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Abstract

Charge trapping due to defects in semiconductor quantum dots (QDs) is expected
to challenge the applicability of QDs in future technologies. The efficient elimination
of defects from QDs demands an understanding of their origin and of their impact on
(photo)electronic properties. Here, we identify the presence of two charge states of a
defect in CdSe QDs using electron paramagnetic resonance, combined with electronic
tuning of QDs via chemically induced Ag doping. From light-induced EPR, we show
that these defects have a central role on Fermi level pinning in QD ensembles. By
analyzing the dependence of the EPR signal of the defects on the concentration of

Ag dopants, we further demonstrate that the defects act as effective electron traps in
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the QDs. Our study also provides support to the proposed behavior of Ag dopants in
CdSe QDs, according to which Ag atoms are n-type dopants at concentrations below
2 Ag atoms per QD and become p-type dopants for higher Ag concentrations. From
temperature dependent EPR, we estimate a lower limit for the ionization energy of
the studied defects. Based on the characteristics of the EPR spectrum, we propose
that these defects are associated to Se vacancies with the paramagnetic state being the

positively charged state of the defect.

Introduction

Semiconductor nanocrystal quantum dots (QDs) are crystallites of semiconductor materials
only a few nanometers in size that display a wealth of remarkable properties arising from
their small size. The properties of QDs include size-dependent band-gap! and photolu-

37 and extremely high surface-to-volume ratio.

minescence,?# multiple exciton generation,
These properties make semiconductor QDs promising as building blocks for a wide range
of (opto)electronic applications. Of particular interest are metal-chalcogenide QDs, namely
QDs made of CdX and PbX (X= S, Se, and Te), whose application in devices has enabled
impressive performances. For example, light-emitting devices based on solution-processed
semiconductor QDs have been demonstrated with a luminescence efficiency of up to 18% and
a size-tunable emission color.® Metal-chalcogenide QDs have also proven suitable for use as
light-absorbing materials in photovoltaics,? ! where devices based on ZnO/PbS core-shell
QDs have achieved efficiencies near 8.5%.'2 Further, CdSe QDs have been used to fabri-
cate thin-film field effect transistors (FETs) that can be incorporated in complex integrated

devices. 13

Defects are one of the main factors limiting the performance of QD-based devices. 427
Electrically active defects give rise to energy states energetically localized within the QD’s

energy gap that capture charge carriers from delocalized electronic states of the QDs.?

The presence of trap states reduces the mobility and the diffusion length of charge carriers



across films of QDs.?> Trap states can also be centers of fast non-radiative recombination of
photogenerated charge carriers.!”?4 27 Furthermore, recombination at trap states leads to a
quenching of the QDs photoluminescence.?® A wealth of studies has demonstrated the nega-
tive impact of charge traps on the performance of QD-based photovoltaic devices. 14:17:25:26,28
For example, some studies showed that the number and energy of trap states in QDs lead to
a reduction of the open circuit voltage and the short circuit current of solar cells. *#172® Other
studies have shown that charge traps acting as recombination centers limit the photocurrent
extraction from QD-based solar cells.?

To develop new strategies for the elimination of trap states from QD-based devices and
thus improve their performance, it is crucial to identify the defects responsible for these

states and to further understand their impact on electronic properties. However, there have

been only a few attempts to identify the origin of charge traps in metal-chalcogenide QDs,

14-16,24,29 24,30-32

both experimentally and theoretically. Some of these studies have suggested
the presence of charge traps at the QDs surface. '6:2430:3! First-principle calculations of CdSe
QDs have suggested that charge traps can result from incomplete passivation of the QDs

24,3032 FExperimental support for these predictions was provided by photoelectron

surface.
spectroscopy measurements of PbS QDs films, which showed that passivating the QDs surface
with halide ligands leads to a reduction in the number of midgap trap states.!'® However, it
has also been proposed that defects in the bulk of the QDs (bulk defects) may give rise to

14,1529 regardless of the quality of the QD’s surface passivation. In PbS QDs, trap

trap states,
states were suggested to originate from metal ions in the QD’s bulk by comparing the trap
capture cross section measured by thermal admittance and deep level transient spectroscopies
with the ionic radius of metal ions.!'* Conductivity studies of CdSe/ZnS core/shell QDs
observed trap states with an activation energy close to that of Se vacancies in bulk CdSe.!?
In CdS QDs, point defects have been observed by electron paramagnetic resonance (EPR)

spectroscopy and assigned to S vacancies by comparison of their g-factor with that reported

for S vacancies in bulk ZnS.?° In spite of these advances, a definite identification of defects



in metal-chalcogenide QDs has been elusive and their effect on the performance of devices
based on these QDs has remained largely uncharted.

In this study, we experimentally identify charge trapping defects in CdSe QDs using
EPR spectroscopy. We propose that these defects are associated to Se vacancies with the
paramagnetic state being the positively charged state of the defect. From light-induced EPR,
we demonstrate that the observed defects have a determinant role in pinning the Fermi level
in QD ensembles. We further provide evidence for the previously proposed behavior of Ag
dopants in CdSe QDs, according to which Ag dopants are n-type donors for concentrations
below about 2 Ag atoms per QD (Ag/QD) and become p-type acceptors for higher Ag

concentrations. 33

Results and discussion

Transmission electron microscopy (TEM) images of undoped CdSe QDs show that these
have a spherical shape and a narrow size distribution; see Fig. 1(a). Figure 1(d) shows the
X-ray diffraction pattern of these QDs (black line) which can be matched to the wurtzite
structure (JCPDS #08-0459) of CdSe. Further, the absorption spectra of the undoped CdSe
QDs studied here, shown in Fig. 1(e) (black line) is similar to that previously reported for
undoped CdSe QDs.20:34:35

The EPR spectrum measured at room temperature for a sample of undoped CdSe QDs
powder sealed under nitrogen atmosphere is shown in Fig. 2 (black line). In the EPR
spectrum we observe a signal centered at g = 2.0045+0.0002 with a peak-to-peak line width
of about 0.8 mT. To obtain further information on the paramagnetic states that give rise
to this signal, we performed photoexcited EPR measurements of our CdSe QDs. Figure 3
compares the EPR spectra measured at room temperature of a sample of undoped CdSe QDs
powder sealed under nitrogen atmosphere measured in the dark (black line) and under white-

light illumination (yellow line). We see that the EPR signal measured under illumination



is about 3 times more intense than that measured in the dark. In the figure, we also see
that the shape of the signal at g = 2.0045 observed under illumination is identical to that
measured in the dark. We further observed that about 6 hours after ceasing illumination the
intensity of the EPR signal returns to that initially measured in the dark, which indicates that
the observed response to photoexcitation is reversible. This response to photoexcitation was
observed for all CdSe QD powder samples analyzed in this study. The observed increase in the
intensity of the EPR signal at g = 2.0045 under illumination indicates that photoexcitation
leads to the generation of paramagnetic states in the CdSe QDs. This already demonstrates
that these states should affect the kinetics of photogenerated charges, such as those involved

in photovoltaic devices.
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Figure 1: TEM images and QD size distributions of CdSe QDs (mean diameter of 4.2 nm):
(a) undoped, (b) doped with 2.2 Ag atoms per QD (Ag/QD), and (c) doped with 5.4 Ag/QD.
(d) X-ray diffraction spectra of the QDs shown in parts (a)—(c). (e) Absorption spectra for
a series of CdSe QDs doped with different Ag concentrations (mean diameter of 2.7 nm).

Firstly, we discuss the origin for the paramagnetic states giving rise to the signal at g =

2.0045. Previous studies have identified paramagnetic defects in bulk II-VI semiconductors



by EPR. In particular, these investigations have shown that singly charged anion vacancies
give rise to sharp isotropic EPR lines near ¢ = 2.3 For example, positively charged S
vacancies in ZnS were shown to yield an EPR signal at g = 2.0034 with a peak-to-peak line
width of 0.05 m'T by observing that this signal did not shift when the crystal was rotated
around the axis of growth and by detecting the hyperfine structure of the first zinc shell
around the anion vacancy.3® In CdTe, positively charged Te vacancies were shown to yield
an EPR signal with an isotropic g-value of g = 2.000 and peak-to-peak line width of 0.4 mT,
based on the observation of the resolved isotropic hyperfine interaction of the vacancy with its
four nearest Cd neighbors.3” The assignments given in these investigations are unambiguous
and, therefore, it is quite clear that positively charged anion vacancies in II-VI materials give
rise to EPR signals with g-values close to g=2.00. There is an evident resemblance between
the g-values reported in these studies and the value observed in the EPR spectra of our
CdSe QDs. This suggests that the EPR signal at g = 2.0045 observed in our CdSe QDs is
due to positively charged Se vacancies (Vg,) in the QDs. We note that the presence of these
defects in CdSe has already been proposed previously.!®3 We should emphasize that point
defects (like vacancies) are very localized systems and the g-values are affected only by the
close neighboring environment of the defect, which is similar in bulk and in QDs. Therefore,
the g-values of vacancy defects should be identical in bulk and in QDs. In ZnSe, an EPR
signal at g = 2.0027 with a peak-to-peak line width of 0.58 mT has also been attributed to
positively charged Se vacancies,®® based on the proximity of its g-value to that reported for

36,37 Furthermore, a study on CdS

positively charged anion vacancies in other II-VI materials.
QDs capped with poly(methyl 2-methylpropenoate) reported a slightly asymmetric line at
g = 2.004 with a peak-to-peak line width of 1.5 mT.? This EPR signal was also attributed
to positively charged S vacancies located at sites on the surface or near the surface of the
QDs,?” by comparison with the EPR signal reported for positively charged S vacancies in
ZnS.3¢ Although the proposed assignment of the defect observed in our EPR spectra of

CdSe QDs to positively charged Se vacancies is not completely unambiguous, for the sake



of simplicity we will use the label V& to refer to the defect giving rise to the observed EPR
signal. Should the EPR signal originate from another defect the discussion below remains
the same, but applied to the pertinent defect and corresponding charge states. We note that
the EPR signal of the charge trapping defects studied here displays a quite symmetric line,
which means that the defects are isotropic. Therefore, we conclude that the defects should
be bulk defects, because surface defects are intrinsically anisotropic, which would result in an
asymmetric EPR spectrum. This is expected from simple symmetry arguments and is also
observed experimentally for defects in nanocrystals. For example, in the case of Si dangling
bond defects in silicon nanocrystals, surface dangling bonds (anisotropic defects) result in a
strongly asymmetric EPR spectrum, whereas bulk dangling bonds (isotropic defects) result

in a symmetric EPR line.4°
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Figure 2: EPR spectra of undoped and Ag-doped CdSe QDs powder sealed under nitrogen
atmosphere (mean diameter of 2.7 nm) measured in the dark at room temperature.

The EPR signal at g = 2.0045 is also observed in Ag-doped CdSe QDs, but its intensity
depends on the concentration of Ag in the samples; see Fig. 2 (red and green lines). This
observation indicates that the density of V&, defects is affected by the amount of Ag dopants
in the QDs. Figure 4 shows in more detail the dependence of the intensity of the EPR signal
of V¢ defects on the concentration of Ag dopants as measured for two different sample

batches. As can be seen, the intensity of the EPR signal at ¢ = 2.0045 decreases with



Ag doping and reaches a minimum at ~ 2 Ag dopants per QD (Ag/QD). Above this Ag
concentration the intensity of the EPR signal increases with the Ag concentration.

To understand our data, we need to clarify the impact of Ag doping on the properties
of the CdSe QDs. From TEM images, recorded for undoped and Ag-doped CdSe QDs, and
QD size distributions obtained from such images [see examples in Figs. 1(a)—(c)|, we can
see that there are no significant changes in the mean size or size distribution of the QDs
with doping. From the X-ray diffraction patterns obtained for the same QDs, shown in
Fig. 1(d), we may see that the crystal structure of the QDs remains unchanged upon doping.
Further, the absorption spectra of CdSe QDs shows that the energy band gap and optical
absorption spectra remain unchanged after Ag doping; see Fig. 1(e). We should note that
in a recent work carried out using X-ray absorption near-edge structure data combined with
ab-initio simulations it was confirmed that the Ag dopants are incorporated inside our CdSe
QDs.*! In a previous study, Sahu et al. observed that the band-edge peak intensity of the
fluorescence of Ag-doped CdSe QDs and the electron mobility of films of these QDs were
maximum for Ag concentrations of about 2 Ag/QD.3? These observations were associated to
a change in the doping behavior with the concentration of Ag dopants in the QDs. For Ag
concentrations up to ~2 Ag/QD, Ag was proposed to be incorporated on interstitial sites of
the QDs and behave as an n-type dopant.® For higher Ag concentrations, it was proposed
that the dopants become incorporated on substitutional sites of the QDs and behave as p-
type dopants.3? This behavior of Ag dopants in CdSe QDs is supported by the trend observed
by us for the variation of the intensity of the EPR signal of paramagnetic defects with the
concentration of Ag dopants.

From the analysis of this trend, we may understand the charge trapping mechanism
involving the paramagnetic defects in the CdSe QDs. For simplicity, the discussion presented
here is made for the situation where the paramagnetic defect observed in EPR corresponds
to V.. As described above, we observe a 3-fold increase in the intensity of the EPR signal of

paramagnetic defects upon photoexcitation, as shown in Fig. 3. This observation indicates



— Light off
L Light on

,
A WL bttt

g=2.0043+0.0002

EPR signal (arb. units)

346 348 350 352 354 356 358
Magnetic field (mT)

Figure 3: Comparison between EPR spectra of CdSe QDs (undoped) powder sealed under
nitrogen atmosphere measured at room temperature, in the dark (black line) and under
white light illumination (yellow line).

that in the dark there are two charge states of the defects present in the QD ensemble, i.e.
the positive charge state (observed by EPR) and another charge state that is not observed
by EPR (EPR-silent charge state). Moreover, we can conclude that the amount of defects in
each of the two charge states is comparable. From this, we infer that the Fermi energy Eg
of the QD ensemble is determined by the populations of the two charge states of the defect
(Fermi level pinning). Previous investigations of charge transport of field effect transistors
(FET) made with undoped CdSe QDs similar to those used in this work have concluded that
the FETs exhibit n-type behavior.3® Therefore, the Fermi energy in ensembles of undoped
QDs should be located closer to the conduction band (CB) edge than to the valance band
(VB) edge. This indicates that the EPR-silent charge state of the defect should be neutral.
In this situation, the Fermi level in the QD ensemble is then determined by the Vg(/f energy
levels of the defects present in the QDs. Here, we consider that the defects are randomly
placed in the different QDs of the ensemble and that there are differences in the ngf level
of the different defects depending on their specific location within the QD. In practice, this
corresponds to a distribution of Vg£+ levels in the ensemble. We describe this distribution

with a gaussian function having a maximum at an energy FEq, as shown in Fig. 5(a) for the



case of undoped QDs. In this figure, the filled (red) area in the distribution of V(S]f energies
represents the amount of defects in the neutral charge state (invisible by EPR). Using this
model, we can describe the dependence of the EPR intensity on the Ag doping. At low
doping concentrations (<2 Ag/QD), Ag atoms are expected to act as n-type dopants.3?
As the concentration of Ag increases up to ~ 2 Ag/QD, EF shifts up in the energy gap
and the amount of positively charged Se vacancies decreases; see Fig. 5(b). The result is a
quenching of the signal at ¢ = 2.0045. At Ag concentrations above 2 Ag/QD, Ag dopants
are expected to behave as p-type dopants.3? In this situation, Fp shifts down in energy; see
Fig. 5(c). Thus, the amount of positively charged Se vacancies increases, which results in
the increase of the intensity of the observed EPR signal. We note in Fig. 4 that the increase
of EPR intensity observed for Ag concentrations above 2 Ag/QD is somewhat different for
the two sample batches. We think that this difference may be related to a dispersion in the
doping efficiency of the QDs, which is more significant for high Ag doping concentrations
(>4 Ag/QD). Considering a random distribution of dopant atoms in the different QDs, we
can see that for QD samples with low doping concentration (0 Ag/QD<|Ag|<2 Ag/QD),
most QDs are n-type. For example, for a sample with an average of 1 dopant atom per QD,
most QDs in the sample have 1 dopant, some (fewer) have 0 or 2 dopants, and only a very
small amount will have 3 dopants and above. Thus, the majority of the QDs in the ensemble
are n-type ([Ag|<2 Ag/QD) and a few are undoped. In contrast, in QD samples with high
doping concentration (>4 Ag/QD) there is a broad mix of QDs with [Ag|< 2 Ag/QD (n-
type) and [Ag|>2 Ag/QD (p-type). This leads to a complex situation where we have both
n-type and p-type QDs contributing to the EPR signal intensity. Since we are at the cusp
of switching from n-type to p-type QDs a small variation of the effective doping from batch
to batch will have a large influence on the EPR signal intensity.

This difference may be related to an increase in the dispersion of doping efficiency of the
QDs for higher Ag doping concentrations. We have a random distribution of dopant atoms

in the different QDs comprising each sample. For QD samples with an average 1 dopant

10



atom per QD, most QDs in the sample would have around 1 dopant, fewer would have 0 or
2, and the rest 3 and above. Thus, almost all the CdSe NCs would be either n-type doped or
undoped. In contrast, in QD samples with an average 5-6 dopant atoms per QD, there will
be a complex mix of both n-type and p-type doped QDs, which will give different averaged
signals that might vary from batch to batch because we are at the cusp of switching from n-

to p-type behavior.

20 T4
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Figure 4: Intensity of the EPR signal at g = 2.0045 as a function of the number of Ag dopants
per QD for two sample batches. For each batch, the EPR signal intensity is normalized to
the intensity of the corresponding sample of undoped CdSe QDs.

Based on conductivity studies, the energy Ey of the transition from the neutral to the
positive charge state of Vg, defects (ngr) in bulk CdSe has been estimated to be 150 meV
below the semiconductor CB edge.? Further, the presence of V§  defects has been suggested
in CdSe QDs capped with a ZnSe shell.'® These studies investigated the charge transport
and the electroluminescence of diodes containing a layer of CdSe/ZnSe QDs with 6.8 nm
in size. In these devices, the authors observed very low electron mobilities. They showed
that this effect was due to electron trapping at defects in the QDs, which were present in a
density of 8 x 107 cm 3.1 From temperature-dependent current-voltage measurements they
could estimate that the depth of the electron traps is ~130 meV below the QDs CB. From
comparison between this energy value and that estimated for the ionization energy of Vg,

defects in bulk CdSe,? they suggested that the electron trapping states in their CdSe/ZnSe
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QDs originate from V¢ defects.
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Figure 5: Scheme of the energy structure of ensembles of CdSe QDs with three Ag doping
concentrations: (a) undoped, (b) ~2 Ag/QD, and (c¢) >2 Ag/QD. In each scheme, the red
area under Fr represents the amount of V3, defects in the QDs ensemble.

In Fig. 6, we show the dependence of the EPR signal at ¢ = 2.0045 as a function of
temperature 7" for samples of undoped CdSe QDs with two different mean sizes (2.7 nm and
5.4 nm). We see that in both cases the intensity of the EPR signal scales as T~ between
30 K and room temperature, confirming that the EPR signal displays a Curie behavior within
this temperature range. The observation of Curie behavior for temperatures at least up to
room temperature shows that the population of these defects remains constant within this
temperature range. Therefore, there is no thermal excitation of the paramagnetic defects up
to room temperature. This enables us to infer a lower limit for the energy Fy. At 0 K, we
have a certain density of neutral vacancy defects n3,0~ As T increases, neutral vacancies may
be thermally excited to CB states and electrons populate CB states with a density n which
is given by*?

n® == (ngy—n) e~ Fa/keT (1)

. N

2
where N. = (2nmgys.ksl/ h2)3/ ? is the effective density of CB states, mfg, = 0.13my is
the electron effective mass in bulk CdSe with mg being the free-electron mass,?® kg is the
Boltzmann constant, and h is the Planck constant. The density of thermally excited V&,
defects corresponds to n. The maximum of this density is ng o, i.e. when all neutral defects

are thermally excited. The inset of figure 6 shows P, = n/ng,, which corresponds to the

fraction of thermally excited V{, defects, as a function of F4 and calculated for T' = 300 K. In
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this figure, we see that the onset of P, occurs for E4 ~ 300 meV. From this, we infer that the
energy Fjq is at least 300 meV. This low limit for Fy is higher than the previously reported
value for the Vgé+ energy level in bulk CdSe of 150 meV as described above.?? The higher
lower limit of Ey observed in the QDs may be due to the effect of confinement. For example,
previous theoretical studies on P-doped Si QDs showed that confinement is expected to
result in an increase of the dopant excitation energy with respect to that observed in the
bulk counterpart with decreasing QD size.*3** The lower limit for Fy in our CdSe QDs is
also higher than the excitation energy estimated in Ref. 15 for Se vacancy defects observed
in CdSe/ZnS QDs with 6.8 nm in size. This difference may also be associated to a higher
confinement in our CdSe QDs, which are smaller than the CdSe/ZnS QDs studied in Ref.

15.
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Figure 6: Temperature dependence of the intensity of the EPR signal at g = 2.0045 observed
for undoped CdSe QDs with mean diameter of 2.7 nm (blue circles) and 5.4 nm (green dots).
The dashed line represents a 7! Curie behavior. The inset shows the dependence of the
fraction of vacancy defects in their positive state P, as a function of the excitation energy
of the defect F4q at room temperature.

Finally, we discuss the impact of the charge trapping defects observed in our study on the
application of QDs in devices. In our CdSe QDs, the lowest measured density of trapping
defects was ~ 5 x 10'7 cm™3, which corresponds to a sample of Ag-doped QDs. The densities

of charge trapping defects in our samples were obtained directly from quantification of the
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intensity of the defects EPR spectrum. Other studies of the charge transport in films of CdSe
QDs used current-voltage measurements to determine the trap density in these films, having
estimated trap densities of about 2x10'% cm™2.22 These values are very high in comparison
to the defect densities necessary to achieve QQD-based photovoltaics with efficiencies above
14%, in which the density of traps should be lower than 102 cm™3.28 The lowest density of
charge trapping defects observed in our CdSe QDs (5 x 10'7 cm™3) corresponds to having
approximately 1 QD with a defect for every 50 QDs. From this value, we can estimate the
order of magnitude of the distance li,,, that an electron in a film of QDs can move before it
is captured by one of the charge trapping defects investigated here. If we assume that the
electron travels between (QDs in a straight line until it reaches a QD with a trapping defect,
the distance lyap is at most 100 nm. This value is in par with the distance li;ap~80 nm
estimated for solar cells of PbS QDs with a power efficiency of 7%.%% From this discussion,
we confirm that the defects observed in our EPR study could have a performance-limiting
effect on the electronic properties of devices based on CdSe QDs and that their reduction

should have a significant impact on the improvement of the performance of these devices.

Conclusion

In this work, we report the observation of charge trapping defects in CdSe QDs using EPR,
combined with electronic tuning of the QDs via chemically induced Ag doping. We observe
that the intensity of the EPR signal due to defect traps depends on the concentration of
electronic Ag dopants in the QDs, which provides supporting evidence for the mechanism
of Ag doping of CdSe QDs suggested in previous studies.?® Accordingly, Ag dopants are
(interstitial) donors at concentrations up to ~2 Ag/QD and (substitutional) acceptors for
higher Ag concentrations. Importantly, we show that the defects observed here act as charge
traps, since the intensity of the EPR signal associated with these defects decreases by up to

80% with the incorporation of a few n-type Ag dopants per QD. From light-induced electron
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paramagnetic resonance, we further demonstrate that the defects studied in this work have
a determinant role in pinning the Fermi energy in QD ensembles. We measure densities of
charge trapping defects in the range of 10'® — 10?** cm™2, which should be high enough to
have a performance-limiting effect in devices based on these QDs.?® From the characteristics

of the EPR spectra we assign the trapping defects to positively charged Se vacancies.

Methods

CdSe QDs capped with tri-n-octylphosphine (TOP), tri-n-octylphosphine oxide (TOPO),
hexadecylamine (HDA), and dodecylphosphonic acid (DDPA) were prepared via colloidal
synthesis.?® After synthesis, the QDs were washed to clean unreacted reagents from the
dispersion. The QDs were isolated by precipitation with ethanol and redispersed in hexane
or toluene.?%% Ag doping of the CdSe QDs was achieved by adapting a standard cation-
exchange procedure for QDs.?? In this procedure, as-synthesized intrinsic CdSe QDs were
exposed to a solution of Ag cations and trioctylphosphine surfactants, which mediate the
highly efficient incorporation of Ag dopants in the CdSe QDs. The entire synthesis of Ag-
doped CdSe QDs was carried out under an inert atmosphere of Ny to prevent their exposure
to oxygen and water. In this study, we analyzed different batches of CdSe QDs samples
doped with different concentrations of Ag dopants. The sample batches were produced
independently from identical undoped CdSe QDs. All Ag concentrations mentioned in the
this work were measured by inductively coupled plasma optical emission spectroscopy (ICP-
OES). Using this technique, we deduced the net Ag:Cd:Se concentration and using the
mean size of the QDs, we can evaluate the number of Cd and Se atoms per QD. Hence,
we can deduce the average number of Ag atoms per QD. We should note that after Ag
doping, numerous rounds of cleaning were performed to remove any Ag atoms that are
not incorporated in the QDs and ensure that only those Ag atoms that were incorporated

are detected with ICP-OES. Following this extensive cleaning, all the samples used in the
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EPR measurements were analyzed for determining the Ag concentrations through ICP-OES
regardless of what amount of Ag salt was added.

To characterize the size, shape, structure, composition, and optical properties of CdSe
QDs, we used X-ray diffraction (XRD), transmission electron microscopy (TEM), and optical
absorption spectroscopy. For XRD, a Bruker-AXS microdiffractometer was used to collect
wide-angle powder patterns using the Cu-Ka line. Samples were prepared from concentrated
dispersions of CdSe QDs in hexane. For TEM, an FEI Tecnai G2 F30 microscope was
used to image the QDs with an acceleration voltage of 300 kV. Each sample was prepared
by depositing a drop of a dilute dispersion of QDs in hexane onto a 400-mesh carbon-
coated copper grid and allowing the solvent to evaporate at room temperature. The QD
size distribution of each sample was extracted from the analysis of about 80 QDs observed
in TEM images. Absorption spectra were obtained using a Cary 5E UV-Vis-near-infrared
spectrophotometer.

Each sample of CdSe QDs used for EPR measurements was prepared by filling a few
milligrams of dry QD powder into suprasil quartz tubes, which were then sealed under
an inert atmosphere of Ny. The measurements were performed with a Bruker ESP 300E
continuous-wave X-band spectrometer driven in absorption mode with a microwave fre-
quency of v = 9.38 GHz. To perform low-temperature EPR, we used an Oxford Instruments
ESR900 continuous-flow liquid He cryostat. We also performed photoexcited EPR measure-
ments using a white light source (Thorlabs OSL1-EC) coupled to the spectrometer resonator
and operating at a power of 150 W. Prior to measurement, each sample was kept inside
the dark EPR resonant cavity for about 6 hours to prevent effects due to illumination by
ambient light. After the measurement in the dark, the samples were illuminated for 45 min-
utes, after which the photoexcited measurements were performed. The density of charge
trapping defects in our CdSe QD samples was determined via double numerical integration
of the corresponding EPR signals and comparison with the signal intensity of a known spin

standard consisting of a P-doped bulk crystalline Si. The intensity of all the EPR spectra
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shown in this work is normalized by the mass of the corresponding sample.
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