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ABSTRACT: We study how lateral transport of excitons (exciton
diffusion) in quantum dot thin films is influenced by the photo-physical
and photo-chemical properties of the quantum dots. For this, thin layers of
colloidal quantum dots on glass substrates are exposed to laser pulses with
different total average powers. Spatial mappings of the lifetimes of the
quantum dots within the diffraction-limited spot sizes of the laser beam
show that their photo-induced properties can be influenced by the
excitation intensity mode profiles significantly, leading to three distinct
regimes of exciton diffusion across the films. These include the cases wherein the lateral energy transport (i) is linearly influenced by the
laser intensity mode profiles, (ii) is convoluted by variations of laser intensity and photo-physical and photo-chemical properties of the
quantum dots, and (iii) is significantly influenced by the formation of oxidation hole burning. The third regime, oxidation hole burning
effect, occurs at the center of the excited regions of the quantum dot thin films, suppressing their emission and transport of energy
considerably. We will discuss variations of the diffusivity as a function of the laser intensity mode profiles and time. The results shed
light on the impact of photo-chemical and photo-physical processes on transport of energy in quantum dot thin films, highlight the
regimes of eficient exciton diffusion, and demonstrate the prominent impact of the intensity mode profiles of the light used to excite

Ll Metrics & More | Article Recommendations

quantum dot thin films.

1. INTRODUCTION

Transport of excitation energy without the exchange of carriers
or photons is in the front line of ongoing research toward novel
optical and energy devices,™ sub-wavelength energy wave-
guide designs,® and understanding of energy transfer in
nanoscale systems and biological materials.””** In many
semiconductor systems, energy transport is based on the
spatial transfer of excitons. Such a process has been studied in
different types of systems, including biological systems,?
transition-metal dichalcogenide monolayers,®* quantum well
structures,* and quantum dot (QD) systems.”>™*” Inves-
tigation of exciton transport in QD systems is of particular
interest as it can occur in three-, two-, and even one-
dimensional structures.’®° As a result, it can have widespread
applications, particularly for sensitized solar cells,*%*9722
quantum computing,>>?* and quantum dot lasers.”®> QD
systems are also interesting for investigation of Fortster
resonance energy transfer (FRET), including the control of
its rate via plasmonic effects.?6:27-30

Although exciton diffusion and energy transfer in QDs have
been studied extensively in the past,31738 little or no attention
has been paid to the impact of excitation intensity on such
processes. It is well known that the photoluminescence (PL) of
colloidal QDs can be strongly influenced by the wavelength,
intensity, and temporal features of the light sources used to
optically excite them.3**2 In particular, previous reports have
shown that photo-chemical and -physical properties of QDs
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can include photo-oxidation, photo-induced fluorescence
enhancement,?®**™** and biexciton auger recombination.***®
These processes are related to defect generation and
passivation by irradiation.***” It has further been shown that
these processes are dependent on humidity levels.”® It is
thought than when QDs are excited well into their conduction
bands, the electrons can interact with defects associated with
QD surfaces, substrates, and the embedding environments are
known to have significant impact on QD devices.>*°
Therefore, a deeper understanding of their development and
passivation can shed light on the ongoing research of energy
transport in QD-based devices.

In this paper, we study the effects of photo-physical and
photo-chemical properties of QDs on exciton diffusion across
QD thin films. We demonstrate that such properties impose
different regimes of energy transport depending on the
intensity of excitation light sources. These include (a) the
linear regime, wherein excitation irradiation does not
convolute the diffusion process; (b) the moderate regime,
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Figure 1. (a) Overall optical setup. An exciton distribution is generated in a QD thin film by exciting it with a diffraction-limited laser spot. (b)
TCSPC curves were measured at various positions across the image of the profile formed on the detector/slit combination. The oxidation/
enhancement rates at positions A, B, and C across the image of diffraction-limited spot size of the laser beam are measured. (c) Scanning mode of
operation used to measure exciton diffusion across the plane of our samples.
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Figure 2. TCSPC curves corresponding to 0, 1, and 2 um offsets, i.e., A, B, and C positions in Figure 1b, for TAPs of (a—a”) 2 uW, (b-b") 5 uW,

and (c-c”) 16 uWw.

wherein slight oxidation has some impact, yet diffusion is
directed from the center of excitation with exciton population
toward the outside; and (c) the oxidation hole burning regime,
wherein the QDs at the center of excitation spot become dark,
causing oxidation hole burning (OHB) such that no energy
goes in or out it. In the third regime, exciton diffusion occurs
around a ring surrounding the OHB. We study variations of
the radiative and non-radiative decay rates associated with
these three regimes, highlighting the limiting impact of the
excitation profile of the light source used to study exciton
diffusion in QDs. Our experimental methodology includes an
investigation of the impact caused by various regimes of photo-
oxidation at different positions across the excitation intensity
mode profile of the laser beam. The outcomes of this paper are
useful for the ongoing research regarding QD device
applications and energy transport in QD systems. These
include optoelectronics devices such as lasers and detectors>**°
and QD energy waveguides.*®

2. METHODOLOGY

QD thin films were fabricated by spin coating a solution of
QDs in toluene on glass substrates. The QDs were of the
CdSe/Zns core shell type acquired from Ocean Nanotech with a
peak emission wavelength of 620 nm. Our experimental setup is
shown in Figure 1a. In order to observe the impact of photo-
induced processes on PL and QD decay rates, we exposed our
samples to a 450 nm-pulsed laser from Picoquant (LDH-P-C-
450B) with 30 ps temporal width at a pulse rate of 20 MHz.
The laser was focused onto our samples with a full width half
maximum (FWHM) of 2 um and total average powers (TAPs)
ranging from 2 to 32 pW. This generated an exciton
distribution on the sample proportional to the number of
photons incident on each position of the excitation profile
(Figure 1b). We then projected the image of the resulting PL
from these excitons onto the plane of a 20 um slit placed in
front of a single photon avalanche photodiode, which was
positioned at various locations across the magnified image. For
each combination of laser power and detector position, we
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exposed the samples for 657 s while also recording exciton
decays using a time correlated single photon counting
(TCSPC) system at given time intervals. We normalized
these curves to the initial counts, allowing us to observe the
change in PL intensity and lifetime over long periods of
exposure. Given the FWHM of our excitation area, we decided
to probe the photo-induced processes at the center of the
excitation profile (position A) and at 1 um (position B) and 2
um (position C) offsets. In order to ensure the reliability of our
data, every measurement was performed with a minimum of
three trials. While these measurements allowed us to probe the
various regimes of timed photo-induced processes present for
each TAP, they did not on their own reveal any information
regarding how excitons diffuse on the QD thin films. A key
feature of this technique, however, is that it allows us to
measure the photo-induced process of QDs at various
locations on the excitation profile (Figure 1b) and ultimately
study how such a profile influences and convolutes exciton
diffusion.

To observe exciton diffusion, we utilized a similar technique
to that of Akselrod et al.® We excited our samples with a
diffraction-limited laser spot at various TAPs. We first pre-
exposed our samples for a period of 5 min to allow any photo-
induced processes to reach a near steady state, allowing us to
ignore ongoing processes during the measurement period. We
then continued to expose the sample, scanning our slit and
detector across the magnified image of the exciton PL (Figure
1c) and recording TCSPC data at various positions. Our
diffusion plots were generated by dividing the TCSPC curves
at each position by the TCSPC curve at the position of
maximum intensity. Because our system is diffraction-limited,
long-lived excitons capable of making multiple transfers are the
primary contributors to the broadening of our spatial
distribution.

3. IMPACT OF THE IRRADIATION MODE PROFILE ON
OXIDATION AND DECAY OF QD THIN FILMS

Figure 2 demonstrates the various regimes of timed photo-
induced processes present in different positions (positions A,
B, and C as indicated in Figure 1b) of the laser excitation
profile. As can be seen from Figure 2a,a”, at a TAP of 2 uW, or
0.25 uW/um? intensity at the center, the rate of oxidation is
insignificant; instead, radiation-induced surface passivation
causes some degree of PL enhancement, which stabilizes
after several minutes. Since the change in intensity is similar at
all three positions, it can be said that the case of 2 uW falls in a
regime wherein the PL-induced enhancement happens with
more or less the same rates across the laser beam profile. The
PL enhancement seen here can be associated with the surface
and field-effect passivation. The latter can be due to the
electrostatic field of darkened QDs. This process occurs when
photo-excited electrons in a QD are ejected to its defect site,
charging the QD. The electrostatic field generated by such a
darkened QD suppresses the same process in the neighboring
QDs, enhancing their emission.>*™>>

Differing degrees of the photo-induced processes become
apparent at a 5 yW TAP. At position A (Figure 2b), we see
photo-induced enhancement for the first @100 s of exposure,
which can be associated with the surface and field passivation
of the defect sites of QDs.>* A similar passivation has been
shown in an appropriately oxygenated environment.>* In the
case of 5 uW TAP, however, photo-oxidation can generate
defects, and the number of the darkened QDs is increased

drastically, leading to a turning point where the PL
enhancement is replaced with suppression. Beyond this turning
point, the eficiency of the radiative decay of QDs is reduced.
In moving to position B (Figure 2b’), we observe a position
with lower intensity, and thus a lower rate of defect generation
and QD darkening. As a result, the enhancement turning point
occurs after a longer time. At position C, the excitation (Figure
2b") intensity is low enough that almost no defects are
generated and the scenario seen in Figure 2a—-a” is repeated.

To further see the impact of laser excitation power and the
beam profile in Figure 2c-c”, we show the results for the case
of 16 uW TAP. Once again, the center of the excitation profile
shows an initial enhancement, but the degree of PL quenching
due to defect sites is far more significant than either of the
previous TAPs. The same effect is observed at position B but
not at position C. Since we know the intensity as a function of
position, we can approximate the threshold at which oxidation
begins to occur as approximately 0.7 uW/um? at our pulse
rate, wavelength, and pulse width. We found this approximate
threshold by finding the maximum irradiance at which
oxidation does not occur over the 500 s time period as seen
in Figure 2. Irradiances were calculated as a function of
position for a Gaussian distribution with a given TAP and
width, as defined by our experimental methods.

Previous reports have shown that the introduction of defect
sites reduces the size of the QDs, in turn causing a blueshift in
their emission spectra.?®*® Figure 3a,b shows spectral
variations of the QD emission over time for 2 and 32 uW
TAPs. In the case of 2 uW, there seems to be no spectral
change. We can also see from Figure 3b that for the case of 32
UW TAP, the PL decreases with exposure time at higher
powers. Another important aspect of the measurements in
Figure 2 is that we can compare the QD PL decay rates before
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Figure 3. (a, b) QD PL spectra change over time for 2 and 32 uW,
respectively. These spectra are normalized to the maximum value of
the initial spectra, allowing us to observe enhancement as well as
reduction of emission. (a’, b’) Normalized decays before and after
600 s of second exposure for 2 and 32 uW, respectively.
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and after the timed exposure period has passed (650 s). From
Figure 3a’,b’, we can see that irradiation decreases the radiative
decay rate of the QDs for both 2 and 32 yW TAPs. These
figures also show that the initial decay at 32 uW TAP in Figure
3b’ is much faster than that at 2 uW TAP in Figure 3a’, which
indicates the presence of a fast irradiation-dependent decay
process. Contrary to our initial expectations, however, this
process happens with the elongation of QD lifetime, which is
typically a sign of defect passivation.

The results seen in Figure 3 can be explained by considering
the fact that low-intensity irradiation can lead to surface
passivation, while high intensity can significantly oxidize the
QDs. The former can lead to elongation of the QD lifetime,
while the latter leads to its shortening in addition to a spectral
blueshift. One property of even extreme oxidation is that it is
normally reversible over long time scales.>® To demonstrate
the extent of this process in the cases discussed above, we have
shown in Figure 4a,b the results of recovery of the QD PL after
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Figure 4. (a, b) Interrupted oxidation measurements taken to observe
the possibility of QD recovery after exposure. (c) Normalized PL
spectra of QDs before and after 600 s of exposure to 32 uW TAP. (d)
Normalized TCSPC curves at the moment of initial exposure to
various TAPs.

a 200 s interruption in the irradiation process for 2 and 32 uW,
respectively. In the case of 2 uW TAP, we observe that there is
no change due to the interruption. For the case of 32 uW TAP,
however, the interruption allows for some recovery of the QD
PL. Such a recovery suggests a return of the photo-excited
electrons residing in the defect sites back to the QDs.>® Lack of
extensive oxidation for this can also be seen in Figure 4c, where
we compare the normalized line shapes of the QDs at an initial
time and after 600 s of irradiation. The results show a minimal
amount of blueshift, indicating that while photo-oxidation
plays a role, it is not the primary cause of decreased PL.
Another important aspect of our measurements is the initial
decay rate. Figure 4d demonstrates that the decay rate of
excitons at an initial stage of irradiation (t = 0 s) is dependent
on the field intensity. As the TAP increases, the decay of QDs
becomes faster.

While the results seen in Figure 3a’ can be related to photo-
induced passivation of QDs, for the case of Figure 3b’ one
needs to consider the fact that at an early stage of irradiation (t =
0 s), the number of photo-induced defect sites is not
significant. Therefore, many photo-excited electrons can
rapidly undergo transitions to the bottom of the conduction
band, forming excitons. As irradiation of the sample proceeds,
the density of defects increases. Since the electrons are excited
deep into the conduction band, the promotion of electrons
into a defect becomes more likely as more defects are formed.
As more and more electrons are trapped in defect sites, the
number of electrons that undergo intraband transition to the
band-edge reduces with exposure. This leads to the reduction
of PL intensities seen in Figure 2. Our results suggest that such
processes mostly occur for photo-excited electrons in the
higher energy portions of the conduction bands of the QDs,
while some level of passivation occurs near the band gap.

4. EXCITON DIFFUSION

To investigate diffusion rates in thin films of QDs and the way
they are influenced by excitation density, we used the setup in
Figure 1c for TAPs ranging from 2 to 32 uW. These powers
are a couple of orders of magnitude larger than those used by
other studies,®'™3® but they were chosen specifically to
highlight the effects of oxidation on diffusion. Figure 5a
shows the broadening of the exciton distribution at an incident
power of 2 uW, which serves as a control due to the very small
amount of PL intensity and decay changes with exposure. Note
that, as shown in Figure 2a-a”, a TAP of 2 uW does not
significantly modify the PL eficiency; therefore, Figure 5a is
comparable with previous studies.>*™>® When excitation power
was increased from 2 to 5 uW (Figure 5b), both the distance
and rate of exciton diffusion were increased (i.e., the exciton
distribution spreads faster). As power continues to increase to
15 uW (Figure 5c) and beyond to 32 uW, another interesting
effect of increasing intensity is seen. This effect, referred to
here as “oxidation hole burning” or OHB, becomes more
pronounced with an increase in TAP (Figure 5d). The
probable causes of this process can be the migration of photo-
excited electrons to defect sites and formation of defects in the
shell or core of the QDs, dangling bonds, and oxide
vacancies.?”*®°® While reduction in PL intensity is prominent
toward the center of the excitation area, as can be seen in
Figure 5c,d, there is still an ongoing diffusion process toward
the outer edge.

In addition to the broadening seen in Figure 5a-d, we can
also use the change in lifetime introduced by diffusion to
characterize the diffusive process. In Figure 5a’-d’, we have
shown the decays of excitons at three positions, each of which
is labeled in the corresponding diffusion plot. In order to
distinguish between this section and the previous one, we have
labeled these positions as positions 1, 2, and 3. For position 1,
we have defined consistently at the center of the excitation
profile. For TAPs of 2 and 5 uW, we defined position 2 as a 1
um offset and position 3 as a 2 um offset. It is easily seen that
the lifetime becomes longer with greater distance from the
center, following our expected trends (Figure 5a’). As excitons
diffuse away from the center, the effective decay rate there
should become shorter as excitons occupy that position for a
shorter period. Similarly, when they diffuse into a position, the
effective lifetime in that position becomes longer. When OHB
happens, the oxidation at position 1 introduces another decay
pathway, which cannot be distinguished from diffusion. For
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Figure 6. (a) Image of OHB formed by wrapping data from Figure 5c around a center point. (b, c) Fast and slow decay rates found by fitting the

raw data used to generate Figure 5 to a biexponential curve.

this reason, we have defined position 2 as the center of the
outer ring formed by OHB (Figure 6a) and position 3 as
having a 1 um offset from position 2. In comparing the
lifetimes at positions 2 and 3, at TAPs of both 16 uW (Figure
5c¢’) and 32 uW (Figure 5d’), we see that the lifetimes are still
longer with increasing distance from the center of the profile.
Because of this change in lifetime, we can say that there is
diffusion away from the center of the outer ring. As for the
center, lack of emission suggests low concentration of exciton
population close to the bandgap. The fact that our results do
not show diffusion toward OHB indicates a high rate of non-
radiative exciton dissociation in this region.

To further analyze the data, we fit our TCSPC curves to a
normalized biexponential decay as given below:

n= Ae B+ cp™™ (1)

In this equation, we have defined B as the fast decay rate
associated with non-radiative processes and D as the slower
rate associated with radiative processes. A and C represent the
amount of contribution from each term. We plotted the
resulting fast and slow decay rates as a function of position
(Figure 6b,c). For TAPs of 2 and 5 uW, the non-radiative
decay dynamics (i.e., fast decay rates) are relatively similar, but
when the TAP is increased to 32 uW, the non-radiative rate
increases significantly. The central peak here indicates the dark

region caused by photo-oxidation. From Figure 6¢, we can see
that the band-to-band radiative decay process is relatively
unaffected by the increase in intensity after the exposure time
has passed, which is a further indication of an exposure-related
passivation of the initially faster decay process seen in Figure
4d.

Variations of A and C with excitation power provide some
further insights into mechanisms responsible for the results
seen in Figure 6. We show in Figure 7a,b that the decay
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Figure 7. Relative contributions of the (a) non-radiative (i.e., faster)
decay processes and (b) radiative (i.e., slower) decay processes.
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Figure 9. Diffusion constant as a function of time for (a) 2 uW and (b) 5 uW TAPs.

processes close to the center of the excitation area are
dominated by non-radiative processes, while at the outer parts
of the excitation area, radiative recombination dominates. This
is especially true for the case of 32 uW TAP, where the relative
contribution of the radiative decay process drops significantly
toward the center of the excitation area (Figure 7b). For the
case of 2 uW TAP, wherein normal diffusion happens,
however, A is the highest at the center, indicating eficient
transport of energy via non-radiative decay, i.e., diffusion, away
from the center. This occurs as C reaches a minimum (Figure
7b). At 2 um away from the center, A has a dip, while C
reaches its maxima, showing how the balance between radiative
and non-radiative decay via energy transfer in QDs is
influenced by position.

Many diffusive systems, such as those involving heat transfer
and fluid displacement, are based upon random walk processes
in which the energy does not change between one step and the
next. When the diffusion of excitons through a thin film of
quantum dots is considered, these steps do not necessarily
preserve the energy of the excitons. The widely accepted
model of energy transfer between quantum dots is FRET,
which is the most eficient when the emission band of the
donor overlaps well with the absorption band of the
acceptor.®® The net result is that the exciton loses energy
with every step along its path, and in some cases, a step is even
irreversible. This results in a disordered energy landscape,
meaning that sub-diffusive transport is the ideal statistical
model to describe exciton diffusion in QD solids and films.>’
We relate the broadening of our Gaussian to the time-
dependent diffusivity in eq 2:

o(t) — 62(0) = Dt ~ At” (2)

12148

where o is the standard deviation, or width, of the Gaussian as
a function of time, D is the time-dependent diffusivity, and A
and a are parameters describing sub-diffusive transport.

In order to utilize this equation, we first found our variance
as a function of time from the FWHM contour shown in
Figure 8b. We then found an approximate time-dependent
diffusivity by dividing our change in variance by the elapsed
time, giving the apparent power relation shown in Figure 9a,b.
The results in this figure show that D is highly dependent on
intensity, and, therefore, initial exciton population density.
Furthermore, our diffusion constant is 3 orders of magnitude
larger than that reported by Akselrod et al.>® and two orders of
magnitude higher than that reported by Yoon et al>* The
power function time dependence of the diffusion constant is,
however, consistent. This is possibly because our intensity is
the same orders of magnitude higher, though further studies
should be done to explore the possibility of a connection
between the rate of diffusion and the incident TAP. It is
interesting to note that FRET, the underlying mechanism of
diffusion, is independent of intensity, and the diffusive process
itself is not. This is likely due to such factors as availabilities of
donors and the change in PL lifetime as a function of power
seen in Figure 4d.

Application of Gaussian broadening for quantitative analysis
of diffusion is only useful when it is considered to be
homogeneous and isotropic. Such analysis does not allow for
dynamic descriptions, wherein diffusion rates and PL intensity
are functions of position. A more general indication of the rate
of diffusion is the difference in the effective decay rates
between positions with a large exciton population and small
exciton populations. Under normal conditions, i.e., low field
intensities, the decay rates of excitons toward the center of our
Gaussian appear to be faster than rates toward the outer
regions. Conversely, one may also say that as excitons diffuse
outward, the effective lifetime of excitons in the outer regions
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should become longer. While there is more average diffusion
for 5 uW than for 2 uW, the change in lifetime from position 1
to 3 is less significant for 5 uW (see Table 1). This is because

Table 1. Table of Various Parameters That Can be Used to
Describe Diffusion

initial
laser difference in average decay variance diffusion constant
power rate (1-3) (ns7%) (um?) (mean) cm?/s
2 uW 0.13511 20.8 0.1119
5 uw 0.08514 @1 0.1861

the position associated with line 3 for 2 uW is closer to the
turning point of the distribution (i.e., where the second
derivative is the highest) so that while the three lines represent
the same position for both cases, the two see different amounts
of diffusion into the same position.

5. CONCLUSIONS

We studied how photo-induced processes such as photo-
oxidation and the passivation of trap states are essential for
understanding exciton diffusion in QD thin films. In particular,
for CdSe/ZnS QDs, we highlighted three governing regimes,
wherein depending on the excitation intensity, either such
processes do play insignificant or moderate roles or they
dramatically change the scope of energy transfer. Our results
showed that the power distribution of the laser beam can have
detrimental impacts on diffusion of excitons, even forming a
central region via OHB (oxidation hole burning) that prohibits
and convolutes the transport of excitons. These results also
highlight the importance of considering the excitation beam
profile when observing the diffusion process in thin films of
QDs. We have also demonstrated that while using a time-
independent diffusion constant to describe the broadening of a
Gaussian is valid, methods utilizing a change in decay rate
should be used in more general cases.
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