density
such that N > 6, we take Ni from Figure 2D as the initial value
N in eq 11, yielding the curves shown in Figure 4D. The ﬁtted
curves in Figure 4D obtained with kA2 = 3 × 109 s−1 agree with
the experimental data. From this, we infer that the Auger
recombination of hot e−h pairs reduces the initial average
number of excitons at the band gap in a nanorod while
approximately maintaining a Poisson distribution, which is the
initial condition for eq 10. Results for other densities are
shown in Figure S7. The biexciton lifetime of 1/kA2 = 330 ps
obtained as described above is somewhat longer than the value
of 210 ps reported for shorter nanorods of average length 25
and 4 nm diameter.10 This can be understood since in longer
nanorods the spatial overlap between two excitons will be
smaller than in shorter nanorods, which enhances the lifetime
before Auger recombination.

where the

summation over all higher exciton states is reduced to the
ﬁrst only, the transion dipole moment is taken to be equal to
the calculated exciton Bohr radius aB = 2.2 nm, and E1 − E2 is
taken to be equal to the exciton binding energy for PbSe
nanowires with 4 nm diameter, as mentioned above.9 This
gives αtheory = 10−35 C m2 V−1, which is in close agreement with
the experimental result of (1.0 ± 0.1) × 10−35 C m2 V−1. The
agreement between the experimental polarizability and that
theoretically estimated from the calculated Bohr radius and
exciton binding energy supports the validity of the theoretical
model for the electronic structure used in ref 9. The much
smaller Bohr radius than for bulk PbSe (46 nm)9 is attributed
to geometrical conﬁnement in a nanowire and the lower
dielectric constant of the surrounding medium (i.e., the surface
ligands and the solvent).
As discussed above, photoexcitation of the PbSe nanorods
leads mainly to excitons (Figure 3D). Hence, the optical bleach
at the band gap (ΔOD in Figures 2A, S2, and S3) can lead to a
good approximation taken as a measure of the average number
of excitons per nanorod, which we denote as N. As discussed
above, for low excitation densities Ni = N0 ≤ 6, the maximum
bleach at short time directly reﬂects the average number of
photoexcitations per nanorod. For these densities, the
transients in Figure 4C,D were obtained by scaling the
measured bleach (ΔOD) such that they have magnitude j0σabs
at the maximum. At higher densities, this procedure is not valid
due to Auger recombination of hot charge carriers prior to
having relaxed to the band gap. This causes the maximum
bleach at short time to be smaller than j0σabs, as seen in Figure
2D. Fortunately, at these higher densities all nanorods are
photoexcited and the bleach can be scaled such that at long
times N = 1.

■

CONCLUSIONS
Photoexcitation of the PbSe nanorods studied predominantly
leads to excitons rather than free e−h pairs. The exciton
polarizability of 10−35 C m2 V−1 inferred from the experiments
agrees with the polarizability from a theoretical estimate. The
sum of the mobility of an electron and hole moving in phase
with the THz electric ﬁeld is as high as 91 ± 13 cm2 V−1 s−1.
For higher photoexcitation density, the photoconductivity is
strongly aﬀected by mutual interactions between charges and
excitons, leading to a lower charge mobility. The high quantum
yield of excitons makes PbSe nanorods of interest as a gain
material in near-infrared LEDs or lasers. For the use of PbSe
nanorods in solar cells, heterojunctions must be realized so
that excitons can dissociate into free charges.
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(2) Davis, N. J. L. K.; Böhm, M. L.; Tabachnyk, M.; WisniveskyRocca-Rivarola, F.; Jellicoe, T. C.; Ducati, C.; Ehrler, B.; Greenham,
N. C. Multiple-Exciton Generation in Lead Selenide Nanorod Solar
Cells with External Quantum Efficiencies Exceeding 120%. Nat.
Commun. 2015, 6, 8259.
(3) Talebi, H.; Dolatyari, M.; Rostami, G.; Manzuri, A.; Mahmudi,
M.; Rostami, A. Fabrication of Fast Mid-Infrared Range Photodetector Based on Hybrid Graphene−PbSe Nanorods. Appl. Opt.
2015, 54, 6386−6390.
(4) Padilha, L. A.; Stewart, J. T.; Sandberg, R. L.; Bae, W. K.; Koh,
W. K.; Pietryga, J. M.; Klimov, V. I. Carrier Multiplication in
Semiconductor Nanocrystals: Influence of Size, Shape, and
Composition. Acc. Chem. Res. 2013, 46, 1261−1269.
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