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uantum confinement phenom-
ena are easily explored in the
lead chalcogenide family due to
the large Bohr radii of bulk exci-
tons (18—200 nm) and ease of synthesis,?
leading to expansive interest for fields such
as next generation photovoltaics,> > elec-
tronics,® optoelectronics,” thermoelectrics,®
and biomedical imaging.® Colloidal synthe-
sis lends itself to multistep heterostructured
growth,'13 but to achieve alloyed struc-
tures, a key detail lies in balancing the reac-
tivity of the individual precursors. Alloying
is an approach for manipulating opto-
electronic properties independent of QD di-
ameter to separate intrinsic and extrinsic
factors that influence carrier and excitonic
dynamics. For solar energy conversion strat-
egies, alloying can be important for control-
ling conduction band offsets, localized de-
fect energy levels, and other opto-
electronic properties through strain, for ex-
ample. Recently, electronically coupled
PbSe QD films have shown electron and
hole mobilities that depend on the QD di-
ameter but not the bandgap.' Though de-
bate exists in the literature, a recent publi-
cation addressing the controversy shows
that multiple exciton generation is more ef-
ficient in PbSe QDs compared to bulk Pb-
Se.' Alloys can potentially further increase
MEG by two possible arguments: (1) disrup-
tion of the lattice could provide higher
impact-ionization cross sections and (2) tun-
ing of the excited state electronic proper-
ties could alter relaxation channels. In many
avalanche photodiode materials, it is often
alloys that have the most desired
attributes.’®'” Core/shell QDs'®'" and
nanowires'? of PbSe/PbS,Se;, have been re-
ported, and a recent review by Regulacio
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ABSTRACT We report the synthesis and characterization of composition-tunable ternary lead chalcogenide

alloys PbSe,Te.,, PhS,Te,.,, and PbS,Se;.,. This work explores the relative reaction rates of chalcogenide precursors

to produce alloyed quantum dots (QDs), and we find the highly reactive bis(trimethylsilyl) (TMS,)-based precursors

allow for the homogeneous incorporation of anions. By varying the Pb to oleic acid ratio, we demonstrate size

control of similar composition alloys. We find the resulting QDs are Pb-rich but the Pb/anion ratio is size- and

composition-dependent in all alloyed QD as well as in PbSe, PbTe, and PbS QDs and is consistent with the reaction

rates of the anion precursors. A more reactive anion precursor results in a lower Pb/anion ratio.

KEYWORDS: alloys - nanoparticles - colloidal quantum dots - heterostructures -

lead chalcogenides - ternary

et al.'® highlights the synthesis of several
types of uniform ternary QD alloys includ-
ing CdSe,Te,, "% CdS,Te;,?! CdS,Se;.,,2?
Bi,Sb,Te;, 2 PbSn,Te;,,2* and PbS,Se;, %
Enhanced properties of alloyed nanostruc-
tures include adjustable carrier concentra-
tions,?® improved thermoelectric perfor-
mance,? and higher power conversion
efficiency photovoltaics.?

Here we explore anion precursors
with varying reactivities to produce mon-
odisperse compositionally controlled
PbSe,Te;.,, PbS,Te,,, and PbS,Se;., ter-
nary QD alloys made through a single in-
jection of two seemingly noninteracting
anion precursors into a reaction vessel
containing a hot Pb-oleate complex.
Through careful selection of the precur-
sors, we show that QDs of all ternary al-
loys within the Pb chalcogenide family
can be produced. We speculate that the
differing reactivity of the individual pre-
cursors may also be responsible for the
polydispersity of samples with high Te
content and examine the Pb/anion ratio.
We measure the extent of anion incorpo-
ration with inductively coupled plasma
atomic emission spectroscopy (ICP-AES) and
X-ray diffraction (XRD) peak positions.
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Figure 1. Absorbance and photoluminescence of ternary Pb chalcogenide alloys with varying amounts of each anion: (a) PbSe,Te;
QD alloys made from TOP—Se, TOP—Te. (Inset) More Se incorporates with longer reaction times indicating in a gradient structure.
(b) PbSe,Te;, QD alloys made from TMS,—Se and TBP—Te, (c) PbSe,Te;, made from TMS,—Se and TMS,—Te, (d) PbS,Te;., QD alloys
made from TMS,—S and TBP—Te, (e) PbS,Te;, made from and TMS,—S and TMS,—Te, and (f) PbS,Se;_, made from TMS,—S and
TOP—Se. The QD sizes over the range of compositions were measured with TEM and are reported in each plot. (g—i) ICP-AES data re-
vealing the actual percent of each anion in the alloy QD product versus the percent present in the injection solution. The color of
each line in the plots matches the color of the font on the corresponding alloy in parts (a—f). (g)Comparison of the actual amount of
Te in PbSe,Te;, QD using different Se and Te precursors. (h) Actual percent of Te in PbS,Te;, QD product using either TMS,—Te or
TBP—Te as the Te precursor. (i) Actual percent of S in PbS,Se;., QD.

RESULTS AND DISCUSSION panels d—e are for PbS,Te;,, and f is for PbS,Se;.,. Pan-
Figure 1, panels a—c show the optical properties of  els g—i display ICP-AES data comparing the actual an-
PbSe,Te;., alloys produced from various precursors, ion incorporation versus the injected concentration,
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TABLE 1. PbSe,Te;., Control Experiments Performed to
Verify the Reactivity of Anion Precursors as Suggested by
the ICP-AES Data (TMS,—E > TBP—E > TOP—E)“

Se precursor Te precursor %Se in product %Te in product
TBP—Se TMS,—Te/ODE 1 99
TBP—Se TBP—Te 2 98
TBP—Se TOP—Te 3 97
TMS,—Se/ODE TBP—Te 40 60
TBP—Se TBP—Te 2 98
TOP—Se TBP—Te 1 99

“Experiments were performed using a 50% Se, 50% Te injection solution using ei-
ther TBP—Se or TBP—Te as a control anion precursor. DPP was not added to these
reactions.

which serves as a guide for syntheses. When the reac-
tion rates of both anion precursors are similar, the re-
sulting QD alloy composition matches the anion precur-
sor ratio (indicated by the dashed black line). The QD
sizes over the range of compositions were measured
from TEM images and are reported in each plot.

Bailey et al. reported the synthesis of CdSe,Te;., QDs
using TOP—Se and TOP—Te'® and found the reaction ki-
netics of Te to be twice that of Se. Homogeneous al-
loys were obtained using a Cd-limited reaction to con-
trol the available anion binding sites and maintain a
constant Se and Te ratio. When Cd was in excess, a gra-
dient structure consisting of a CdTe core and CdSe,Te;,
shell was produced. Following Bailey,'® we attempted
the synthesis of homogeneous PbSe,Te;., QDs using
TOP—Se and TOP—Te using either a 1:1 or 2:1 Pb/
(Se+Te) ratio and found the resulting QDs contained
much more Te than Se. High Se content alloys are diffi-
cult to obtain due to the higher Te reactivity (see Fig-
ure 1g, yellow triangles). Contrary to what was reported
for the CdSe,Te;., system,' a higher cation:anion ratio
does result in more Se incorporation here. The QDs ex-
hibit higher Se incorporation with longer reaction times
(see inset to Figure 1a), suggesting a radial gradient
structure supporting the results of Gurusinghe et al.?'
and Swafford et al.?? who found that Cd-limited condi-
tions were unable to produce homogeneous CdS,Te;,
and CdS,Se;. alloys.

In the synthesis of CdSe the reaction kinetics of
tributylphosphine-selenide (TBP—Se) were found to
be 1.7 times faster than TOP—Se,? so to increase the
incorporation of Se, TBP—Se and bis(trimethylsilyl)
selenide (TMS,—Se) were used. The ICP-AES data and
control experiments (see Table 1) show that the re-
action rates of the anion precursors are TMS,—E >
TBP—E > TOP—E, where E is used in a general sense
to imply chalcogen.

TMS,—Se in combination with TBP—Te offers higher
Se reactivity and allows for alloyed QDs of various com-
positions to be synthesized (Figures 1b and 1g). In Fig-
ure 1g, all of the PbSe,Te, data falls below the dashed
line, indicating the reactivity of Te precursors is still
greater than Se precursors, but Se and Te incorpora-
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tion can be better controlled using TMS,-based precur-
sors for both anions (see Figures 1c and 1q).

For the incorporation of S we employ TMS,—S to
produce both PbS,Te;, and PbS,Se;.,. Figure 1d shows
the absorbance spectra of PbS,Te;, QDs of varying
composition made from TMS,—S and TBP—Te. Using
TBP—Te always resulted in QDs with high S content, as
shown in Figure 1h; well controlled PbS,Te;, QDs are
made from TMS,—S and TMS,—Te due to their similar
reactivity (see Figure 1e and h).

For PbS,Se;.,, TMS,—S and TOP—Se are the pre-
cursors, and as reported by Ma,?® the PbS,Se;, QDs
always contain more S than expected because
TMS,—S is more reactive than TOP—Se (Figure 1i).
Alloy compositions ranging from 0 to 100% S are
easily attainable and yield the sharpest exciton tran-
sitions, see Figure 1f. The lack of a clear first exciton
in alloys with high Te content arises because the 1s
and 1p electronic states in PbTe are close in energy
and difficult to resolve unless a high monodispersity
is achieved.?” Unfortunately the fast reactivity of
TMS,—Te leads to greater polydispersity (higher o)
in PbSe,Te;, and PbS,Te;, than PbS,Se;., QDs (Fig-
ure 2) and increasing polydispersity in PbS,Te;., and
PbSe,Te;., QDs with higher Te content.

Previous literature suggests that DPP reduces lead
from Pb?* to Pb® increasing the nucleation rate and
thus the QD vyield,?#?° however, Evans et al. proposed a
different scheme where secondary phosphine chalco-
genides are the precursors to QD formation because
they cause the dissociation a nonreactive Pb-oleate
complex and subsequent formation of a reactive Pb-

e

more polydisperse (higher o) and smaller than PbS,Se;.,.

VOL.5 = NO.1 = 183-190 = 2011 W)

Figure 2. TEM images of (A) PbS545S€¢.4¢ made from TMS,—S and
TOP—Se (B) PbSegs5Teg45s made from TMS,—Se and TMS,—Te and
(C) PbSq.46Te054 QDs made from TMS,—S and TMS,—Te. Due to the
fast reactivity of the TMS,—Te, ternary alloys containing Te are
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TABLE 2. Fitting Coefficients for PbS, PbSe, and PbTe QD
Sizing Equations (eq 1)

where E;  is the effective bandgap of the quantized
crystal in eV, Ey, pui is the bandgap of the semiconduc-
tor in bulk form in eV, d is the diameter in nanometers

bulk £ A B ¢ and A, B, and C are fitting coefficients. We use our own
PbS 041 0.014494 0.32589 0.07777 sizing of binary QDs for each material and they coincide
PbSe 0.278 0.020866 0.20636 042683 \with various literature values for each.?35~3 The fit val-
PbTe 0.31 0.0026367 0.22721 0.66641

phosphine complex.3® We find a range of alloy compo-
sitions synthesized with either TBP—E or TOP—E cannot
easily be achieved in the in the absence of DPP, and
PbSe,Te;., made from TOP—Se and TOP—Te without
DPP contained less than 1% Se (see Table 1). Without
the addition of DPP the reactive Pb-phosphine complex
does not form and the reaction is dictated by the faster
Te precursor reactivity.

The size of the QDs can be tuned by varying the syn-
thetic parameters. Comparing Figures 1a—c reveals that
using faster reacting precursors results in QDs of smaller
average size. Figure 1f shows that for PbS,Se;., QDs,
with increasing S the PL blue shifts and the size of the
QDs decreases. The same is true for the PbSe,Te;., made
from TMS,—Se and TMS,—Te with increasing Se (Fig-
ure 1c). However, for the PbS,Te;., made from TMS,—S
and TMS,—Te, the trend is less clear as the PL does not
follow a linear blue shift with the alloy composition (Fig-
ure 1e). The QD diameter decreases from 3.2 to 2.6 nm
as the amount of S decreases from PbSggsTegq4 to
PbSo.15Teggss. This could be due to optical bowing,*'
which has been observed in CdSe,Te;.,'® and CdS,Te;
alloys.?" For bulk PbS,Te;.,, theory predicts either posi-
tive3? or no*? optical bowing while experimental results
on PbS,Te;., thin films do not show bowing.3*

Using established sizing curves for PbS, PbSe, and
PbTe, calculations predict how the band gap and QD di-
ameter vary with alloy composition. The size-
dependent bandgap of quantum dots can be appropri-
ately fit by the following equation:

1

E (d)=EF . +—o
geff 9bulk " AR 4+ Bd + C

(M
1.0

0.8 il

0.2

ues appear in Table 2. To construct the composition de-
pendent sizing graphs in Figure 3, a matrix is created
from the following alloying equation:

Eyeil d) = X*E) ld) + (1 — X*Eoeld)  (2)

where x is the composition ratio, and Y and Z here re-
fer to the materials in the alloy. Bowing can be consid-
ered by simply adding the additional term —bx(1 — x)
but the bowing coefficient b has been reported to be
very small for Pb chalcogenide alloys (0.03—0.09).33 We
have verified such small bowing by fitting the PbS,Se;.,
size-dependent data in Figure 1f to the full equation
to yield a bowing coefficient of 0.09. Figure 3 provides
the full range of alloy composition and band gap as a
function of size for each of the alloys synthesized in this
work. These plots were used to determine the average
size of QDs from a known composition and band gap.
The difference between these values and those
measured with TEM appear in Figure 3 as closed and
open circles, respectively. The standard deviation of the
average QD size measured by analyzing TEM images is
shown in Figure 3 as error bars. There is little difference
between the predicted and measured size for the
PbS,Se ., data as these samples have a clear first exci-
ton in the absorbance due to higher monodispersity
and are larger (3.3—6.0 nm) than the PbSe,Te;., and
PbS,Te;. thus making the TEM analysis facile. Greater
discrepancy is observed in PbSe,Te;., and PbS,Te ., with
higher Te composition because the first exciton posi-
tion is difficult to discern and the sample polydisper-
sity and irregular shapes cause inaccurate size esti-
mates. Additionally, the small size (2.3—4.4 nm) of
PbSe,Te;., and PbS,Te;, QDs made from TMS,—Te and
either TMS,—Se or TMS,—S are difficult to measure ac-
curately with TEM. The greatest difference between the

1.04

2 4 6 10
diameter (nm)

4 6 10
diameter (nm)

6
diameter (nm)

Figure 3. Calculated size- and composition-dependent bandgap of (a) PbS,Se;.,, (b) PbS,Te;.,, and (c) PbSe,Te;., alloy QDs as described

in the text. Bandgap in eV is notated on each contour line. These plots were used to determine the average size of QDs from a known

composition and band gap. The difference between these values and those measured with TEM appear as closed and open circles, re-

spectively. Circle colors are: PbS,Se;, (green) made from TMS,—S and TOP—Se, PbS,Te;., made from TMS,—S and TBP—Te (purple),

PbS,Te;., made from and TMS,—S and TMS,—Te (blue), PbSe,Te;., made from TOP—Se, TOP—Te (yellow), PbSe,Te;, made from

TMS,—Se and TBP—Te (brown), and PbSe,Te;, made from TMS,—Se and TMS,—Te (red).
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Figure 4. (a) Changing the oleic acid to Pb molar ratio used
to synthesize PbS,Se;., alloys results in QDs of different size.
(b) Actual %S in the PbS,Se;., QDs versus first exciton posi-
tion showing that the S composition is independent of the
oleic acid to Pb ratio. (c) PbS,Se;., QDs first exciton position
versus oleic acid to Pb molar ratio.

predicted and measured values was 1.6 nm and 95%
of the predicted sample sizes were within 1 nm of the
size determined via TEM.

Figure 1 clearly demonstrates that by varying the el-
emental composition the band gap (or size) of the QDs
can be tuned. The QD size can also be varied by alter-
ing synthetic conditions including the reaction time and
temperature, or Pb to oleic acid molar ratio, as shown
in Figure 4. Figure 4a shows the optical properties of
PbS,;Seq3 QDs with an oleic acid to Pb ratio varying
from 2.5 to 24.8, the composition remains constant (Fig-
ure 4b) while the position of the first exciton varies (Fig-
ure 4c) demonstrating the creation of a material with
desired size (bandgap) and composition.

Alloy compositions are monitored by X-ray diffrac-
tion (XRD) as lattice planes shift based on the average
lattice constant created from a uniform mix of anions.
All materials studied here exhibit the rock salt structure
and have similar lattice constants (5.9362 A, 6.124 A,

and 6.459 A for PbS, PbSe, and PbTe respectively). The
XRD patterns for PbSe,Te;., and PbS,Te;, shift from the
PbSe/S pattern toward the PbTe pattern as the Te con-
tent of the QDs increases (Figure 5). Broader peaks in
PbSe,Te;., and PbS,Te;., samples with high Te content
could result from either sample polydispsersity or non-
uniform strain in the QDs. If the alloys possess a gradi-
ent structure, the lattice constant within the QD would
change with the QD radius, giving rise to strain. Because
a gradient structure is not observed here (with the ex-
ception of the PbSe,Te;, made from TOP—Te and
TOP—Se as shown in Figure 1a) we believe the peak
broadening comes from the sample polydispersity as
the samples with high Te content contain many 1—2
nm nanocrystals. For the PbS,Se;,, the XRD pattern
shifts toward the PbS pattern from the PbSe pattern.
All of these trends as well as the (200) peak positions
agree with previous reports for ternary alloy lead chal-
cogenide thin films3#3%3 and agree with ICP-AES data.

Finally, we compare the ratio of Pb to total an-
ions, rather than the relative ratios of the anions us-
ing ICP-AES. Moreels et al. proposed that PbSe QDs
are faceted spheres with quasi-stoichiometric cores
terminated by a Pb surface shell® resulting in a size
dependent Pb excess. This observation was sup-
ported by later work on both PbSe* and CdSe.*
We model Pb/anion ratios for different sizes assum-
ing all surface atoms are Pb, our model is shown in
Figure 6 and is calculated as follows:

P_b=D3_4(§_A)3 a)
R

where D is the QD diameter in nanometers and A is
the covalent radius of Pb = 0.146 nm.*? The radius is
used instead of the diameter because the model as-
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Figure 5. XRD patterns of different (a) PbS,Se;, made from TMS,—S and TOP—Se (b) PbSe,Te;., made from TMS,—Se and TMS,—Te,
and (c) PbS,Te;, made from and TMS,—S and TMS,—Te. The red, blue, and yellow vertical lines are the patterns of PbTe, PbSe, and PbS,
respectively. A large (220) peak relative to the other diffraction peaks for PbS,Se;., indicates texturing of QDs with [200] direction per-

pendicular to the XRD substrate.
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Figure 6. Cation (Pb) to anion ratios for (a) PbSe, PbS, PbTe, and (b) PbSe,Te,,, PbS,Se;.,, and PbS,Te,, QDs. QD sizes were deter-
mined with the sizing curves appearing in Figure 3. The black line is a model predicting Pb/anion ratios if all exposed atoms on the sur-
face are Pb. (c) Pb/anion ratio of the alloys as a function of anion composition.

sumes an average half monolayer of excess Pb, as ex-
cess Pb atoms add only to exposed Se atoms.3¢ As
the QD diameter is reduced, the percentage of at-
oms on the surface increases resulting in higher Pb/
anion ratios. We measured Pb/E for PbSe, PbS, and
PbTe QDs, and find that the model accounts for the
data for all PbSe QDs, but for PbS QDs there is a de-
viation when the diameter is less than 2 nm. For
PbTe, the ratio is found to be 1.2—1.3 and size inde-
pendent. We speculate that these trends are related
to the reaction rates of the different anion precur-
sors; faster reaction rates result in less excess Pb in
the reaction solution and lower Pb/anion ratios. The
smallest PbTe sample (0.6 nm) was made using
TMS,—Te, PbS is always synthesized using TMS,—S,
and the smallest PbSe (1.1 nm) used TMS,—Se. Based
on the ICP-AES data, the reaction rates of the
TMS,—E precursors can be deduced as follows:
TMS,—Te = TMS,—S > TMS,—Se (which differs from
the trend observed for phosphine chalcogenides:
Te > Se > 5).26 Thus the Pb/anion ratio for the small
QDs follows the trend PbTe = PbS < PbSe. For QDs
greater than 2 nm, PbSe was made with TOP—Se and
PbTe was produced with TOP—Te and the Pb/anion
ratios are PbTe < PbSe as the reactivity of TOP—Te
> TOP—Se. However, PbS QDs larger than 2 nm were
made with TMS,—S (more reactive than TOP—Te)
so the higher Pb/anion ratios for PbS than PbTe are
unexpected.

METHODS

Materials and Supplies. All chemicals are used as received. Lead
oxide (PbO, 99.995%) is purchased from Alfa Aesar. Oleic acid
(OA, 90%), 1-octadecene (ODE, 90%), bis(trimethylsilyl) sulfide
(TMS,—Se), selenium powder (99.99%), trioctylphosphine (TOP,

For the PbSe,Te;., QDs, the Pb/(Se+Te) ratio falls
from 2.5 to 1.3 (Figure 6b and c) as the amount of Se de-
creases from 90% to 10%. In the PbS,Te;., QDs, the Pb/
(S+Te) ratio falls from 2.3 to 1.2 as the amount of S de-
creases from 90% to 10% while the PbS,Se;., QD Pb/(S
+ Se) ratio falls from 2.1 to 1.3 as the amount of S de-
creases from 90 to 10%. These trends are consistent
with the observed values for PbTe (a Pb/Te ratio of
1.2—1.3 that is size independent), PbSe (Pb/Se =
2.2—1.2 with decreasing size) and PbS (Pb/S = 1.7—-1.1
with decreasing size) QDs of corresponding size. The
presence of lower Pb/anion ratios with increased
amounts of Te also is expected as Pb/Te ratios are size
independent.

CONCLUSIONS

This work explores the relative reaction rates of chalco-
genide precursors to produce alloyed QDs of PbSe,Te;,
PbS,Se;, and PbS,Te;,. The sharpest exciton transitions
were observed in PbS,Seq, and using highly reactive
TMS,-based precursors allowed for incorporation of an-
ions in each family. Furthermore, size control of similar
composition alloys was obtained by varying the ligand
concentration. Exploring the Pb/anion ratio revealed a
size and composition dependent Pb excess in all alloyed
QD as well as in PbSe, PbTe, and PbS and is consistent
with the reaction rates of the anion precursors.

90%), tributylphosphine (TBP, =93.5%), diphenylphosphine
(DPP, 98%), anhydrous ethanol (=99.5%), anhydrous hexane
(95%), and anhydrous tetrachloroethylene (TCE, =99.9%) are
purchased from Sigma-Aldrich. Bis(trimethylsilyl) telluride
(TMS,—Te) and bis(trimethylsilyl) selenide (TMS,—Se) are pur-

TABLE 3. List of Which Anion Precursor Is Used for Making Each Ternary Pb Chalcogenide Alloy QD Sample

sample S precursor
PhSe,Te;., made from TOP—Se and TOP—Te n/a
PbSe,Te;, made from TBP—Se and TOP—Te n/a
PbSe,Te;., made from TMS,—Se and TBP—Te n/a
PbSe,Te;., made from TMS,—Se and TMS,—Te n/a

PhS,Te;., QDs made from TMS,—S and TBP—Te
PbS,Te;., QDs made from TMS,—S and TMS,—Te

PbS,Seq. ™S, =S
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0.75 M TMS,—S/0DE
0.75 M TMS,—S/0DE

Se precursor Te precursor DPP
1TMTOP—Se 0.75MTOP—Te 15 pl
0.75 M TBP—Se 0.75MTOP—Te 15 pl
0.5 M TMS,—Se/ODE 0.75M TBP—Te 15 b
0.5 M TMS,—Se/ODE 0.5 M TMS,—Te/ODE n/a
n/a 0.75M TBP—Te 15 pl
n/a 0.5 M TMS,—Te/ODE n/a
1TMTOP—Se n/a 37 pl
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chased from Gelest. Nitric acid (HNOs) is purchased from Fisher.
Doubly distilled deionized water (DI-H,0) is used for ICP-AES
sample preparation.

Quantum Dot Synthesis. All of the alloyed QDs are synthesized
using a one-pot, hot injection method on a Schlenk line using
standard air-free techniques. For all reactions except where
noted 0.223 g PbO, 0.7 g OA, and 5 g ODE are degassed and
dried at 140 °C for at least 1 h in a 50 mL round-bottom flask un-
der N,. Approximately 3 mL of 0.5 mM chalcogen prepared an-
ion solution is then injected. The reaction proceeds for 40 s and
is quenched by immersing the flask in a water bath. Once the
temperature decreases to 70 °C, 5 mL of anhydrous hexane is in-
jected and the reaction flask is allowed to cool to ambient tem-
perature. All anion solutions are prepared in a glovebox with ex-
cess ODE to bring the solution volume to 3 mL. The solutions
are prepared by mixing the desired amount of each anion pre-
cursor as shown in Table 3.

After cooling to room temperature, the reaction solution is
transferred into centrifuge tubes under air-free conditions and
then spun for 3 min at 6000 rpm to eliminate any solid byprod-
ucts, poorly capped QDs, or aggregates that precipitate.
Anhydrous hexane and anhydrous ethanol are used as a
solvent/nonsolvent pair to precipitate the QDs in a centrifuge
operated for 5 min at 6000 rpm. Two washing steps are used and
the QDs are stored as a dried powder for later use.

Sample Characterization. XRD is performed on a Scintag X1 dif-
fractometer using Bragg—Brentano geometry and Cu Ka radia-
tion (\ = 1.54 A). Samples are prepared by dropcasting concen-
trated solutions onto quartz substrates. XRD patterns are
compared to that of PbS (JCPDS #05—0592), PbSe (JCPDS
#06—0354) and PbTe (JCPDS #38—1435).

TEM pictures are obtained using a FEI Tecnai G2 20 Twin
microscope with a LaBg filament operated at 200 kV. Images are
digitally acquired with a 4 mega-pixel Gatan UltraScan 1000 cam-
era. TEM samples are prepared by dropcasting QDs dispersed in
hexane onto carbon coated copper 200 mesh TEM grids (Elec-
tron Microscopy Sciences).

The optical properties of the QDs are obtained using
UV—visible near-infrared absorbance and photoluminescence
(PL) spectroscopy. All spectroscopic measurements are per-
formed on as-prepared samples without postsynthesis size selec-
tion. Measurements are taken at room temperature with the
QDs dispersed in TCE in quartz cuvettes with a 1 cm path length.
Absorbance spectra are acquired using a Shimadzu UV-3600
spectrophotometer. PL spectra are acquired using a PTI Quanta-
master QM 4/2003 steady-state spectrofluorometer. A steady-
state 150 W xenon arc lamp chopped at 22 Hz serving as the ex-
citation source, and an InGaAs diode detector is used to record
the PL.

ICP-AES is performed on a Varian Liberty 150 spectrometer
with Plasma 96 software by Micron Software, Inc., to determine
the relative Pb, Te, Se and S amount in each QD sample. Pb is
measured at 283.306 eV, S at 180.731 eV, Se at 196.026 eV, and
Te at 214.281 eV. A calibration solution containing 100 ppm each
of Pb, S, Se, and Te in 5% HNO; is purchased from Inorganic Ven-
tures. The samples are prepared by adding 1 mL of HNO; to 2
mg of dried QDs in a 20 mL vial. The samples are allowed to fully
digest before 19 mL of DI-H,0 water is added, producing a final
concentration of ~100 ppm in 5% HNOs. ICP-AES operating con-
ditions are 1500 650 V PMT voltage, 15 L/min plasma gas flow,
1.5 L/min auxiliary gas flow, and peristaltic pump speed 15 rpm.
The sample uptake time is 30 s.
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