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ize-tunable optical properties of semi-

conductor nanocrystals (NCs) are cen-

tral to a variety of prospective applica-
tions envisioned for these structures. For
example, the size-tunable emission from
NCs is part of the basis for their use in light-
emitting diodes' and as biological labels?
as well as their potential application as las-
ing media.? Likewise, their size-tunable ab-
sorption is attractive for use as, e.g., light
harvesters in photovoltaics.? It is also
through various optical observables that
many of the electronic properties of NCs
are studied. For example, carrier multiplica-
tion (CM), the generation of multiple exci-
tons by absorption of a single photon, has
been investigated via the transient absorp-
tion (TA) and the emission following excita-
tion of NCs with ultraviolet (UV) pulses.®
However, there are implicit assumptions be-
hind many applications and interpretations
of optical studies of NCs, including that the
NC interior (core) contains zero net charge
and that changing the wavelength of exci-
tation of NCs affects the response of NCs
simply through the wavelength and fluence
dependence of the generation of neutral
excitons.

Over time, a significant amount of ex-
perimental evidence has accumulated sug-
gesting that the above assumptions are not
always valid. The negative consequences
of charging on applications of NCs were rec-
ognized in early studies of NCs fabricated
by high-temperature precipitation in mol-
ten glasses. In particular, the degradation of
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ABSTRACT We show that excitation of solutions of well-passivated PhSe semiconductor nanocrystals (NCs)

with ultraviolet (3.1 eV) photons can produce long-lived charge-separated states in which the NC core is left with

a nonzero net charge. Since this process is not observed for lower-energy (1.5 eV) excitation, we ascribe it to hot-

carrier transfer to some trap site outside the NC. Photocharging leads to bleaching of steady-state absorption,

partial quenching of emission, and additional fast time scales in carrier dynamics due to Auger decay of charged

single- and multiexciton states. The degree of photocharging, f, saturates at a level that varies from 5 to 15%

depending on the sample. The buildup of the population of charged NCs is extremely slow indicating very long,

tens of seconds, lifetimes of these charge-separated states. Based on these time scales and the measured onset

of saturation of f at excitation rates around 0.05—1 photon per NC per ms, we determine that the probability of

charging following a photon absorption event is of the order of 10~ to 10>, The results of these studies have

important implications for the understanding of photophysical properties of NCs, especially in the case of time-

resolved measurements of carrier multiplication.

KEYWORDS: PbSe nanocrystals - charge separation - charged exciton -
trapping - photoluminescence - carrier multiplication - Auger recombination

the optical properties of glass-embedded
NCs (“photodarkening”) under optical exci-
tation was attributed to accumulation of
uncompensated charges formed through
Auger recombination (AR) between two
electron—hole pairs that resulted in ejec-
tion of an electron from the NC and its cap-
ture by long-lived centers in the glass.”

In the case of colloidally synthesized
NCs, electrostatic force microscopy (EFM)
revealed that NCs immobilized on an
insulator—metal substrate can develop a
net charge upon photoexcitation, which
was explained by tunneling of a photo-
excited electron into the metal.® More re-
cent EFM studies indicate that the degree
of photocharging is dependent on excitation
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wavelength and occurs more readily for UV photons
compared to lower-energy green photons.® These ob-
servations suggested the existence of additional “hot-
electron” ionization pathways that are not accessible
from low-energy relaxed electronic states.

Photoinduced charge separation has also been ex-
tensively discussed in the context of photolumines-
cence (PL) intermittency (blinking) observed in studies
of individual NCs immobilized on a substrate. Specifi-
cally, it was suggested that the transition of the NC to
the nonemitting (“dark”) state is a result of tunneling of
a photoexcited electron to a nearby trap state.’® As the
EFM measurements mentioned above, recent blinking
studies suggest that the likelihood of formation of long-
lived charge-separated states is higher for higher-
frequency photons.'

NC photocharging in solution samples has been
studied much less extensively. In one example, excita-
tion of water-dispersed CdSe NCs with high-intensity
femtosecond pulses resulted in ejection of the electron
from the NC, which led to the development of a dis-
tinct spectroscopic signature of a solvated electron.'
This process exhibited a strong dependence on pump
power and was explained by two-photon absorption.

The formation of long-lived charge-separated states
in well-passivated NCs dissolved in nonpolar organic
solvents might be considered unlikely because an
ejected charge cannot be easily “stabilized” in a nonpo-
lar medium to prevent its rapid return to the NC core.
Contrary to these expectations, our recent CM studies
of PbSe NCs prepared in hexane and chloroform indi-
cated clear signatures of photocharging.'®'* This effect
was detected based on pronounced differences in car-
rier recombination dynamics in stirred versus static
samples. Specifically, some of the studied samples ex-
cited by UV pulses showed an increased amplitude of
the fast decay component due to AR of multiexcitons in
the static case compared to the stirred one. This differ-
ence was explained by the existence in the NC core of
long-lived charges generated as a result of exposure to
previous laser pulses. In stirred solutions the effects of
photocharging are reduced as charged nanocrystals are
swept from the excitation volume between sequential
excitation pulses.

In the present report, we give a detailed account of
both time-resolved and steady-state measurements of
the photocharging of high-quality, well-passivated
PbSe NCs in nonpolar solvents. We aim to clarify the
trends in the pump-intensity dependence of this pro-
cess and determine the characteristic lifetimes of
charge-separated states and photocharging probabili-
ties. Since a detailed mechanistic understanding of the
photocharging or the charge-separation process is still
lacking, we emphasize at the outset that terms such as
photocharging or photoionization are used to refer sim-
ply to a process in which the NC core is left with a net
excess charge irrespective of whether the NC as a whole
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(including ligands) remains neutral. In those samples
showing a static-stirred difference, continuous wave
(cw) UV excitation of static solutions of NCs yields re-
duced time-integrated emission intensity (i.e., reduced
PL quantum yield) compared to the corresponding
emission from stirred solutions. Likewise, compared to
stirred solutions, static solutions of NCs show steady-
state bleaching when excited with UV light. The frac-
tion of charged NCs estimated from steady-state data
is consistent with the estimates from transient PL data.
The increase in the fraction of charged NCs with excita-
tion intensity is monotonic but shows saturation at ex-
citation levels well below the typical fluences used in
transient measurements of CM. At such low saturation
fluences, “dynamical” artifacts due to photocharging
may appear to be insensitive to the pump level and
thus mimic signatures of true CM. Based on measured
onsets for saturation of photocharging (saturation oc-
curs at 0.05—1 photon absorbed per NC per ms) and
lifetimes of charge-separated states (tens of seconds),
we estimate that the probability of photocharging fol-
lowing a photon absorption event is from 10™%to 1073,
Despite this low probability, very long lifetimes of
charge-separated states facilitate the buildup of an ap-
preciable concentration of charged species within a
photoexcited sample volume if they are not physically
removed between sequential laser pulses, such as by
stirring. In these well-passivated samples, photocharg-
ing is not observed in the case of lower-energy 1.5 eV
excitation, indicating that it is due to direct transfer of
an unrelaxed, hot electron or a hole to some trap site
outside the NC. These observations of UV-induced
photocharging have potentially important implications
for numerous applications of NCs as well as interpreta-
tion of NC spectroscopic studies and especially quanti-
tative evaluations of CM yields.

RESULTS AND DISCUSSION

Dynamical Signatures of Photocharging. We study oleic
acid-capped PbSe NCs with mean radii from ~1.5 to
~3.8 nm and corresponding band gaps (Eg) from 1.085
to 0.617 eV that are much larger than the band gap of
bulk PbSe (0.28 eV). Carrier dynamics are studied with
~4 ps resolution by PL upconversion (uPL)" and
changes in steady-state optical properties by steady-
state PL and absorption. Excitation fluences are re-
ported in terms of the average number of photons
<N,ps> absorbed per NC per pump pulse at the peak
of the excitation spatial profile or the excitation rate
<gaps>>, Which is defined as the average number of ab-
sorbed photons per NC per unit time.

Time-resolved band-edge PL from a sample with a
band gap of 1.085 eV is shown in Figure 1. Panel (a) of
this figure displays the dynamics measured under 1.54
eV excitation. For delays much shorter than the single-
exciton radiative recombination time (of order of 100 ns
to ~1 ws),'®"” low-fluence excitation at 1.54 eV (<Nps>
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<< 1) results in nearly “flat” uPL traces on the time
scale of our measurements (250 ps) indicating an ab-
sence of significant band-edge trapping. At higher flu-
ences (<N,ps> = 1), absorption of multiple photons by
single NCs results in the creation of multiple excitons,
which decay on characteristic nonradiative AR time
scales (biexciton AR time T,, = 29 ps for this sample).®
In the case of 1.54 eV excitation, the sample shown in
Figure 1a does not show any discernible difference in
measured PL dynamics between the static and the
stirred solutions.

Figure 1b displays the PL dynamics measured for
the same sample under 3.08 eV excitation using very
low pump fluence (<N,ps> = 0.045) for which without
CM the vast majority (>97%) of photoexcited NCs
would contain single excitons. In this case, however,
the stirred sample (open black squares) shows an ap-
preciable fast component, characteristic of AR of multi-
excitons. Since this signal develops in the regime of pri-
marily single-photon absorption, it can be attributed
to CM.>14

Under 3.08 eV excitation, the trace taken under
static conditions (solid red circles in Figure 1b) is dis-
tinct from that for the stirred sample. Both traces show
a fast initial decay. However, in the static sample, the
early time emission is more intense than in the stirred
solution, while the signal at long delays is weaker. In the
inset of Figure 1b, the differences between the re-
sponses of the static and stirred solutions are high-
lighted by subtracting the constant long-delay uPL sig-
nal from the raw experimental traces. In the stirred case,
the decay resulting from the subtraction procedure
can be fit to a single exponential decay with a 29 ps
time constant, which is consistent with AR of biexci-
tons as inferred from studies using 1.54 eV excitation
(Figure 1a). On the other hand, the short-lived PL sig-
nal of the static sample is clearly multiexponential, and
in addition to the fast initial decay, it shows a slower
component. If in a biexponential fit the fast decay time
is fixed at 29 ps (biexciton AR time), the slower time
constant is ~150 ps.

As has been explained previously, the different dy-
namics observed under static and stirred solutions ex-
cited at 3.08 eV can be understood in terms of photo-
charging induced by UV light.'>'* If some fraction of
3.08 eV photon absorption events yields a long-lived
(compared to the time between absorption of photons
from separate laser pulses) charge-separated state with
a nonzero net charge in the core, then subsequent
photon absorption creates either a charged single exci-
ton (a trion) or, in the case of CM, a charged biexciton.
Compared to NCs with neutral biexcitons, NCs with
charged biexcitons should display faster AR (134 < T7a),
while trions are expected to undergo AR with a slower
time constant than neutral biexcitons (T1xa > T2a).
Simple “statistical” considerations,® for example, pre-
dict that Auger lifetimes of NC states comprising arbi-
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Figure 1. Time-resolved PL measurements of PbSe NCs with
Ey = 1.085 eV in hexane. (a) Normalized PL traces of stirred so-
lution of NCs under 1.54 eV excitation. The legend indicates
the normalized excitation fluences (®), where ® = 1 corre-
sponds to <N,,s> = 1.9. (b) Raw traces of back-to-back PL
measurements under stirred (open black squares) and static
(filled red circles) conditions and 3.08 eV excitation at < N,ps>
= 0.045. Inset: PL intensity minus the long-delay value. The
dashed and solid curves represent, respectively, single- and
biexponential fits to the stirred and static data. The data in the
inset is only shown for the first ~300 ps to highlight the dif-
ferences between the traces, but the fits were performed over
the entire 800 ps range of the uPL data.

trary numbers of electrons (N.) and holes (N,) in degen-
erate energy states scale as 1/7a % NeNn(Ne + Ny — 2).
In this case, Tyxa/Ton = 4/9, while Tixp/Ton = 4.
Differences in the uPL dynamics of stirred and static
solutions are expected to develop only if the rate of stir-
ring is such that NCs in a charge-separated state are
swept out of the excitation volume before absorbing
photons from subsequent laser pulses. The data of Fig-
ure Tb appear to be consistent with the above expecta-
tions. In particular, the stirred solution under 3.08 eV ex-
citation shows initial fast dynamics that are
indistinguishable from the dynamics of neutral biexci-
tons generated by 1.54 eV excitation. In contrast, for
3.08 eV excitation of the static solution, even low-
fluence excitation results in a clearly biexponential uPL
decay. The faster decay time is indistinguishable from
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the neutral biexciton AR decay time measured under
1.54 eV excitation. However, the slower decay occurs
with a time constant ca. five times that of the neutral
biexciton AR and so is suggestive of trion recombina-
tion. As mentioned above, a factor of 4 is expected for
the ratio of the trion AR time to the neutral biexciton AR
time from the “statistical” arguments of ref 19, while in
measurements of electrochemically charged CdSe/CdS
core/shell NCs, the reported trion AR times are 7.5(1.7)
times that of neutral biexciton AR.2

The fact that we see generation of biexcitons by
CM in the stirred solution along with signatures of ex-
cess core charges in the static sample suggests that in
the latter case we should also see a third, still faster de-
cay due to AR of charged biexcitons resulting from CM
in charged NCs. The absence of a clear third fast decay
time in this sample can be understood as a conse-
quence of our limited temporal resolution, insufficient
signal-to-noise ratio, and only a moderate degree of
photocharging. However, in static solutions of larger
PbSe NCs excited by 3.08 eV photons we did observe
decays faster than neutral biexciton AR when stirred so-
lutions only showed AR characteristic of neutral
biexcitons.”>'* These observations along with a quanti-
tative analysis of short- and long-time PL signals sug-
gest that photocharging does not suppress CM, though
it does complicate an accurate determination of true
CM yields." We point out that this conclusion is at odds
with the theoretical results of ref 21, according to which
the presence of charges in NCs leads to suppression of
CM. The possibility that the larger PbSe NCs showing
decays faster than neutral biexciton AR contained mul-
tiple excess core charges cannot be ruled out, though,
and more detailed studies are required for a quantita-
tive assessment of the effect of excess core charges on
CM efficiency.

As with the differences in time scales of PL decay
from static and stirred samples, the changes in the am-
plitudes of short- and long-time PL signals can also be
understood based on photocharging arguments.
Within the “free-carrier” model,’' the instantaneous
PL signal is proportional to the product of the numbers
of electrons and holes residing in the NC: lp, ¢ NeNp.
This scaling suggests, for example, that charged biexci-
tons are “brighter” than neutral ones by a factor of 1.5,
while trions are twice as “bright” as neutral single exci-
tons. Therefore, short-pulse excitation applied to a
charged NC ensemble produces a PL signal that at
short times (before AR takes place) is stronger than
that from an ensemble of neutral NCs. On the other
hand, since carrier decay in charged NCs is dominated
by nonradiative AR, photocharged NCs do not contrib-
ute to the long-time signal. Therefore, the long-time
signal is reduced compared to the signal from neutral
NCs. Both of these trends—the increase in the early
time PL intensity and the decrease in the late time
signal—are observed when we compare PL traces un-
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der 3.08 eV excitation for the static and stirred cases
(Figure 1b).

To estimate the fraction, f, of NCs in a charge-
separated state in a static sample, one can use the dif-
ference in long-delay uPL signals for static and stirred
cases.'* At long times following photoexcitation, the
NCs with a nonzero net charge decay by AR to a none-
mitting single core charge. Therefore, the ratio of the
long-delay uPL signal for stirred and static solutions
yields the fraction of NCs with neutral cores: f = 1 —
B*/B. Applying this expression to the data in Figure 1b,
we obtain f = 0.15 (the corresponding excitation rate
<Gabs> is 11 ms™!, calculated using <N,,s> = 0.045
and the pulse-to-pulse separation T = 4 us).

We add that the apparent CM efficiency deter-
mined from the static solution under 3.08 eV excita-
tion is consistent with photocharging. In the case of PL
studies, the quantum efficiency (QE) of photon-to-
exciton conversion in neutral NCs can be calculated
from the ratio of the early (A) and late (B) signals (Fig-
ure 1b) via QE = 100%(A/B + 2)/3,">'* which can be fur-
ther used to find the multiexciton yield = QE — 100%.
Since photocharging increases the PL signal at short
times after excitation but reduces its magnitude at long
times (after AR is completed), the overall effect is an in-
crease in the A/B ratio and an increase in apparent CM
QE. For example, based on the stirred measurements in
Figure 1b, the CM QE is 109% (n = 9%). On the other
hand, the same sample under static conditions shows
a higher A/B ratio, which corresponds to an apparent
multiexciton yield n*,p, = 23% (here and below we de-
note quantities related to static samples that can be po-
tentially affected by photocharging by an asterisk). A
quantitative model proposed in ref 14 allows one to re-
late the true CM yield to its apparent value in the pres-
ence of photocharging using the following expression
obtained assuming that true CM yields are identical in
neutral and charged NCs (n* = m): m*spp = [ + A2 +
0)/31(1 — N7, where fis the fraction of charged NCs in
a photoexcited ensemble. For the sample of Figure 1b,
M = 9% and f = 0.15 yield m*,,, = 23%. This value of
N*app is in remarkable agreement with the measure-
ments on the static sample, providing an additional
piece of evidence that the difference in dynamics be-
tween the static and the stirred solutions is due to
photocharging.

We note that we do not observe a correlation be-
tween band gap and the fraction of ionized NCs gener-
ated by 3.08 eV excitation, as was discussed in detail in
ref 14. This implies that photoinduced charge separa-
tion is not merely an intrinsic, size-dependent, phenom-
enon but is affected by other factors, e.g., surface prop-
erties of the NCs. Such extrinsic effects are especially
pronounced in the case of the two smallest gap (0.617
and 0.630 eV) samples that we studied previously.'>'
These two samples were of similar size and were pre-
pared by nominally identical synthetic procedures and
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dissolved in the same solvent (hexane). Yet, under 3.08
eV excitation the 0.617 eV sample showed little or no
static-stirred difference in uPL, while the 0.630 eV
sample showed the largest static-stirred difference in
uPL of any sample we investigated.

In contrast to the case of 3.08 eV excitation, we do
not see signatures of core photocharging in static
samples of well-passivated NCs excited with 1.54 eV
photons. At the lowest excitation fluences and after ini-
tial cooling of hot carriers to the band edges, the uPL
signal under 1.54 eV excitation shows “flat” dynamics
on the time scale of our measurements. If excess core
charges were present, then an initial fast decay due to
trion AR would be expected. Also, at higher fluences at
which we see the onset of AR, only a single time scale is
observed for the initial decay, which is consistent with
recombination of neutral biexcitons. Only at very high
fluences, when absorption of more than two photons
and direct generation of triexcitons and higher order
multiexcitons are expected, is a second time scale ob-
served in the uPL traces. For all the samples studied
here, though, the ratio of the faster to the slower de-
cay time is within about 25% of the ratio of tri- to biex-
citon AR times predicted in ref 19 (t3a/T2n = 2/9). We
note that the above behaviors are not necessarily ob-
served in poorly passivated samples that exhibited low
PL quantum yields and a considerable amplitude of fast
initial decay due to surface trapping. Although very
few poorly passivated samples were studied, one such
sample (static solution) did show the same signatures of
photocharging under 1.5 eV excitation that in higher
quality samples were only seen at 3.08 eV. Conversely,
in a recent study of surface-oxidized NCs, which showed
significant trapping under 1.5 eV excitation, no signifi-
cant static-stirred difference was observed in the corre-
sponding uPL dynamics with 3.08 eV excitation.?? This
indicates that while some of the trap sites accessible
from the band-edge NC states may lead to generation
of the long-lived charge-separated states others do not.

Steady-State Signatures of Photocharging. We also ob-
serve clear signatures of photocharging in steady-state
PL and absorption spectra of static solutions, which pro-
vides additional means to quantify the fraction of NCs
in a charge-separated state. Figure 2a shows the emis-
sion spectrum from PbSe NCs with E; = 1.085 eV (same
sample as in Figure 1) under 3.08 eV cw excitation. For
the static solution the emission is reduced compared to
the stirred case, which can be easily understood if we
account for the presence of charged NCs. Charged NCs
are expected to be nonemissive after AR and only con-
tribute weakly to the total emission because in PbSe
NCs the AR lifetimes are orders of magnitude shorter
than radiative lifetimes. For a partially charged en-
semble of NCs, the ratio of the steady-state PL signal
from the static solution (/*p) to that from the stirred
sample (/p.) thus provides a direct measure of the frac-
tion of neutral NCs, which allows one to determine the
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Figure 2. Steady-state absorption and emission spectra for
PbSe NCs with E; = 1.085 eV in hexane under 3.1 eV excita-
tion. (a) The cw PL measurements under stirred (solid black
curve) and static (dashed red curve) conditions at a photon
absorption rate of 0.078 ms™". Data is normalized to the in-
tensity at the peak of the spectrum from the stirred sample.
(b) Absolute value of the change in the steady-state absorp-
tion coefficient (filled red circles) of the stirred solution rela-
tive to the static solution measured under 3.1 eV excitation
by 100 fs pulses at 1 kHz and <N,,;> = 0.5. The black curve
is the absorption coefficient.

degree of photocharging from f = 1 — [*y/Ip.. For the
data in Figure 2a, this yields f = 0.11 at <g,p> = 0.078
ms~ .

The presence of core charges is also evident in
steady-state measurements of the band-edge (1) ab-
sorption feature. Specifically, we observe that pulsed
excitation of a static solution with 3.08 eV photons re-
sults in steady-state bleaching that matches the 1S ab-
sorption line shape of a stirred solution (Figure 2b).
However, estimating the degree of photocharging in
this case is more challenging than in the case of PL meas-
urements. One difficulty is associated with a mismatch
of the effective absorption lengths at the excitation and
probe wavelengths. The absorption coefficient at the
pump wavelength (g pump) Of the PbSe NCs studied
here is ca. 1 order of magnitude larger than the absorp-
tion coefficient at 1.5 eV, which is in turn of the same or-
der as the absorption coefficient at the 1S peak (a 15)-
Consequently, absorption measurements were per-
formed under conditions such that 3.08 eV photons
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Figure 3. Fraction of photocharged NCs generated by 3.1

eV excitation as a function of excitation rate. (a) Fraction of
photocharged NCs (E; = 1.085 eV, in hexane) as a function of
3.1 eV excitation fluence as determined by cw PL (open red
triangles), uPL (open black circles), and cw absorption (filled
blue squares). (b) Same as (a), except E; = 0.925 eV (in hex-
ane) for cw PL (filled black squares) and uPL (open black
circles).

penetrated a fraction of the depth of the solution, while
the probe photons passed through the samples with
little attenuation. If we account for the mismatch of the
effective absorption lengths at the pump and probe
wavelengths and the 8-fold degeneracy of the 1S states
in PbSe NCs,2>?* then in the case that photocharging
depends linearly on UV intensity, we can obtain the fol-
lowing approximate expression that relates the aver-
age degree of photocharging in the static sample to the
stirred-static difference in the intensity of the transmit-
ted probe light tuned to the 1S resonance (Alrs = ks
— IP719): f = 8(|Alx15|/Ix,15) (0t pump/ to,15). However, this
expression only holds for the case of a linear depen-
dence of f on excitation fluence. In the case that photo-
charging shows saturation at a level f,, as indicated be-
low, such that a large fraction of the probe path (/is the
path length) is saturated and the static-stirred differ-
ence is dominated by the saturated region, we then ex-
pect f =~ fo = (1/B)(8/cg1s/) In(1 + |Al1ss |/It.15), where
B is the fraction of the probe path that is saturated. Ap-
plying this expression to the data in Figure 2b for which
g5/ = 0.58 and we estimate B = 2/3, we obtain f =
0.08 (<gaps> = 0.53 ms ™).

Figure 3a summarizes the results of our estimates
of the fluence dependence of the ionized fraction of
NCs determined from transient- and steady-state meas-

\ f\\&) VOL.4 = NO.10 = MCGUIRE ET AL.

urements of the 1.085 eV sample. From steady-state
PL, which of all of the techniques allows us to measure
static-stirred differences at the lowest fluences, we ob-
serve that f goes to 0 as the excitation fluence at ~3.1
eV approaches 0, as expected for photoinduced charg-
ing. Further, we observe that the values of f estimated
from the different techniques are consistent within a
factor of about 2. As illustrated by the example in Fig-
ure 3b, this good agreement between different meas-
urements of f across techniques is also seen for other
samples.

Since cw PL allows for the most accurate measure-
ments of f down to very low excitation rates, we use
this method for the analysis of the pump-intensity de-
pendence of photocharging. In Figure 4a, we present
photocharging data for three samples with band gaps
of 0.677,0.925, and 1.085 eV derived from cw PL meas-
urements. These data exhibit several consistent trends.
First, we notice that finitially shows a linear growth with
<gaps>> but then saturates at a level that is different
for different samples. This behavior indicates that the
charge separation observed here is not mediated by a
nonlinear process, such as two-photon absorption (con-
sidered, e.g., in ref 12), at least in the range of intensi-
ties where the role of multiple photon absorption
events is insignificant.

Further, the data in Figure 4a suggest that not all
but just a subset of NCs from the ensemble are suscep-
tible to photocharging and that the fraction of these
NCs (f) defines an upper limit of the degree of charg-
ing in a given sample. We also observe that the satura-
tion of fin all samples is achieved at excitation rates of
ca.0.05—1 photons per NC per ms. In the case of pulsed
PL measurements at a 250 kHz repetition rate, these val-
ues translate into very low per-pulse fluences that cor-
respond to an absorption of 0.0004—0.004 photons per
pulse per NC. In typical ultrafast CM studies, <N,ps>> is
much greater than the latter values, which would hence
correspond to a regime where f is almost pump-
intensity independent and close to f,. This implies that
in the limit of the lowest pump intensities typically used
to quantify CM yields, the amplitude of dynamical sig-
natures due to charged species (e.g., trions and charged
biexcitons) will not decrease but will rather saturate at
the value defined by f,. This mimics the expected be-
havior for a true CM signal and thus can lead to errors
in the experimental determination of QEs.

We have used a simple model for a quantitative
analysis of the photocharging results. As discussed
above, in this model we assume that only a certain frac-
tion of the NCs in the sample (f;) can undergo photo-
charging. We also assume that the rate of formation of
charged NCs is proportional to excitation rate (<gaps>),
while the density of charged species within the ex-
cited volume of the sample decays due to recombina-
tion of charge-separated electron—hole pairs (charac-
teristic time is 7). The above assumptions lead to the
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following rate equation for f as a function of time (t),
dfit)/dt = [fo — fO1Y(gabs) — f()/7en,which in the steady-
state limit reduces to

f= f0<gabs>[<gabs> + (’Y‘ceh)ﬂ:r1 (1)

where y = 1 is the probability of charge separation fol-
lowing a photon absorption event.

We use this expression to analyze photocharging
data from Figure 4a (symbols). All three data sets shown
can be closely reproduced by the above model (lines
in Figure 4a), which allows us to derive both fy and yTep
(indicated in the plot). The values of f, vary from 0.05
for the sample that is least affected by photocharging
to 0.14 for the NCs with the largest degree of photo-
charging, while yte, which determines the onset for
saturation (go = 1/yTen), is within the range of ~10—250
ms.

To separate contributions from T, and v to the ob-
served saturation thresholds, we measure the lifetime
of charge-separated states by analyzing the evolution
of the steady-state PL signal after stirring is abruptly
stopped. In Figure 4b, we show four PL traces recorded
for a sample with £, = 0.88 eV excited at rates from
0.011 to 0.063 ms~ . These traces indicate an extremely
slow buildup of the population of charged NCs charac-
terized by a time constant of 39 s. This time provides a
direct measure of 1¢,. To determine the onset of photo-
charging saturation for this sample, in Figure 4c, we
plot the long-time values of f (laboratory frame time
longer than 200 s) as a function of <g.,s> (red open
circles). In the same plot, we also show a high pump-
intensity value of f derived from uPL measurements
(solid black square). By fitting the experimental data
points to eq 1, we obtain 1/go = yTen = 22 ms. Based
on the measured value of 7., we further calculate y =
5.6 X 10~* or 0.056%. For other measured samples, T,
is in the range of 20—50 s, while y is from 10™*to 1073,

Based on the measurements of v, one can estimate
the ionization cross-section (ojo,) of the NCs from the
product of the absorption cross-section at the excita-
tion wavelength and y: gion = yoaps. FOr the sample in
Figure 4b, oo, = 5 X 1078 cm ™2 for 3.1 eV excitation.
This value suggests that, in a NC exhibiting photocharg-
ing and at fluences typically used in time-resolved CM
studies (<N,ps> < 0.1), only 1 out of more than 10 000
incident pulses produces a charge-separated state.
However, despite a very low probability of photocharg-
ing, prolonged exposure to UV radiation can still lead
to the buildup of a significant population of charge-
separated states because of their extremely long
lifetimes.

In our analysis of population decay in the ensemble
of charged NCs, we have neglected NC diffusion from
the excited volume because the contribution from this
process is extremely small. Using the NC diffusion coef-
ficient (D) of ~107° cm? s~ (estimated from the
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Figure 4. Analysis of onsets for saturation of photocharging and life-
times of charge-separated states. (a) Fraction of photocharged NCs de-
termined from cw PL as a function of excitation rate (3.08 eV photon en-
ergy) for NCs with E; = 0.677 eV in deuterated chloroform (filled blue
circles), E; = 0.925 eV in hexane (filled black squares), and E; = 1.085 eV
in hexane (open red triangles). Curves are fits to the data using the
model described in the text. (b) Slow evolution of the cw PL signal for
NCs with E; = 0.88 eV in trichloroethylene in the situation when stirring
is abruptly stopped for four different excitation rates indicated in the
legend (in ms™"). A gradual reduction of the PL signal is due to the
buildup of a population of charged NCs, which occurs with a 39 s time
constant. This represents a direct measure of the lifetime of charge-
separated states. (c) Steady-state photocharging fractions derived from
the data in (b) as a function of excitation rate (open red circles). We also
show a high pump-fluence data point obtained from uPL measure-
ments (solid black square). These data indicate y7., = 22 ms, which to-
gether with results of transient measurements in (b) allows us to deter-
mine that the probability of photocharging is y = 5.6 X 107 or 0.056%.

Stokes—Einstein relation for solvent viscosity of ~0.5
mPa s), we obtain that the characteristic NC diffusion
time (1p) is on the order of hours (tp ~ d*/D) for the ex-
citation spot sizes (d) of ~3 mm used in our measure-
ments. Therefore, the tens of seconds time scale ob-
served for the buildup/decay of the population of
charged NCs is not due to NC diffusion but rather to re-
combination of charge-separated states.

Configuration Coordinate Model of Photocharging. The
charge separation that is responsible for photocharg-
ing induced by UV photons is likely distinct from the
common picture of trapping of band-edge excitons by
intragap defects as we see a clear photon-energy de-
pendence for such charge separation. In particular, in
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representation to describe such a pho-
tocharging scenario, assuming for the
sake of this illustration that the charge
escaping the NC is an electron. We
consider the situation where the elec-
tron acceptor (trapping center) is lo-
cated somewhere in the ligand shell at
a distance rr from the NC center (Fig-
ure 5a). This problem is similar to one
analyzed previously by Sercel,? who
used a configuration-coordinate ap-
proach to calculate the rate of electron
intraband relaxation due to coupling
of a quantum dot excitation to a de-
fect within the surrounding matrix.

In the schematics in Figure 53, a

Configuration coordinate

Figure 5. Electron trapping leading to NC charging in a configuration-
coordinate representation. (a) A trap center T in the NC ligand shell experi-
ences a displacement Q, following electron transfer from the NC conduction-
band state. C1 and Cn denote NC wave functions for the low-energy band-edge
state (red line) and the excited state (blue line), respectively. While overlap of
the NC wave function with the trap state is weak for C1, it increases in the case
of Cn. (b) A configuration-coordinate representation of the electronic states in
the NC (black and blue solid lines) and the trap state (red dotted line). (c) Same
as in (b) but for two trap states (T1 and T2) with two different electronic ener-
gies. Arrows mark the barrierless level crossings for T1 and T2.

the case of well-passivated PbSe NCs excited with low-
energy (1.5 eV) but above-band gap photons, we see
little to no signatures of charge separation, but excita-
tion with 3.1 eV photons does produce in some samples
clear signatures of charging. This observation of more
efficient photocharging by UV light compared to near-
infrared excitation is similar to previous EMF results that
indicated wavelength-dependent photocharging of
CdSe NCs separated from a conductive substrate by a
thin insulating layer.? Specifically, the authors of ref 9
suggested that high-energy unrelaxed electrons can
tunnel into the conductor via a suitable high-energy
trap state. Based on our results, a similar process of hot
electron transfer to some states outside the NC core is
likely possible also in the solution form of NCs. This pro-
cess is, however, different from the enhanced trapping
of excitons created by above-band gap excitation in
CdSe NCs studied by Sewall et al., as the latter effect
was not associated with formation of a long-lived (tens
of seconds) charge-separated state and hence was most
likely due to a different type of trapping site that recov-
ers on the time scale of the pulse-to-pulse separation
in time-resolved femtosecond measurements.?

Given the nonpolar nature of the solvents used in
our studies, it is likely that the “hot” charge ejected
from the NC core is stabilized at some site in the ligand
shell at an appreciable distance from the NC, which
complicates its transfer back to the NC and, therefore,
results in a long-lived charge-separated state. In Figure
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Configuration coordinate

configuration-coordinate Q is shown
as a displacement of the trapping cen-
ter with respect to the NC. However,
one should realize that this is a simpli-
fied picture, as in reality Q can de-
scribe a much more complex rear-
rangement of atoms both in
surrounding ligand molecules and in
a solvent. We assume that following
electron transfer from the NC, the trap
center experiences a transition to a
new equilibrium position Qg along the configuration co-
ordinate Q (Figure 5a). This displacement does not af-
fect the electronic energies of quantized NC states (en-
ergies E£¢; and Ey;, for the conduction and the valence
band levels, respectively), but it leads to a change in the
electronic energy of the trap level, which for small val-
ues of Q can be approximated by a linear dependence:
Er = Ero — VQ. Here, Ey is the trapped electron energy
for Q = 0, and V is the matrix element that couples cen-
ter displacement to electron motion. In this model, the
total energy of the system (the sum of the electronic en-
ergy and the energy of center vibrations) for the
trapped electron and the electron in the quantized NC
state can be presented, respectively, as Eiorr = E'1o +
(ho/2)(Q — Qp)? and Eqprcn = Ecn + (fiv/2)Q% where o
is the frequency of acceptor vibrations along the config-
uration coordinate, E'tg = Erg — V?/(2fiw), and Qq =
V/(fiw) is the “displaced” coordinate.

In Figure 5b, we use the above expressions to show
the energies of the NC valence band-edge state (V1), a
few NC conduction band states (C1, C2, ..., Ci), and the
trap state (T). In this plot, the trap state is positioned in
such a way that it is separated from the lowest-energy
conduction band state (C1) by a sizable potential barrier
(AEc,), which makes it difficult for the relaxed C1 elec-
tron to access it. On the other hand, the height of the
potential barrier gets progressively smaller with increas-
ing energy of the NC electron level. For an excited state
of a sufficiently high energy, the trapping process can
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become “barrierless,” as illustrated in Figure 5b using
state Cn as an example. As the electron energy is in-
creased further (see, e.g., state Ck in Figure 5b), the en-
ergy barrier for carrier trapping starts to increase again,
which corresponds to charge transfer in the inverted re-
gime.?” This reappearing barrier inhibits direct carrier
trapping from a photoexcited high-energy state. How-
ever, even in this case, electron trapping can still be bar-
rierless if the electron first relaxes to the Cn state (due,
e.g., to coupling to NC lattice vibrations?® or
electron—hole energy transfer)?® and then is trans-
ferred to the trap site.

In addition to a reduced barrier, direct trapping
from a higher-energy NC level is facilitated by increas-
ing leakage of quantized states into the region outside
the NC, which increases their overlap with the wave
function of the trap state (see schematic illustration in
Figure 5a). Specifically, using approaches previously de-
veloped for the problem of charge trapping at local-
ized defect states in bulk semiconductors (see, e.g., ref
30), one can show that the trapping rate from the state
Ci (Wc;7) in the high-temperature limit can be expressed
as Weit = (0/2m) Pcir exp(—AEci/kgT). Here, P¢;1 is a fac-
tor that, in the weak-coupling, nonadiabatic regime
(most likely realized here given the very low probabili-
ties of photocharging) is proportional to the square of
the modulus of the matrix element of the Ci—T interac-
tion and hence directly depends on the overlap be-
tween the wave functions of the NC and the trap states.
We point out that the probability of trapping does not
vanish even in the limit of low temperatures (kg7 <<
hiw), as in this case, the transition to the trap site can oc-
cur via quantum-mechanical tunneling (see, e.g., ref
26).

The above model offers a possible rationalization of
our photocharging results. One experimental observa-
tion is that the well-passivated samples studied here do
not display photocharging at 1.5 eV excitation but ex-
hibit signatures of photocharging if excited at 3.1 eV.
This result implies the existence of an energy thresh-
old for photocharging. Based on our model, we can
suggest that this threshold develops as a result of com-
petition between intraband relaxation (rate W,q) and
trapping. Specifically, when the NCs are excited into a
low-energy state, Wc; is smaller than W, and there-
fore, most of the photoexcited electrons rapidly relax
into the ground C1 state, which only weakly interacts
with the trap state and is further separated from it by
a large potential barrier (AE¢); both of these factors in-
hibit trapping. On the other hand, the trapping prob-
ability increases with increasing excitation energy,
which is a result of two factors: the reduction of the
trapping barrier (this leads to the increase of the expo-
nential factor in Wc;1) and the increase of the wave func-
tion overlap between the NC and the trap states (this in-
creases Pc;1). Therefore, when the energy of the
photoexcited electron increases, one eventually can
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have a situation where W¢;r becomes an appreciable

fraction of W, so that the signal resulting from charged
NCs becomes resolvable experimentally; this will be ob-
served as a spectroscopic threshold for photocharging.

The configuration-coordinate model in Figure 5b
also allows one to understand the very long lifetimes
of charge-separated states. After relaxation into a vibra-
tional minimum of the trap state, the electron is sepa-
rated from the valence-band state by a large potential
barrier, AEry, which greatly reduces the exponential fac-
tor in the transfer rate, and hence, the likelihood of
trapped electron recombination with a valence-band
hole. The return of the electron to the conduction band
is also inhibited by an even bigger potential barrier
AErc Further, neither of the band-edge NC states (C1
and V1) significantly leaks outside the NC, and there-
fore, they only weakly couple to the T-state. This leads
to an additional reduction of the “detrapping” probabil-
ity and hence very long, tens of seconds, lifetimes of
the trapped electrons.

The above considerations also explain sample-to-
sample variability in the degree of photocharging as
well as nonuniformity in photocharging across the NC
ensemble (e.g., the existence of “chargeable” and “non-
chargeable” NCs). Given the complexity of the NC
ligand shell, one might expect the existence of a vari-
ety of trapping sites occurring at different separations
from the NC and characterized by different electronic
energies, vibrational frequencies, and coupling matrix
elements. These differences are expected to lead to
variations in parameters, such as r, E'ro, V, and Q, and,
hence, the height of the potential barriers that control
trapping/detrapping as well as the coupling strength of
states in the NCs to trap states.

To illustrate this variability, in Figure 5¢ we show
two trap states (T1 and T2) that are characterized by
two different energy minima E'r,g < E'11o. We further as-
sume that the photocharging threshold is located near
the energy where NC and trap levels exhibit a barrier-
less crossing (marked by arrows in Figure 5¢).3' Because
of a smaller value of E'y, the T2 trap exhibits a lower
trapping threshold (corresponding to the Cm state)
than the T1 trap (corresponding to the Cn state). If the
NCs are photoexcited into the Cm state, the subset of
particles with the T2 trap state will exhibit photocharg-
ing, while the particles having the T1 trap will not. As a
result, some of the NCs in the ensemble will behave as
“chargeable” and others as “unchargeable.” An interest-
ing conjecture from this model is also that the “un-
chargeable” NCs will become “chargeable” if one in-
creases the photon energy to excite the electron into
the Cn state. Thus, one might expect that the degree of
photocharging will exhibit a continuous growth with
photon energy above the threshold energy due to in-
creasing availability of potential trap sites.
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CONCLUSIONS

In this report, we have presented a detailed compari-
son of the signatures of UV-induced photocharging of
solutions of colloidal semiconductor nanocrystals (NCs)
across a range of transient- and steady-state tech-
niques. UV excitation leads to partial quenching of
photoluminescence (PL) and steady-state bleaching of
the interband 1S absorption peak. The fraction of
charged NGs, f, in a photoexcited ensemble is consis-
tent across the techniques. In contrast, in these well-
passivated samples, photocharging is not discernible
under excitation with 1.5 eV photons, indicating that
this process is mediated by direct transfer of a hot car-
rier (@n electron or a hole) to some trap site outside the
NC.

The degree of photocharging initially grows linearly
with pump fluence but then rapidly saturates at a cer-
tain value (from 5 to 15% in our measurements) defined
by the fraction of “chargeable” NCs in the ensemble.
This saturation occurs at excitation rates as low as ~0.1
photon per NC per ms or ~0.0004 photon per NC per
pulse in UPL measurements. The observed saturation
thresholds and the measured lifetimes of charge-
separated states (tens of seconds) imply that the prob-
ability of photocharging following a photon absorption
event is from 107%to 1073, Our observations can be un-
derstood in terms of a configuration-coordinate ap-
proach, which allows us to rationalize the spectral de-
pendence of photocharging, the long lifetimes of

METHODS

Oleic acid-capped PbSe NCs were prepared as described
previously.3233 The NCs were dissolved in either hexane, deuter-
ated chloroform, or trichloroethylene (TCE) and diluted to an op-
tical density of 0.1—0.3 at 1.55 eV in a 1 mm thick cuvette with
an airtight seal in an argon atmosphere. Based on prescreening
using time-resolved PL measurements, we only select well-
passivated samples that do not exhibit any discernible fast-
decay component due to surface trapping of band-edge
excitons.

Time-resolved PL measurements were performed as previ-
ously described.' Samples were excited using the 1.54 eV funda-
mental or the 3.08 eV second-harmonic outputs from a Ti:sap-
phire amplifier operating at 250 kHz. Emission due to
recombination of band-edge carriers was temporally resolved
using PL upconversion (uPL).'” In this method, PL arising from
short-pulse excitation (derived from 0.2—3 ps stretched pulses
at the fundamental laser frequency) of NC solutions was spatially
and temporally overlapped with a gate pulse of 1.54 eV
photons (derived from the same fundamental radiation) in a
nonlinear B-barium borate (BBO) crystal. Visible photons pro-
duced by sum-frequency generation between the PL and gate
pulses were sent through a monochromator and detected with
a photomultiplier tube followed by photon-counting electronics.
The width of the monochromator slit was set to correspond to
a resolution of ~50 meV in the spectral range of NC emission,
which is comparable to the width of the band-edge emission
peak and much larger than spectral shifts due to
exciton—exciton interactions.3*3°

Steady-state measurements of PL were performed by excit-
ing samples with a cw diode laser at 1.53 or 3.08 eV. The excita-
tion spot diameter was about 0.6 mm at 1.53 eV and 3 mm at
3.08 eV. The PL was detected with a liquid nitrogen-cooled InSb

charged states, and the existence of “chargeable” and
“unchargeable” NCs as well as the sample-to-sample
variability in the degree of photocharging.

Our results have important implications for spectro-
scopic studies of NCs and especially studies of the car-
rier multiplication (CM) process. Despite a low probabil-
ity of photocharging (<1073) observed for samples
under investigation (well-passivated NCs in nonpolar
solvent), the extremely long lifetime of the charge-
separated state facilitates accumulation of charged
NCs within the excitation volume if the sample is not re-
freshed (via, e.g., stirring) between sequential laser
pulses. Further, in CM measurements, excitation flu-
ences are normally greater than the onset for satura-
tion of f. Therefore, the dynamical signatures due to
photocharging are expected to be almost independent
of excitation intensity, which thus mimics the behavior
due to true CM. If not accounted for, the effects of
photocharging can lead to errors in quantitative mea-
surements of CM efficiencies. This may represent an es-
pecially serious problem in the case of NC films in which
simple means for mitigating photocharging, such as
sample stirring, are not readily available. In addition to
complicating the analysis of CM results, the effects of
uncontrolled photocharging are deleterious to many
applications of NCs, as Auger recombination of carriers
with pre-existing charges opens additional channels for
fast nonradiative population losses.

detector after spectral filtering through Si or glass filters and a
monochromator. Detection was performed by lock-in amplifica-
tion while mechanically chopping the laser beam at 3 kHz.

Long-lived photoinduced changes in steady-state absorption
were studied using probe radiation from a Xe lamp spectrally fil-
tered so that only near-infrared light was incident onto the
sample. The transmitted probe was passed through a monochro-
mator and detected with a Ge photodiode. The probe light was
chopped at 250 Hz and measured via lock-in detection, while the
sample was excited at 3.1 eV by the frequency-doubled output
of a 100 fs laser operating at 1 kHz.

Spectrally filtered radiation from Xe and W lamps was also
used in studies of lifetimes of charge-separated states. These life-
times were measured by monitoring a slow evolution (labora-
tory time frame) of the PL signal after sample stirring was
abruptly stopped. This allowed for the population of charged
NCs in the excited volume to gradually build up, which led to
the reduction of the PL signal. The size of the excitation spot in
these measurements was ~3 mm.

Excitation fluences in time-resolved measurements are re-
ported in terms of the average number of photons, <N,,s>, ab-
sorbed per NC per pump pulse at the peak of the pulse spatial
profile at the entrance face of the sample: <N.,> = j,0abs
where j, is the measured per-pulse pump fluence in units of
photons per unit area, and o, is the absorption cross-section.
The absorption cross-sections of PbSe NCs at 3.08 eV were de-
rived from the reported values of Moreels et al.** by introducing
a correction for the difference in the refractive indexes of the sol-
vents. For steady-state measurements or when comparing
transient- and steady-state experiments, we express the pump
intensity in terms of excitation rate, <ga,s>, which is defined as
the average number of absorbed photons per NC per unit time.
In the case of pulsed excitation, <g.ps>> is related to <N,,,> by

A

6096 | ACINANO

VOL. 4 = NO. 10 = MCGUIRE ET AL. www.acsnano.org



<Gabs> = <Naps>T ' = jouoabs T ', Where T is the pulse-to-pulse
temporal separation.
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