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S
emiconductor quantum dots (QDs)
have been the focus of intense study
for their size-tunable properties with

applications in light-emitting devices, photo-
voltaic devices, and printable electronics.1�6

The size, shape, composition, and surface
chemistry of QDs, as well as their tempera-
ture and local environment, are all of great
importance, modifying photoluminescence
(PL) yields, shifting optical transitions, and
impacting electrical conductivity.7�18 Time-
resolved optical spectroscopies can directly
monitor relaxationpathways that respondsen-
sitively to these parameters, and there exists
a rich literature measuring the population-
averaged response of QDs dispersed in solu-
tions and polymer matrices.19�24 To date,
ultrafast optical studies of close-packed col-
loidal QD solids have been more limited in
number,15,25�29 and although themajority of
these studies have typically been performed
at room temperature, measurements at low
temperature offer the potential for increased
sensitivity to environmental changes as well
as a sharper view of relaxation processes.
In this report, we study the impact of

surface treatment on the low temperature
(10 K) optical properties of CdSe QD solids.

The ligand exchange and annealing process
used here13 has laid the foundation for high
mobility CdSe field effect transitors, where
the role of surface traps is underscored by
the need to use indium to passivate the QD
surfaces and to increase the Fermi energy in
order to reduce a mobility gap.16,30 Here we
employ time-resolved absorption (TRA) and
photoluminescence (TRPL) spectroscopies to
gain insight into the ligand exchange and
annealing process through excited state dy-
namics. Because both TRA and TRPL imple-
mentations developed here are broadband
with subpicosecond time resolution, we are
able to show that exchanging aliphatic na-
tive ligands (NL) for thiocyanate (SCN) and
subsequently annealing the samples in-
creases electron trapping rates by 2 orders
of magnitude. We demonstrate a need to
modify the conventional interpretation of
CdSe QD time-resolved absorption spectra
in this experimental configuration and show
that the electron, not the hole, traps first out
of the core excitonic state.

RESULTS AND DISCUSSION

Time-integratedoptical absorptionspectros-
copy is routinely used for the characterization
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ABSTRACT We use time-integrated and time-resolved photoluminescence

and absorption to characterize the low-temperature optical properties of CdSe

quantum dot solids after exchanging native aliphatic ligands for thiocyanate

and subsequent thermal annealing. In contrast to trends established at room

temperature, our data show that at low temperature the band-edge absorptive

bleach is dominated by 1S3/2h hole occupation in the quantum dot interior. We

find that our ligand treatments, which bring enhanced interparticle coupling,

lead to faster surface state electron trapping, a greater proportion of surface-

related photoluminescence, and decreased band-edge photoluminescence lifetimes.

KEYWORDS: cadmium selenide . quantum dots . ligand exchange . time-resolved absorption . ultrafast fluorescence .
electron trapping
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of QD systems, providing information on sample size
and homogeneity, as well as interparticle coupling.31�33

As previously reported for similar samples, SCN ligand
substitution and thermal annealing shifts and broadens
the quantized band-edge optical absorption peak
(1S3/2h1Se in the effective mass approximation34) in
these QD solids (Figure 1a, room temperature in Sup-
porting Information Figure S1).13 Whereas time-
integrated absorption reflects the optical properties of
core states,35 time-integrated band-edge PL is heavily
impacted by conditions that influence carrier trapping
to the surface.7,36 We study four samples: CdSe QD
solids with native, aliphatic ligands (NL); native ligands
exchanged for SCN (SCN); exchanged and subsequently
annealed at 100 �C (SCN 100C); and exchanged and
subsequently annealed at 200 �C (SCN 200C). As pre-
viously shown by several of us using scanning electron,
atomic force, and optical microscopies on identically
prepared samples (see ref 16 and Supporting Infor-
mation Figure S2a,b), the sample preparation and
spin-coating process used here and described below
produces uniform, randomly close-packed, optically
smooth, and crack-free thin films over large areas.
Fourier transform infrared spectroscopy (FTIR) shows
that SCN exchanges 90% of the NL ligands used in
synthesis, and that annealing to 200 �C significantly
decomposes SCN (see ref 16 and Supporting Informa-
tion Figure S2c).
The exchange and annealing processes dramatically

decrease both the total integrated PL (band-edge
plus sub-bandgap, surface emission) and the relative
strength of band-edge PL compared to surface emis-
sion (Figure 1b and Supporting Information Figure S3).
While band-edge PL requires both an electron and a
hole in a QD core state,37 sub-bandgap PL involves QD
surface states for which carrier hops back to higher
energy core states require thermal fluctuations that are
unlikely at 10 K.8,12,38�40 Band-edge photolumines-
cence is therefore unlikely after any carriers have
trapped to surface states, and the decreased band-
edge PL relative to surface emission after exchange

and annealing is a signature of an increased surface
trapping rate in these samples.
Time-resolved photoluminescence (TRPL) measure-

ments can provide more direct insight into the non-
equilibrium kinetics of QDs and help to clarify the
interplay of core and surface states.12,39,41�46 Previous
TRPL studies have demonstrated long radiative life-
times from surface trapped states, attributing these
trap states to electron traps at unpassivated Cd or hole
traps at unpassivated Se.12,39,40 Annealing to 100 �C is
not expected to change the QD surface properties
significantly, whereas annealing to 200 �C decomposes
SCN and wemay then expect a concomitant change in
charge dynamics.16

TRPL measurements, shown in Figure 2, reveal
dramatic decreases in band-edge PL lifetime with
ligand exchange and annealing, showing that changes
in time-integrated PL reflect dynamical changes upon
QD surface treatment. The PL signal from the pristine
NL sample decays over hundreds of picoseconds in
agreement with previous short-time TRPL measure-
ments,45 but the exchange of NL for SCN drastically
shortens the PL lifetime to tens of picoseconds.
Annealing the exchanged sample at 100 �C leaves
TRPL decays largely unchanged, but further annealing
to 200 �C hastens the TRPL decay so the observed
transient approaches the instrument response limit.
The decreases in TRPL lifetime in exchanged and
annealed samples echo decreases in time-integrated
band-edge PL (Figure 1 and Supporting Information
Figure S3a), and indicate increased capture rates of the
bright exciton by pathways other than band-edge PL.
The lattermay include nonradiative relaxation, although
the increase in relative quantum yield for surface state
emission (Supporting Information Figure S3b) indicates
that some portion emerges as surface PL.
Our PL data, taken by itself, could be rationalized in

terms of our surface treatments. In particular, decay
pathways alternative to band-edge PL could arise from
a higher trap density upon exchange, which is further
increased upon annealing at 200 �C. The replacement

Figure 1. (a) Optical absorption and (b) photoluminescence spectra excited at 3.1 eV at 10 K for CdSe QD solids and a fused
silica (SiO2) substrate. CdSe QD solids passivated with NL (black, solid line), SCN (red, dashed line), SCN annealed at 100 �C
(blue dot), SCN annealed at 200 �C (green dash dot), and fused silica (b only, purple long dash). Arrows (a) mark optical
transitions.
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of NLby SCN (without annealing) increases the number
of electron and hole traps on unpassivated surface
atoms due to reduced overall surface coverage,13,47

and is expected to further introduce hole traps asso-
ciated with the SCN ligands,40,47 so the appearance of
additional traps after exchange is easily understood.48

Moreover, thermal annealing to 200 �C decomposes
SCN and leaves S atoms bonded to Cd (see refs 16, 49,
and Supporting Information Figure S2c), a process
likewise expected to increase the number of hole traps
in the SCN 200C sample.17 Although these increases
in hole trap density could account for the progressive
decrease in PL lifetimes, considerations of TRA de-
scribed below indicate an increase in electron trapping.
Time-resolved absorption (TRA) measures pump-

induced changes in transmission, ΔT/T0, subsequent
to pump excitation. Quantum dot TRA measurements
have a long history in measuring carrier relaxation and
the impact of surface treatments, and signals emerge
from numerous effects including bleached transitions
from state-filling, shifts in absorption spectra leading to
photoinduced absorptions, exciton�phonon coupling
that modulates TRA signals, and optical gain.7,21,50�54

Prior TRA experiments have shown that electrons relax
quickly to the band edge through Auger heating of the
holes19 and ligand interactions55 and that holes relax
primarily through ligand interactions with minor con-
tributions from phonons.56 Figure 3a superimposes a
time-integrated absorption spectrum (black), a scaled
exemplary TRA time slice (red), and a corresponding
TRA2Dmap. Features A1, B1, andB2 are labeled follow-
ing the convention introduced in ref 57. Figure 3b
shows schematically the corresponding single particle
electron and hole states associated with these
transitions.34 The energetic location and time duration

of the photoinduced absorption A1 probe the biexci-
ton binding energy and hot-exciton relaxation,20,51

and the presence of the bleach signals labeled B1
and B2 indicate decreased transition strength at the
1S3/2h1Se and 2S3/2h1Se optical transitions, respectively.

57

Because the physical interpretation of time-resolved
absorption signals at energies above the B2 feature
is complicated by the high density of optical transitions,
we do not focus on interpreting those features in this
report.34

These optical transitions can in principle be
bleached by the presence of charge carriers in either
or both of the constituent hole or electron states of the
QD. We will label the subcomponents of the B1 bleach
as B1x, B1e, and B1h, for which absorption at the
1S3/2h1Se transition is blocked by occupancy of the
1S3/2h1Se exciton, electron, and 1S3/2h hole states of
the QD, respectively. Within the band-edge B1 bleach

Figure 2. (a�d) Time-resolved photoluminescence spectral maps at 10 K for CdSe QD thin films with (a) NL, (b) SCN, (c) SCN
annealed at 100 �C, and (d) SCN annealed at 200 �C. (e�h) Spectrally integrated TRPL (black) compared and contrasted
with TRA features {B1x, B2} (red) and B1 (blue). Note that panels a and e show different time scales than the other panels
(b�d, f�h). TRPL maps are scaled for contrast.

Figure 3. (a) Scaled time-integrated absorption spectrum
(black) and time-resolved absorption spectrum (red, 0�
0.5 ps) for CdSe NL QD thin film sample showing photo-
induced absorption feature A1 and bleach features B1 and
B2. (b) Correspondence between time-resolved absorption
features and QD optical transitions as described in text.
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the precise location of B1x, B1e, and B1h vary to some
extent,58,59 but this variation is much less than the
separation between the B1 and B2 bands.
The TRA 2D maps in Figure 4a�d show that the

aggregate B1 bleach in all samples persists beyond the
2 ns time window of this experiment and significantly
beyond the subnanosecond decay of TRPL observed
in all samples. This difference can be quickly seen
by comparing TRA B1 (blue) and TRPL (black) curves
in Figure 2e�h. Thus, the dynamics of B1 are relatively
insensitive to surface treatment when compared to
TRPL. Because the TRPL decay measures the depopu-
lation of core excitons, the presence of B1 well after
band-edge TRPL disappears must be due to only B1e or
B1h, or conversion to a dark60 exciton. Because of the
relative similarity of B1 dynamics among the samples
and the progressively faster decay of TRPL upon
exchange and annealing, we may conclude that the
surface treatment process used here predominantly
modifies the decay kinetics of only one charge carrier,
or accelerates interconversion to the dark exciton.
Further inspection of Figure 4a�d indicates that

these surface treatments hasten electron surface trap-
ping. First, the rapid decay of the A1 absorption fea-
ture (circled in Figure 3a) shows that excitons relax

to the 1S3/2h1Se state within the first picosecond,20

and since kT≈ 1meV ismuch smaller than the 100meV
separation of the 1S3/2h and 2S3/2h states, Boltzmann
occupation of the 2S3/2h states is minimal. Subsequent
dynamics of the B2 bleach therefore cannot reflect
2S3/2h hole state occupation and must arise from the
1Se electron. Second, the dramatic changes in decay
rate for B2 upon surface treatment are closely matched
by similar changes in the TRPL (red and black curves in
Figure 2e�h, respectively). We may therefore identify
electron surface trapping as the process that gives
rise to rapid PL quenching and decreases the time-
integrated photoluminescence yield in the SCN, SCN
100C, and SCN 200C samples. Note that because
transitions to both the 1S3/2h1Se and 2S3/2h1Se exciton
states require available 1Se states,34 an electron in
the 1Se state should contribute bleaches to both B1
and B2.50 At room temperature it has been commonly
observed that thedecays of B1andB2mirror eachother,
implicating occupation of the 1Se state as a common
denominator.19,20,61 In contrast, in our low-temperature
measurements the lifetimeof theaggregate B1bleach is
much longer than thatof B2 for all samples (Figure 4a�d
andFigure 2e�h),whichcannot bedue to a 1Se electron
or a dark exciton. We instead attribute the longer life of

Figure 4. Time-resolved absorption (a�d) spectral maps, (e�h) time slices, and (i�l) decay profiles at 10 K for CdSe QD thin
films. Dotted lines in spectral maps indicate the times for which time slices are taken. Samples are (a,e,i) NL, (b,f,j) SCN, (c,g,k)
SCN annealed at 100 �C, and (d,h,l) SCN annealed at 200 �C. TRAmaps are fit using two principal spectra (blue and red lines in
e�h) and their decay profiles (blue and red symbols in i�l). Spectral maps are negative-time background subtracted.
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B1 relative to B2 to the presence of a long-lived hole in
the 1S3/2h state and interpret the decay of the B2 bleach
as reflecting the rapid surface trapping of an electron
that leaves this hole remaining in the QD core.
The hole contribution to B1 is commonly argued

to be small in principle due to greater degeneracy of
the hole states and thermal distribution of holes to
higher-lying states.50 To assess the plausibility that the
B1h bleach due to hole state occupation can contribute
significantly to the B1 transition at low temperatures,
we consider the impact of thermal state occupation
on available optical transitions in relevant electron�
hole charge configurations. Previous calculations by
Califano, et al., showed that excitons, biexcitons, and trions
have different radiative lifetimes.58 In the Supporting
Information we use these predictions to calculate
expected B1 TRA amplitudes from each charge config-
uration using a Boltzmann distribution of initial state
occupations for electrons, holes, and excitons. In con-
trast to prior assertions that B1 measures only the 1Se
occupation in CdSe QDs (in our framework either
through B1x or B1e),

19,20,61 our calculations indicate
that the presence of either an electron or a hole in
the QD core produces a strong B1 TRA signal at all
temperatures from 10 to 300 K with only a weak
temperature dependence. Although predictions show
the contribution of an exciton to B1 is greater than that
of a hole or an electron, the predicted B1h signal from
the hole is actually stronger than the B1e signal due
to the electron at all temperatures calculated. These
calculations confirm that a core-state hole can effi-
ciently bleach the B1 transition at 10 K, validating our
assignment of the long-lived B1 signal to B1h.
Analysis of the fine structure within B1 further

reinforces these conclusions. Figure 4a�d show that
the aggregate B1 feature redshifts with time in all
samples, and the TRA spectra, particularly Figure 4e�g,
show that this redshift actually corresponds to a redis-
tribution of amplitude between two peakswithin B1.We
denote the lower (higher) energy peak B1h (B1x), no-
menclature validated by their temporal dynamics. Anal-
ysis using singular valuedecomposition, described in the
Supporting Information, identifies two distinct temporal
behaviors that account for the TRA maps for all but
subpicosecond time delays. A long-lived component is
associated with the lower energy peak B1h, and a short-
lived contribution is associated with the upper energy
peak B1x aswell as B2. The spectra and timedependence
of the long- and short-lived components are shown in
Figures 4e�h and 4i�l, respectively. A third, subpicosec-
ond component described in the Supporting Informa-
tion is associated with thermalization of hot carriers.
These findings reveal that the temporal dynamics of
B2 not only mirror the dynamics of TRPL, but also
B1x (Figure 2e�h). Since B2 measures electron occupa-
tion, the accord between B2 and B1x indicates that the
decay of B1x reflects the destruction of the 1S3/2h1Se

exciton through electron trapping to the surface. Addi-
tionally, the agreement between B1x and TRPL indicates
that B1x measures the population of bright excitons.
In Figure 4i�l we summarize the temporal evolution of
B1h, B1x, and B2, whose associated peaks are marked
by triangles in Figure 4e�h. Since we have already
established that the B1 component that out-lasts both
TRPL and B2 is due to 1S3/2h holes in the QD core,
the remaining lower energy component of B1 is B1h.
We note that in this analysis B1x and B1h are separated
by more than 30 meV in all four samples. Although
relaxation of an exciton from the lowest energy bright
exciton state into the optically forbidden dark state60,62

would redshift the B1 feature,63 as discussed above the
trapped electron evidenced by the B2 decay precludes
this as an explanation for B1h.
Given the expectation discussed earlier that ex-

change and annealing principally increase the density
of hole traps, our finding that these treatments primar-
ily increase electron trapping is surprising. One miti-
gating consideration is that, to the extent that Cd�S
surface bonds may be viewed as assembling a CdS
shell, hole trapping may be impeded by differences in
bandgap and by the formation of a quasi-type-II band
alignment, which further localizes the hole in samples
sufficiently annealed to decompose SCN.64,65 We also
note that cyclic voltammetry measurements of samples
annealed at 250 �C have shown that such annealing
introduces midgap states close to both the conduction
and valence band edges, and that the former may
introduce electron traps in the SCN 200C sample.47

Additionally, increased coupling between QDs may
introduce trapping pathways that do not arise in
isolated QDs. For example, the increased interparticle
coupling and greater electrical conductivity previously
demonstrated in these SCN exchanged samples13

likely increase exciton and charge carrier diffusion to
lower energy QDs.27 Recent room temperature studies
of QD solids demonstrated that excitons can become
concentrated at low energy “hotspots”, enablingmulti-
exciton phenomena when excitation densities surpass
a rather low threshold of 10�3 excitons per quantum
dot.66 Under these conditions, which are met in this
study, Auger processes can produce fast, radiationless
recombination as well as hot carrier generation that
enhances the likelihood of carrier trapping. Electron
trapping would benefit more from the latter because
kinetic relaxation is more facile for holes. Greater
coupling, combinedwith spatial disorder in the degree
of that coupling, can also explain the fast blueshift in
TRPL observed in the SCN 200C sample (Figure 2d). By
the arguments given above, PL transients from more
highly coupled regions would decay more quickly.
Since those regions would tend to have lower energy
band-edge emission,13 once this contribution decays
the remaining TRPL signal would shift to higher en-
ergies as observed.
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CONCLUSION

Low temperature time-resolved optical measure-
ments of these QD solids show progressively faster
electron trapping to the QD surface upon ligand
exchange and annealing. Combining time-resolved
absorption and photoluminescence, we find that holes
within the QD, rather than electrons, are responsible
for the bleach of the band-edge transition. Our finding

that electron trapping is dominant at low temperature
comes as a surprise given what is known about the
surface treatment in these QDs. Although we argue
that enhanced interparticle electronic coupling
may increase electron trapping through multiexciton
phenomena, additional study is needed to understand
the interplay between electron and hole traps in this
system.

METHODS
Cadmium selenide QDs passivated with aliphatic ligands

are prepared by the method described by Qu and Peng and
processed as previously described by Fafarman et al.13,67 The
native ligands are solution exchanged with SCN, and samples
are then spin-cast onto 0.5 mm thick UV fused silica substrates
(MTI Corporation) prescored on the back surface for cleaving
and, wherever indicated, annealed under nitrogen on a hot
plate for 5 min to increase electronic coupling among QDs.
Extensive characterization of films resulting from this process is
reported in ref 16. Sample substrates are cleaved and mounted
in an optical cryostat (Oxford Microstat-HE) under a majority
argon atmosphere that is immediately evacuated.
TRPL is performed with a home-built apparatus partially

described previously68,69 that permits broadband study of short
delay times without determining a priori the wavelength range
of interest. An experimental schematic and description is
provided in the Supporting Information, which shows the
updated configuration that allows measurement of TRA as well
(Supporting Information Figure S5). Briefly, TRPL and TRA are
excited using the 400 nm doubled output of a 1 kHz, 120 fs
regenerative amplifier. For TRPL, the 800 nm fundamental beam
is used to create an optical Kerr gate (OKG).70,71 For TRA, the
fundamental beam is sampled to generate a white light super-
continuum. The chirp of the white light supercontinuum probe
is calibrated with the OKG (Supporting Information Figure S6).
Instrument response times for the TRPL and TRA experiments
are approximately 500 and 120 fs as configured. Spectral
resolution as configured is 10 nm for absorption measurements
and 13 nm for photoluminescence measurements. Less than
0.1 photons are absorbed per QD per pulse.35,72 Further experi-
mental details appear in the Supporting Information.
Singular value decomposition analysis of TRA spectra is

described in the Supporting Information. This analysis yields
the temporal decays of B1h, B1x, and B2 shown in Figures 2
and 4. The aggregate B1 bleach signal, denoted simply “B1”,
is computed by integrating the B1 bleach over its bandwidth
(1.9 to 2.3 eV).
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