Carrier Dynamics in Highly
Quantum-Confined, Colloidal
Indium Antimonide Nanocrystals

Angela Y. Chang," Wenyong Liu,* Dmitri V. Talapin,*® and Richard D. Schaller™5*

*Department of Chemistry, Northwestern University, Evanston, lllinois 60208, United States, *Department of Chemistry and James Franck Institute, University of
Chicago, Chicago, lllinois 60637, United States, and SCenter for Nanoscale Materials, Argonne National Laboratory, Argonne, Illinois 60439, United States

ABSTRACT Nanometer-sized particles of indium antimonide (InSh)
offer opportunities in areas such as solar energy conversion and single
photon sources. Here, we measure electron—hole pair dynamics,
spectra, and absorption cross sections of strongly quantum-confined
colloidal InSh nanocrystal quantum dots using femtosecond transient
absorption. For all samples, we observe a bleach feature that develops
on ultrafast time scales, which notably moves to lower energy during the

first several picoseconds following excitation. We associate this unusual

red shift, which becomes larger for larger particles and more distinct at
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lower sample temperatures, with hot exciton cooling through states that we suggest arise from energetically proximal conduction band levels. From controlled

optical excitation intensities, we determine biexciton lifetimes, which range from 2 to 20 ps for the studied 3—6 nm diameter particle sizes.
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Auger recombination - intraband relaxation

ue to size-tunable absorption and

photoluminescence (PL), colloidally

prepared semiconductor nanocrystals
(NCs) have attracted significant interest
for use as biolabels,” optical amplifiers,>?
photodetectors,** light-emitting diodes,® 2
and single photon sources.’ In particular,
NCs derived from narrow band gap bulk-
phase semiconductors are appealing for use
in solar cells both because the size-tunable
energy gap (Eg) facilitates maximal single
junction power conversion efficiency,'®"?
and quantum confinement promotes useful
physical phenomena, including the low
threshold formation of multiple electron—
hole pairs (excitons) per absorbed photon,
which can potentially improve energy ex-
traction from blue solar photons.'*~'® Com-
pared to other narrow gap semiconductors
such as PbSe,''® Ge,'?° and HgTe,?'?
InSb remains unexamined owing to difficul-
ties related to the synthesis of this composi-
tion by wet chemical techniques, which
limited previous studies of this composition
to epitaxially prepared quantum dots. > %°
Such epitaxial InSb dots reportedly interacted
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electronically with synthetically required sub-
strates, thereby preventing strong quantum
confinement.®?” Recently developed syn-
thetic routes to colloidal InSb NCs*®~3° now
permit examination of this composition under
the influence of a highly confining potential.

To understand the behavior of 3D quantum-
confined InSb, we consider bulk-phase
properties. Bulk zinc-blende InSb exhibits a
small direct band gap of 0.17 eV at 300 K
(0.235 eV at 2 K)*" and a large exciton Bohr
radius of ~60 nm,**** such that excitons
generated in few-nanometer NCs, as stu-
died here, experience particularly strong
quantum confinement. Given that the
T-valley effective masses of the electron
and hole are 0.014mg and 0.43mg (Mg is the
electron rest mass), respectively,>' quantum
confinement is expected to predominantly
discretize and shift electron energy levels. In
contrast, hole states retain bulk-like band
structure for diameters larger than 3 nm.3?
Additionally, bulk InSb presents heavier
electron effective masses in the L- and
X-valleys (at 0.68 and 1.0 eV, respectively)
compared to that in the I"-valley. As a result,

VOL.8 = NO.8 =

* Address correspondence to
schaller@anl.gov,
schaller@northwestern.edu.

Received for review June 10, 2014
and accepted August 8, 2014.

Published online August 08, 2014
10.1021/nn5031274

©2014 American Chemical Society

8513-8519 = 2014

=
WWWw.acsnano.org

8513



o

Intensity (a.u.)

3.5 nm

1200 1500 1800
Wavelength (nm)

900 2100

Figure 1. (a) TEM image of colloidal InSb NCs 4.0 nm in diameter. (b) Absorption spectra of colloidal InSb NCs for a range

of sizes.

theoretical studies have predicted that, for sufficiently
small InSb particles, the L-valley can become the low-
est-energy transition and impart indirect band-edge
character.®*

Here, we perform optical characterizations of colloi-
dal InSb NCs, including transient absorption (TA) spec-
tra, dynamics, and absorption cross-section measure-
ments for multiple NC sizes. Immediately following
low fluence excitation, we observe the formation of a
near-infrared (NIR) bleach feature in proximity to the
static absorption maximum that, for several pico-
seconds, dramatically red shifts prior to reaching a
time-independent position. We suggest that this un-
usual bleach shift, which does not appear for InAs NCs,
relates transient population flow through two energe-
tically proximal absorbing states originating from the
I'-valley and either the L- or X-valley. This time-depen-
dent spectral shift persists at low temperatures and
obeys Varshni relations (dE4/dT) in similarity to bulk
InSb, suggesting an intrinsic origin. Picosecond forma-
tion times of the lowest-energy bleach as well as slower
intraband cooling for larger NC sizes suggests Auger
electron-to-hole energy transfer from widely spaced
electron levels to more dense hole states. Lastly, we
determine absorption cross sections for multiple sizes
via pump-fluence-dependent measurements, show
that InSb NCs undergo rapid biexcitonic Auger recom-
bination, and determine the biexciton lifetime as a
function of particle size.

RESULTS AND DISCUSSION

Figure 1a presents a transmission electron micro-
scopy (TEM) image of highly monodisperse, approxi-
mately spherical, 4.0 nm diameter InSb NCs (additional
sizes appear in Supporting Information, Figure S1).
Absorption spectra of the particles examined in this
work, shown in Figure 1b, exhibit a distinct absorption
onset and peak in the NIR spectral range that shifts to
lower energy with increasing particle size, as is typical
of electronic quantum confinement. The absorption
spectra at higher energies appear fairly featureless and
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lack prominent additional peaks, which prevents eva-
luation of electronic level ordering. For a given InSb NC
size, the line width of the lowest-energy absorption
feature was typically ~180 meV (estimated using twice
the half-width at half-maximum). Using experimentally
derived particle sizes and lowest-energy absorption
feature maxima, we produced an empirical InSb sizing
curve:

D = 125.5 — 376.3E+393.0E2 — 138.86> (1)

where D is NC diameter (in nm) and E is the lowest-
energy absorption feature maximum (in eV).

A spectrally resolved transient absorption map and
several time-delayed TA spectra for 4.0 nm diameter
InSb NCs at 298 K are shown in Figure 2a,b, respec-
tively. Following 800 nm excitation using a sufficiently
low fluence such that exclusively single excitons are
produced in excited NCs (average number of excitons
per NC, {N) = 0.09, determination of which is discussed
below), we observe instrument-limited (~60 fs) forma-
tion of a bleach feature (negative differential absorption)
near 1400 nm. Notably, the initial bleach center-of-mass
undergoes a clear shift to lower energy within the first
several picoseconds following excitation and stabilizes
near 1510 nm (Figure 2c). Such red shifting occurs in TA
spectra for all InSb NCs examined in this work. For
comparison, and to rule out potential artifacts, we per-
formed TA measurements on 4.9 nm InAs NCs and show
that for this composition the bleach feature does not
exhibit comparable shifting (Figure S2).

Examination of InSb NC dynamics at the positions of
the early and late-time bleach maxima shows a rapid
initial decay near 1400 nm as well as a delayed rise
near 1510 nm (Figure 3a), followed by decay of the
1510 nm bleach on longer time scales (Figure 3a inset).
In particular, the delayed rise suggests intraband re-
laxation as the origin of the bleach red shift. To further
establish the intraband relaxation origin, we examined
bleach formation dynamics for an InSb NC sampile follow-
ing excitation at multiple excitation wavelengths. Such
measurements yield more rapid bleach formation with
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Figure 2. TA spectra and dynamics at 298 K. (a) Multispectral, time-resolved plot and (b) several time-delayed TA spectra
obtained for 4.0 nm InSb NCs excited at 800 nm ((N) = 0.09) show a shift in the bleach center-of-mass with pump—probe delay
time. (c) Plot of the location of the bleach maximum versus time delay for 4.0 nm InSb. The observed bleach maximum shifts

by ~65 meV.
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Figure 3. (a) Bleach dynamics of 4.0 nm InSb NCs at probe wavelengths of 1400 and 1510 nm at 298 K. The delayed rise near
1510 nm suggests intraband relaxation as the origin of the bleach red shift. The inset depicts the 1510 nm bleach out to

100 ps. (b) Intraband relaxation times for multiple particle sizes.

reduction of the pump photon energy (Figure S3), in
accord with expected hot carrier cooling trends. As a
function of NC size, intraband relaxation times become
slower with increasing particle size (Figure 3b), which
suggests confinement-enhanced electron-to-hole Au-
ger energy transfer relaxation, as has been observed in
other NC compositions.>>3° We obtained intraband
relaxation time constants of 0.25 + 0.15, 0.57 + 0.08,
and 0.73 & 0.13 ps for InSb NCs of 3.5, 4.0, and 4.5 nmin
diameter, respectively. The 1510 nm bleach decays on a
time scale of 31 + 3 ps at room temperature. Single
exciton dynamics measured in multiple samples exhib-
ited bleach decay times that lacked systematic behavior,
which suggests involvement of an extrinsic process such
as electron trapping at defects, likely in association with
the NC—ligand interface.

Regarding the origin of the unusual bleach red shift,
we consider numerous aspects. In all, the observed
bleach maximum shifts by ~65 meV for 4.0 nm InSb
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(Figure 2c), which exceeds any available phonon en-
ergy in InSb. Also, the rate of red shift far exceeds
interparticle energy transfer rates by at least 2 orders of
magnitude.*® Furthermore, it is important to notice
that the bleach line width remains fairly constant
throughout the relaxation process, which suggests
transfer of population between distinct, yet similarly
broadened, electronic states. As shown in Figure S4,
the initial and final bleach positions exist within the
bandwidth of the static absorption feature, consistent
with a state-filling origin rather than a stimulated
emission process. Moreover, Table S1 shows that this
red shift magnitude decreases for decreasing particle
size, with shifts of 71, 65, and 56 meV (error for these
values is estimated to be 5—10%) for 4.3, 4.0, and
3.5 nm NCs, respectively. This trend differs from the
tendency of different angular momentum envelope
wave functions originating from the same valley to
become more widely spaced with increasing quantum
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Figure 4. Low-temperature TA spectra and dynamics for 4.0 nm InSb NCs. (a) Multispectral, time-resolved TA plot shows that
the bleach and bleach shift occur at higher energies at 5 K than at 298 K. (b) Dynamics at 5 K ((N) = 0.11) for the initial (solid
black squares) and final bleach positions (open black squares) near 1250 and 1330 nm, respectively, and the PA (green solid
circles, monitored at 1545 nm). Arrows point to the corresponding y-axis for the data points. (c) Time dependence of the
bleach maximum, which shows a ~65 meV shift. (d) Plot of early and late bleach positions versus sample temperature for

4.0 nm NCs and bulk InSb reflect the Varshni dependence.

confinement. Instead, we suggest that the origin of the
bleach shift involves multiple conduction band valleys
of InSb, which exhibit important differences from those
of InAs. The L- and X-valleys for bulk InAs appear at 1.08
and 1.37 eV, respectively, which precludes energetic
proximity to the I'-valley upon quantum confinement
for the energy gap range examined. In contrast, for
InSb, the electron effective masses in the L- and
X-valleys exceed that in the I-valley such that quantum-
confined states produced from such higher-energy
valleys can become energetically proximal** and
coupled*' to I'-valley-derived transitions. Furthermore,
such coupling is expected to increase as roughly
the square root of the percentage of the NC band
gap produced by quantum confinement,”’ which in
3—6 nm InSb NCs is particularly large. Such a band-
coupling effect, thus, appears as a reasonable inter-
pretation of the observed trends, and therefore, we
propose that the bleach shift relates transient popula-
tion flow through two energetically proximal absorb-
ing states derived from the I'-valley and either the L- or
the X-valley.

TA measurements performed on 4.0 nm InSb at
reduced sample temperatures are shown in Figure 4.
The multispectral TA plot (Figure 4a) exhibits a similar
bleach red shift at 5 K compared to that observed
at 298 K, though at a higher energy. A photoinduced
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absorption (PA) feature at low energies is also ob-
served, which decays in step with the bleach decay
dynamics as monitored near 1250 nm, the position of
the initial bleach maximum (Figure 4b; the final bleach
position is near 1330 nm). Here, the respective PA
and bleach decay lifetimes are 1.32 + 0.12 and 1.34 +
0.09 ps. We note that this decay time does not sub-
stantially change from that observed in 298 K data and
again reflects intraband relaxation dynamics (see also
Figure S5 for a direct comparison of 5 and 298 K
dynamics). As the PA feature lacks a discernible peak
(Figure S6), increased oscillator strength of hot carriers
seems a likely origin, rather than a prominent carrier-
induced Stark effect (which typically would produce a
distinct PA peak).*>*? Figure 4c shows that the energy
difference between the initial and final bleach at low
temperature remains at ~65 meV, which is indistin-
guishable from the room temperature observation.
Figure 4d indicates the position of the early and late
bleach for additional intermediate temperature TA
data, the bulk-phase Varshni energy gap dependence
on temperature, and linear fits to the data points to
obtain dE4/dT. Obtained slopes exhibit the same sign
and differ by less than a factor of 2. The comparable
dependence on temperature of both the early and late
bleach to the bulk trend suggests that these features
arise from the inherent InSb electronic structure.
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Next, we examined the optical response of InSb NCs
as a function of pump fluence. Figure 5 displays pump-
power-dependent bleach amplitudes of 4.5 nm InSb
NCs for several pump—probe time delays. At lower
pump intensities, the bleach amplitudes at both early
and late time delays exhibit proportionate scaling with
intensity. At higher pump intensities, the late-time
bleach amplitude exhibits saturation (becomes
sublinear), while the early-time bleach displays satura-
tion only at still higher fluences. Such saturation beha-
vior is typical for 3D-confined semiconductor NCs and is
attributed to state filling of the lowest-energy conduc-
tion band state according to the band-edge exciton
degeneracy (here two-fold degenerate). Multiexciton
Auger recombination is well-known to produce the
differences in early to late bleach amplitude since the
process yields single excitons in all excited NCs for delay
times sufficiently in excess of the Auger recombination
time.*? Thus, the difference in amplitude between early
(black squares) and late (blue triangles) bleach signals
suggests the presence of this annihilation process.
Because only single excitons remain at times signifi-
cantly in excess of the Auger recombination lifetime, the
NC absorption cross section (o) for a given pump
wavelength is obtained from the bleach amplitude (A)
using

A(irlpump) = B(1 _e_gj) )]

where j is the pump photon fluence and B is a bleach
amplitude scaling factor.** Absorption cross sections for
several NC sizes, summarized in Table 1, were obtained
by fitting eq 2 to data from pump-power-dependent TA
measurements. We estimated the absorption cross sec-
tions of InSb NCs at 800 nm using the local field
correction approach that has been successful for other
semiconductor NC compositions.**** Specifically, we
utilize

Og0onm = (Nbuik/Ns)0buicV|F|* 3)

where 0y and Ny are the absorption coefficient and
refractive index of the bulk semiconductor, respectively;
ns is the solvent refractive index (here the solvent is
tetrachloroethylene); V is the NC volume; and f is the
local field factor that accounts for the difference in the
electric field inside and outside of the NC. Using optical
constants for bulk InSb,** we estimate 0goonm(cm?) =
1.01 x 107"*[R(nm)]*, where R is the NC radius. The
experimental cross sections trend similarly to calculated
values, with the measured values up to two times
greater than calculation for all NC sizes examined,
suggesting a small but systematic deviation in either
pump fluence determination, accuracy of the calcula-
tion inputs, or applicability of bulk material calculation
inputs for such a highly quantum-confined material.
We further investigated the power-dependent dy-
namics of the InSb NCs in order to characterize
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Figure 5. Pump-power-dependent measurements of
4.5 nm InSb shown at 2, 12, and 212 ps time delays. To
obtain absorption cross-section values, a Poisson function
that assumes only single exciton occupancy (red line) was fit
through traces that showed signal saturation at high flu-
ence for time delays in excess of Auger recombination
lifetimes.

TABLE 1. Calculated and Measured Absorption Cross-
Section Values for InSb NC Samples

InSb NC diameter calculated cross section measured cross section
(nm) (107" cm?) (107" am?)
3.5 541 7.054+123
40 8.07 153 £1.18
45 1.5 253 4+ 1.09
5.4 19.9 45.7 + 3.08
6.0 272 359 + 11.0

biexciton lifetimes. Figure 6a depicts bleach recovery
dynamics for 6.0 nm InSb NCs, which are shown
normalized by values at long delay time. At two
different low pump powers ((N) = 0.15 and 0.32), the
TA traces decay with time due to carrier trapping but
otherwise appear indistinguishable because primarily
only unexcited or singly excited NCs exist at these
fluences. At higher pump powers ((N) = 0.87 and 2.07),
we clearly observe faster features emerging in the
dynamics, consistent with biexciton and higher-order
exciton Auger recombination.*?*® To determine biex-
citon lifetimes as a function of NC size, we subtracted
the low fluence signal, normalized at long time, from
similarly normalized higher fluence signals, for which
the ensemble described by (N) should contain a
biexciton population component according to Poisson
statistics. We fit the resulting difference with a mono-
exponential decay function (Figure 6a inset) and ob-
tained time constants of 2.40 + 0.36, 6.34 & 1.90, and
16.7 +5.90 ps for 4.0, 4.5, and 5.4 nm InSb, respectively.
In Figure 6b, the biexciton lifetimes are plotted as a
function of NC volume. The biexciton lifetimes for
these InSb NCs scale linearly with NC volume, consis-
tent with the Auger recombination behavior observed
in other semiconductor nanocrystals. 3****” We note that
these InSb NCs exhibit faster biexciton decay compared
to those reported for PbSe NCs;*® however, these values
are comparable to biexciton lifetimes determined
for InAs NCs.3® Such fast Auger recombination could
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Figure 6. (a) Power-dependent bleach dynamics of 6.0 nm InSb NCs normalized by the signal at long delay times. For shown
traces, the average NC occupancy (N) is 0.15 (black), 0.32 (red), 0.87 (green), 2.07 (blue), and 4.22 (pink). As (N) increases, a
fast feature clearly emerges, which is attributed to multiexciton annihilation. The inset shows the difference between high
and low intensity normalized traces as well as a single exponential fit to the data, from which the biexciton lifetime is
derived. (b) Biexciton lifetimes, plotted as a function of InSb NC volume (in m®), exhibit a linear increase with particle

volume.

present challenges for using InSb in optical amplifiers;
however, the rapidity of its multiexciton annihilation
could benefit applications such as single photon
emitters.

CONCLUSIONS

In conclusion, we optically characterized colloidally
prepared InSb NCs ranging from 3 to 6 nm in diameter.
In TA spectra, we observed an unusual bleach red shift.

METHODS

Zinc-blende colloidal InSb NCs, with average sizes between 3
and 6 nm in diameter and passivated with oleylamine and oleic
acid ligands, were synthesized as reported previously.?® For
measurements performed at room temperature (298 K), all
samples were suspended in tetrachloroethylene, loaded into
an airtight 1 mm quartz cuvette under a nitrogen environment,
and continuously stirred. For comparison, we examined sam-
ples of InAs NCs, which were synthesized according to pub-
lished methods.*® For measurements performed at lower
temperatures, InSb NCs were prepared as a dry film under a
nitrogen environment and loaded into an evacuated helium
cryostat. TA measurements were performed using a 35 fs pulse
width, 2 kHz commercial amplified Ti:sapphire laser operating at
800 nm. A portion (5%) of the amplifier output was time-
delayed and then focused into a sapphire plate to produce a
NIR white light probe. Except where indicated, the pump
wavelength was 800 nm (1.55 eV), and the pump fluence was
controllably varied from 0.005 to 2 mJ/cm?.
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Given the magnitude of this red shift and the related
dynamics, we suggest that the bleach red shift arises
from transfer of population between two optical tran-
sitions of comparable energy within a manifold invol-
ving multiple coupled conduction band states. Further,
we investigated carrier dynamics as a function of pump
power, from which we derived values for the experi-
mental absorption cross sections and biexciton
lifetimes.
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