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attracted significant interest due to
their potential use in sensors,"? solar
photovoltaics,>* infrared photodetectors,>®
and thermoelectric devices.”® In many
cases, this stems from their narrow band
gaps (PbS=0.41eV,” PbSe =0.28eV,’ PbTe =
0.23 eV'%) and large bulk exciton Bohr radii
(PbS = 18 nm,’ PbSe = 46 nm,"" PbTe =
150 nm?). Though controversial, multiple
exciton generation has been demonstrated
in PbSe and PbS nanocrystals (NCs) and
could eventually aid the development of
more efficient solar photovoltaics.'*'* Nano-
wires (NWs) offer advantages over nanocryst-
als in such applications. They include aniso-
tropic shapes that allow for improved carrier
mobilities,'* absorption/emission polarization
sensitivities,'>'® and larger absorption cross
sections as compared to NCs.™
Common techniques for growing lead
chalcogenide NWs include chemical vapor
deposition  (CVD)2'""®  template-based
growth,?®?" epitaxial growth,?* and solution-
based approaches. > ?° Reported solution-
phase syntheses of PbSe and PbS NWs
include solvothermal growth,?® the or-
iented attachment of nanoparticles,5%7°
and solution—liquid—solid (SLS) growth. >~
In the latter, SLS approach, metal/chalcogen
precursor pairs such as lead acetate/trioc-
tylphosphine selenide (TOPSe)*> and lead
oleate/trioctylphosphine sulfide (TOPS)??
have been explored to produce PbSe and
PbS NWs. Recently, Sun et al.** have reported
the use of lead(ll) diethyldithiocarbamate,
Pb(S,CNEt,),, as a single-source precursor
for the SLS growth of high-quality PbS
NWs. Details of the mechanism underpin-
ning SLS growth can be found in the
literature 33"
Although single-source precursors have
been extensively developed for the me-
tal—organic chemical vapor deposition

I ead chalcogenide nanostructures have
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High-quality compositionally tunable ternary PbSe,S; , (x = 0.23, 0.39, 0.49, 0.68, and 0.90)
nanowires (NWs) and their binary analogues have been grown using solution—liquid—solid growth
with lead(ll) diethyldithiocarbamate, Ph(S,(NEty),, and lead(ll) imido(bis(selenodiisopropylphos-

phinate)), Pb((SeI”PrZ)ZN)Z, as single-source precursors. The alloyed nature of PbSe,S; _, wires was

confirmed using ensemble X-ray diffraction and energy dispersive X-ray spectroscopy (EDXS). Single

NW EDXS line scans taken along the length of individual wires show no compositional gradients. NW

compositions were independently confirmed using inductively coupled plasma atomic emission

spectroscopy. Slight stoichiometric deviations occur but never exceed 13.3% of the expected

composition, based on the amount of introduced precursor. In all cases, resulting nanowires have

been characterized using transmission electron microscopy. Mean diameters are between 9 and 15 nm

with accompanying lengths that range from 4 to 10 .m. Associated selected area electron diffraction
patterns indicate that the PbSe,S; _,, PhSe, and PhS NWs all possess the same {002) growth direction,
with diffraction patterns consistent with an underlying rock salt crystal structure.

KEYWORDS: single-source precursor - solution—liquid—solid growth -
nanowire - lead selenide - lead sulfide - lead selenide sulfide - binary - ternary -

solid solution - alloy

(MOCVD) of semiconductor thin films,*
only a handful of publications have re-
ported their successful use in SLS
preparations.>**33* One advantage of sin-
gle-source precursors involves having both
metal and chalcogen elements in close
proximity. This ameliorates growth issues
stemming from the different decomposi-
tion kinetics and/or reactivities of separate
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metal/chalcogen precursors. While the mechanism
behind the decomposition of these single-source pre-
cursors is not fully understood, their use empirically
results in the growth of homogeneous nanowires.

With this in mind, the growth of compositionally
complex nanostructures such as ternary alloys remains
a great challenge in current nanoscience. This is true
even in nanocrystals, where it has been difficult to find
precursors for constituent elements that result in equal
growth rates and whose optimal growth conditions do
not impede each other.3®> Among reasons for creating
ternary alloys is the opportunity to achieve band gap
tuning by varying the material's composition rather
than size. This gives researchers access to a new class of
nanomaterials, possessing both size- and composition-
dependent optical/electrical properties. Ternary
growth has been demonstrated in Zn,Cd;_,S (x =
0.10, 0.25, 0.36, 0.53)*® Zn,Cd; ,Se (x = 0.28, 0.44,
0.55, 0.67),>” CdS,Se; , (x = 0.13, 0.34, 0.53, 0.76),*®
CdSe;_,Te, (x = 0.39, 0.66, 0.85),>° and PbS,Se;_, {x =
(0.35, 0.50, 0.70, 0.95) (0.20, 0.33, 0.43, 0.50, 0.67,
0.80),°(0.11,0.26,0.54,0.77, 0.86)*°} nanocrystals with
resulting band gaps tunable between those of their
respective binary systems.

Despite these initial successes, the available litera-
ture on solution-grown ternary NCs indicates that even
in these 0D systems, the constituent elements are not
homogenously alloyed.>*> Although no phase separa-
tion has been reported, the available literature does
indicate some degree of segregation with one of
the elements accumulating off-center. This results in
radial heterogeneities.>*> The synthesis of ternary
NWs represents an even greater challenge since one
must maintain not only radial but also compositional
homogeneity across the NW length. The growth of
single-crystalline ternary NWs has been reported for
CulnSe, (Cu/In/Se = 33:22:45; 46:18:36),*> Cu,_,S,Se;
(Cu/S/Se = 62:38:0, 61:28:11, 61:20:19, 61:15:24,
62:10:28, 62:0:38),*" In,Ga; ,N (x = 0—1),*” ZnS,Se;
(x=10.21,0.35,0.49, 0.60, 0.71, 0.80),*> and ZnSe,Te;
(compositional gradient with Se:Te = 3.9:1, 2.7:1, 1.4:1,
1:1 along the length of a wire).** Furthermore, al-
though these NWs exhibit no phase segregation, long-
itudinal compositional variations exist in all cases where
a detailed compositional analysis has been carried
out3*4* Furthermore, ternary PbSe,S;_, NWs (x =
0.40) have been reported by Mokari et al.** using lead
oleate/trioctylphosphine sulfide as precursors.

In the present study, we report the use of lead(ll)
imido(bis(selenodiisopropylphosphinate)), Pb((SeP’Pr.)-
oN),, and lead(ll) diethyldithiocarbamate, Pb(S,CNEt;),,
as single-source precursors for the growth of ternary
PbSe,S;_, (where x = 0.23, 0.39, 0.49, 0.68, 0.90) as well
as binary PbSe and PbS NWs. Resulting wires have
been characterized using transmission electron micro-
scopy (TEM), scanning transmission electron microscopy
(STEM), energy dispersive X-ray spectroscopy (EDXS),
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X-ray diffraction (XRD), and elemental analysis through
inductively coupled plasma atomic emission spectros-
copy (ICP-AES). Binary nanowires possess mean di-
ameters between 9 and 15 nm, while ternary wires are
approximately 10 nm in diameter. Accompanying NW
lengths range from 4 to 10 um. In PbSe,S;_,, more
detailed single-NW EDXS analyses reveal slight composi-
tional inhomogeneities (with 6.83 + 0.03% variations)
along the growth direction. ICP-AES elemental analyses
also show analogous deviations for both binary and
ternary NW ensembles though never exceeding 13.3%
of the intended composition, based on the amount of
introduced precursor. The current synthesis therefore
effectively produces compositionally tunable ternary
NWs with no evidence of composition gradients.
This points to the successful implementation of single-
source precursors in producing compositionally com-
plex nanowires.

RESULTS AND DISCUSSION

The use of single-source precursors in the synthesis
of metal chalcogenide nanowires provides a unique
opportunity to eliminate the problem of empirically
finding separate metal and chalcogen sources that
possess appropriately balanced reactivities.>* Since
both the metal and chalcogen exist on the same
compound, this suppresses any variabilities in precur-
sor decomposition kinetics that can adversely affect
NW growth. More importantly, the use of single-source
precursors aids the growth of compositionally complex
ternary nanowires where finding appropriate metal
and chalcogen precursors, with comparable decom-
position kinetics and growth compatibilities, can be
difficult or even prohibitive.

To ascertain the feasibility of using single-source
precursors for the seeded growth of ternary PbSe,S;_
NWs, we first employed these compounds to grow
binary PbSe and PbS wires. Their growth was opti-
mized by varying parameters such as the coordinating/
noncoordinating nature of the growth solvent, the
reaction temperature, and the amount of Bi catalyst
introduced.***’ In all cases, single-source precursors
were recrystallized prior to use. Growth solvents such
as trioctylphosphine oxide (TOPO), trioctylphosphine
(TOP), hexadecylamine (HDA), octadecene, and squa-
lane were investigated, the details of which are pre-
sented in the Supporting Information (Table S1).
Empirically, the highest quality NWs, in terms of
their surface smoothness, straightness, diameter, and
length, were grown using TOPO. For all NWs reported
and for the same amount of catalyst, growth tem-
peratures of T> 230 °C led to thick (d ~ 20 nm) NWs,
with diameters decreasing with decreasing tempera-
ture. Below 200 °C, large-diameter wires were again
observed. Since both single-source precursors led
to PbSe and PbS NWs with similar diameters at
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Figure 1. (a, b) Low- and (c, d) high-resolution TEM images
of PbSe NWs with a mean diameter of d =9 + 2 nm (£21%).

T = 210 °C, this temperature was selected as our
default growth temperature.

Figure 1 shows representative low- and high-
resolution TEM images of the PbSe NWs produced.
Clear lattice fringes are evident, illustrating their crys-
tallinity. The wires also have smooth surfaces and
exhibit straight morphologies, as opposed to the
branched shapes previously seen in solution-grown
1-VI***° and IV—VI NWs.*®

For the PbSe ensemble shown, NWs possess a mean
diameter of 9 £+ 2 nm (£21%, sample size 24 NWs).
Lengths exceed 10 um with corresponding intrawire
diameter variations of £8%. By varying the amount of
introduced BiCl; while maintaining the amount of
added Pb((SeP’Pr,),N), constant at 20 umol, the fol-
lowing PbSe nanowire diameters could be obtained:
(@) 25 nmol of BiCls [d =9 &+ 1 nm (£11%, sample
size 30 NWs), associated BiCl3:Pb((SeP'Pr,),N), ratio =
1:784], (b) 50 nmol of BiCl; [d = 11 £ 2 nm (+=18%,
sample size 30 NWs), associated BiCl;:Pb((SeP'Pr,),N),
ratio = 1:392], (c) 100 nmol of BiCl; [d = 13 & 2 nm
(£15%, sample size 40 NWs), associated BiCls:Pb-
((SePPr,),N), ratio = 1:196], (d) 200 nmol of BiCl; [d =
15 + 2 nm (£13%), sample size 30 NWs, associated
BiCl3:Pb((SeP'Pr,),N), ratio = 1:98]. This diameter de-
pendence is consistent with our earlier observations on
CdSe NWs where introducing more BiCl; led to larger
Bi nanoparticles, which, in turn, resulted in larger di-
ameter NWs>° Additional TEM images of PbSe NWs,
showing clear lattice fringes and smooth surfaces, can
be found in the Supporting Information (Figure S1).

Figure 2 shows representative TEM images of analo-
gous d =9 + 2 nm (£22%, sample size 69 NWs) PbS
NWs produced under similar conditions. As with PbSe,
the wires exhibit smooth surfaces and straight mor-
phologies. The accompanying high-resolution images
also show that the wires are crystalline. An analogous
diameter dependence with the amount of introduced
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Figure 2. (a, b) Low- and (c, d) high-resolution TEM images
of PbS NWs with a mean diameter of d = 9 + 2 nm (+22%).

Figure 3. (a, b) Low- and (c, d) high-resolution TEM images
of PbSeg 50S0.50 NWs with a mean diameter of d =10 =2 nm
(£20%).

BiCl; is observed. Additional TEM images of PbS NWs
showing straight morphologies, smooth surfaces, and
clear lattice fringes can be found in the Supporting
Information (Figures S2 and S3).

Having confirmed the feasibility of using single-
source precursors to grow PbSe and PbS NWs, we
proceeded to tackle the synthesis of compositionally
tunable PbSe,S;_, NWs. Procedures for making PbSe
and PbS NWs were therefore modified by mixing
both Pb((SeP’Pr,),N), and Pb(S,CNEt,), precursors in
subsequent reactions. The composition of resulting
ternary NWs was controlled by introducing the Pb-
((SeP'Pr,),N),:Pb(S,CNEt,), mole ratios 4:1, 1.5:1, 1:1,
1:1.5, and 1:4 to obtain PbSeggpSo20, PbS€0.6050.40s
PbSeq 500,50, PbSeo.40S0.60, and PbSeq 205080 NWs, re-
spectively. In all cases, the amount of introduced BiCls
was kept constant at 1.25 nmol per 1.0 umol of total
precursor [i.e.,, both Pb((SePPr,),N), and Pb(S,CNEt,)-]
to maintain a mean NW diameter of approxim-
ately 10 nm. In what follows, we refer to the diffe-
rent ternary ensembles through their theoretical
stoichiometries.
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Figure 4. High-resolution TEM images and corresponding
SAED patterns for (a, b) PbSe, (c, d) PbS, and (e, f) PbSeg s0-
So.50 NWs.

Figure 3 shows representative low- and high-resolu-
tion TEM images of PbSeq 505050 NWs produced. The
sample's mean diameter is d = 10 £ 2 nm (£20%,
sample size 45 NWs) with the following (mean) di-
ameters for other preparations: PbSe goSo20, 11 & 3 nm
(£27%, sample size 30 NWs); PbSe 05040, 9 £ 2 nm
(422%, sample size 45 NWs); PbSep 405060, 9 £ 1 nm
(£11%, sample size 40 NWs); and PbSeq 05080, 9 £ 2 nm
(422%, sample size 30 NWs). In all cases, corresponding
intrawire diameter variations are less than £11%.

Representative high-resolution TEM micrographs
and corresponding selected area electron diffraction
(SAED) patterns of PbSe, PbS, and PbSeq 505050 NWs are
shown side-by-side in Figure 4. In all cases, the diffrac-
tion patterns are consistent with a face-centered cubic
structure,®’ with the observed spot pattern depending
on the zone axis being viewed. To illustrate, the SAED
pattern in Figure 4b corresponds to viewing the NW
down the (100) zone. The pattern in Figure 4d results
from probing the (110) zone axis. Contributing planes
in all SAED patterns have been indexed and are {002},
{111}, and {220}. The brightest spots lie along the NW
long axis and determine its growth direction. Figure 4b
therefore shows a [020] growth direction, while
Figure 4d and 4f illustrate a [002] growth direction;
both are identical in the cubic NW lattice. Together
these SAED images reveal that both binary and ternary
NWs possess (002) growth axes.
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Figure 5. XRD patterns of PbS and PbSe NWs along with
their corresponding JCPDS reflections. Traces are offset for
clarity.

This conclusion was further corroborated by mea-
suring the TEM lattice fringe spacing of binary NWs
viewed along (100) (Figures 1¢, 1d, 2d, 3c) and (110)
(Figures 2c and 3d). For PbSe NWs viewed along (100)
we measure a {002} fringe spacing of 3.01 A. The
corresponding database value is 3.06 A (JCPDS 77-
0245). For PbS we measure a 2.91 A {002} fringe
spacing. This agrees well with its 2.92 A database value
(JCPDS 77-0244). For PbSe and PbS wires viewed along
(110), their {111} d-spacings likewise agree with their
database values (PbSe: 3.45 A experimental versus
3.53 A database value; PbS: 3.31 A experimental versus
3.42 A database value). These results confirm that
produced binary NWs grow along (002). Furthermore,
both the SAED and d-spacing measurements corrobo-
rate growth direction conclusions from earlier PbS**
and PbSe?> NW reports.

PbSe and PbS NW crystal structures were further
characterized using ensemble XRD measurements.
Figure 5 shows resulting data for representative PbSe
and PbS ensembles along with their respective JCPDS
stick patterns. The positions and relative intensities of
the PbSe/PbS reflections agree with their database
values [PbSe: JCPDS 77-0245 (a = 6.128 A); PbS: JCPDS
77-0244 (a = 5.934 A)]. This indicates that they exhibit
the rock salt crystal structure. Differences in the experi-
mental peak intensities relative to their JCPDS values
however arise due to crystallographic texture.> This is
because the angles of incidence and reflection are
equal in the XRD experiment. As a consequence,
observable reflections arise only from crystal planes
parallel to the specimen substrate.>®

Figure 6 compares the XRD patterns of PbSe,S;_
NWs to their binary counterparts. It is apparent that the
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Figure 6. XRD patterns of ternary NWs with corresponding
PbSe and PbS reflections for comparison purposes. The
dashed line is a guide to the eye. Traces are offset for
clarity.

ternary wires exhibit the same overall reflection pat-
tern as their parent PbSe and PbS NWs. This indicates
that the PbSe,S;_, NWs retain an identical rock salt
crystal structure. Figure 6 also shows that they exhibit
reflections that lie between the corresponding binary
PbSe/PbS NW reflections and that shift with increas-
ing sulfur content. To illustrate, the (220) PbSe reflec-
tion occurs at 41.7°. It moves to 42.7° in PbSeqsSg 5
and settles at 43.1° in PbS. A dashed line has been
included in Figure 6 to guide the eye. Similar behavior
can be seen with the other reflections. A plot illustrat-
ing this can be found in the Supporting Information
(Figure S4).

Another way to visualize these reflection angle shifts
is to extract the lattice constant associated with each
XRD pattern. For this purpose, we used Bragg's law
to calculate the composition-dependent a-values of
PbSe,S;_x NWs. Namely, 2dpsin(6) = nl was used to
determine dp, which subsequently yielded a through
dpe = al(h® + k2 + 12, In the equations, dy is the
d-spacing associated with a given (hkl), 0 is the angle
between the incident X-ray beam and the crystal plane,
n is the order of the reflection (usually n = 1), 1 is the
X-ray wavelength (1.54 A), a is the desired lattice
constant, and h, k, | are Miller indices. In all samples,
an average a-value was obtained by carrying out the
calculation on the (220), (311), (222), (400), (331), and
(420) reflections (Figure 6). Smaller angle reflections
[i.e, (111) and (200)] were not used since substrate-
related contributions to the background were found to
introduce significant errors. For comparison purposes,
the parent binary compound lattice constants were
also calculated. We obtain for PbSe 6.117 A measured
versus 6.128 A database value and for PbS 5.931 A
measured versus 5.934 A database value. Both pairs of
values are therefore self-consistent.

Corresponding ternary NW lattice constants lie be-
tween the above PbSe/PbS limits and shift with com-
position. This indicates their ternary nature. PbSe,S;_
a-values are summarized in Table 1.

TABLE 1. Calculated Lattice Constants of PbSe, PbS, and
PbSe,S; x NWs from an Analysis of Ensemble XRD

Patterns and Estimated Compositions Based on
Ensemble EDXS and ICP-AES Measurements
ensemble EDXS ensemble
XRD results results ICP-AES results
nominal
composition a (k) X 1—x X 1—x
PbS 5.931 + 0.002
PbSeg 205080 5954 £ 0.010 0.18  0.82  0.23(4-0.014) 0.77 (£0.014)
PbSeg 405060 5956 £ 0.006 027 073  0.39(4-0.014) 0.61(=£0.014)
PbSegs0S050 5989 £ 0.010 0.43 057  0.49(4-0.021) 0.51(=40.021)
PbSegg0S040  6.013 £0.012 052 048  0.68(1-0.014) 0.32(=40.014)
PbSeggoS020  6.062 £ 0.005 073 027  0.90(4-0.014) 0.10 (£0.014)
PbSe 6.117 4= 0.003

We investigated whether binary and ternary NWs
conformed to Vegard's law.>* Namely, Vegard's law
states that diernary  Nws = XAppse 1 (1 — X)apps, Where x
is the mole fraction of the introduced substituent, and
Orernary Nws: Opbses @aNd dpps are the lattice constants
of PbSe,S;_,, PbSe, and PbsS, respectively. Lattice con-
stants, calculated from our XRD results, were there-
fore plotted as a function of composition (x), using
ensemble ICP-AES-derived stoichiometries (see Sup-
porting Information Figure S5). What results is a non-
linear “bowing” of a with x, indicating a departure
from Vegard's law. Such deviations are not unusual,
and bowing has previously been seen in ternary
CdS,Se;_, ® CdSe,Te; ,,>° and PbSe,S; ,>> NCs. De-
tailed theoretical calculations attribute this nonlinear-
ity to the lattice constant mismatch of the parent
compounds as well as their different atomic sizes and
electronegativities.> >” Alternatively, deviations can
arise from internal stresses arising from surface lig-
ands, which can alter nanostructure lattice param-
eters.”%*%5% The predicted Vegard's law linear relation-
ship is therefore only a first-order approximation, and
in some semiconductor systems a modified quadratic
equation is invoked to accurately describe the ob-
served lattice constant or band gap dependence with
composition.3>4360

Two approaches were undertaken to ascertain the
NW stoichiometry. First, EDXS measurements of small
PbSe, PbS, and PbSe,S;_, NW ensembles (sample size
~30 NWs for each NW sample) were undertaken
to estimate their composition. These measurements
show that binary PbSe NWs possess an approximate
1:1 metal-to-chalcogen ratio (Pb:Se = 54%:46%). A
representative spectrum can be found in the Support-
ing Information (Figure S6). EDXS compositional
analyses of PbS and PbSe,S;_, nanowires, however,
were complicated by the spectral overlap of the sulfur
K and lead M lines. To partially address this issue,
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Figure 7. (a) Representative HAADF—STEM image of a small PbSeq0So40 NW bundle. The boxed region represents a
reference area used for an automated TEM drift correction procedure. (b) Single-NW EDXS spectrum collected along the white
line in (a) from points 1 to 2. A total of 10 spectra were acquired along the line profile.

ternary NW compositions were therefore assessed
using a Cliff—Lorimer analysis,%" the details of which
are presented in the Supporting Information. Results of
these EDXS calculations are listed in Table 1.

To further verify ternary NW stoichiometries and to
avoid issues with the S/Pb spectral overlap, ensemble
ICP-AES measurements were used to determine the
compositions of NW ensembles, the synthesized
single-source precursors, and commercial PbSe and
PbS standards. Results of this analysis show that
binary PbSe (Pb:Se = 0.51:0.49) and PbS (Pb:S =
0.54:0.46) NWs have an approximate 1:1 metal-to-
chalcogen ratio. Likewise, commercial PbSe and PbS
standards show a 1:1 metal-to-chalcogen ratio, and
the Pb(S,CNEt,), and Pb((SeP'Pr5),N), single-source
precursors exhibit their expected 1:4 lead-to-chalco-
gen ratios.

For ternary NWs, ICP-AES results reveal the following
compositions: PbSeq »3S¢ 77, PbSe 305061, PS€0.49S0.51,
PbSe68S0:32, and PbSeqo0Se.10. In all cases, approxi-
mate errors are <2.1%. From this and a comparison to
their respective theoretical stoichiometries, it is evi-
dent that ternary NWs possess more selenium than
expected. This deviation is pronounced in samples
produced from selenium-rich precursor mixtures. How-
ever, these deviations never exceed 13.3% of the
expected composition based on the introduced pre-
cursor stoichiometry.

The ICP-AES results can also be compared to the
earlier ensemble EDXS stoichiometries in Table 1. Itis
apparent that differences exist between these mea-
surements. Given that we have assumed a 1:1 metal-
to-chalcogen (i.e., S + Se) stoichiometry in our EDXS
Cliff—Lorimer analysis (Supporting Information) to
circumvent the S/Pb EDXS overlap, it is not surpris-
ing to find such differences between techniques.
The conclusion is drawn tighter by the fact that both
ICP-AES and EDXS results on binary PbSe/PbS NWs
show slight nonstoichiometric metal/chalcogen
mole ratios [EDXS: Pb/Se 54%/46%; ICP-AES: Pb/Se
51%/49%; Pb/S 54%/46%)]. Samples always have a
tendency to be lead rich. The ensemble EDXS data
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are therefore used as a first-order estimate of the NW
composition.

As an added result from these ICP-AES measure-
ments, we find the following synthetic yields for our
ternary NW reactions: PbSe (36%), PbSe(>3S0.77 (28%),
PbSe39S0.61 (42%), PbSep495051 (38%), PbSeq 685032
(32%), PbSe.9050.10 (44%), and PbS (17%). These yields
are found from a detailed analysis described in the
Supporting Information (Table S2).

A critical aspect in the controlled production of
compositionally complex materials is the level of
compositional homogeneity within a given wire. To
evaluate this, we must go beyond ensemble EDXS and
ICP-AES measurements. As a consequence, we have
acquired single-wire EDXS spectra to better evaluate
potential intrawire compositional fluctuations. This
has entailed collecting EDXS line scans along the
length of individual NWs with 10 separate EDXS
spectra taken for each wire. The spacing of spectra
was kept less than 200 nm to minimize specimen drift
even though an automated TEM drift correction
procedure was employed. Figure 7 shows a represen-
tative spectrum, where Figure 7a first illustrates a
Z-contrast image of a small ternary PbSeq 60S0.40 NW
bundle obtained through high-angle annular dark
field (HAADF) scanning transmission electron micro-
scopy. Figure 7b then illustrates one of 10 EDXS
spectra acquired along a given wire's length as in-
dicated by the solid white line in Figure 7a. The EDXS
data show the presence of Pb and Se as well as the
unavoidable overlap between the sulfur Kand lead M
lines. Attempts at radial scans were not successful, as
the observed EDXS counts were too small to obtain
good signal-to-noise ratios.

In total, 10 individual NWs from each of three
different ternary PbSe,S; _, ensembles were analyzed.
By applying the same EDXS Cliff—Lorimer analysis used
earlier to circumvent the sulfur/lead spectral overlap,
intrawire compositions of PbSeq 0S80, PbSe€.50S0.50,
and PbSeg0S0.40 NWs were estimated. Table 2 shows
resulting data taken from 30 individual wires, 10 wires
from each ternary ensemble. The average composition,
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TABLE 2. Average Composition of PbSe,S,_, NWs
Calculated from Single-Wire EDXS Line Scans
PbSeq 2050.80 PbSeq 5050.50 PbSeq 6050.40

NW X +o? X +o” X +o?
1 0.13 0.03 0.59 0.10 0.69 0.07
2 0.16 0.03 0.59 0.08 0.66 0.07
3 0.15 0.04 0.45 0.06 0.66 0.08
4 0.17 0.05 0.53 0.08 0.62 0.04
5 0.16 0.06 0.43 0.13 0.60 0.09
6 0.15 0.05 0.41 0.1 0.63 0.06
7 0.14 0.03 0.72 0.10 0.74 0.10
8 0.16 0.03 0.52 0.08 0.68 0.08
9 0.13 0.03 0.54 0.08 0.69 0.14
10 0.15 0.04 0.39 0.05 0.73 0.07
average 015 0.044 0.52 0.13¢ 0.67° 0.09

ab Average composition (x = o) of each wire from 10 EDXS spectra taken along the
wire's length. o Average composition (x &= o) calculated from 100 EDXS spectra
(10 spectra for each of 10 wires investigated).

X * o, is reported for each wire, from 10 EDXS spectra
taken along the wire's length. For each ternary
PbSe,S;_, NW ensemble, the average composition,
calculated from 100 EDXS spectra (10 spectra for
each of 10 wires investigated), is also reported at the
bottom of Table 2. A complete list can be found in
the Supporting Information (Table S3). In each case,
an examination shows that the average composition
fluctuates 6.83 £ 0.03% about the introduced pre-
cursor stoichiometry. At most a 14% variation exists
in this value. Half of the line scans give the exact
input stoichiometry, and no sections of any wire
lacked S, Se, or Pb. Furthermore, no compositional
gradients, like those seen in ZnSe,Te;_, NWs,** were
observed.

Note that given the above-mentioned limitations of
the EDXS analysis, these values are only approximate.
What we wish to highlight is the compositional con-
trol achieved in the preparation of these wires.
Specifically, Table 2 shows that despite slight compo-
sitional fluctuations, the use of single-source precur-
sors leads to ternary alloys with relatively consistent
metal/chalcogen compositions. This demonstrates
the advantage of using single-source precursors in
the growth of compositionally complex systems
where finding separate metal and chalcogen precur-
sors with appropriate reactivities/decomposition ki-
netics can be problematic.

In all of our studies, we have seen that the esti-
mated chalcogen content of the ternary NWs differs
slightly from the expected amount. We speculate that
this may arise due to the different decomposition
kinetics of Pb((SeP'Pr,),N), versus Pb(S,CNEt,), Such a
scenario is plausible given that, even in composition-
ally analogous single-source precursors, bond streng-
ths can differ, leading to different decomposition
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kinetics. Supporting this, empirical observations sug-
gest that Pb((SeP'Pr,),N), decomposes more readily
than Pb(S,CNEt,), since it is noticeably more tem-
perature sensitive. However, the actual mechanism
for single-source precursor decomposition is not
known. Alternatively, small compositional deviations
may arise due to the different solubilities of S and Se
in Bi or to different PbS versus PbSe growth rates.
Despite these ambiguities, Tables 1 and 2 along with
all of the available data indicate that ternary lead
chalcogenide alloys, fully spanning the PbS/PbSe
compositional gap, can be made. The current
study therefore reports the growth of composition-
ally tunable PbSe,S; x NWs from single-source
precursors.

Finally, we investigated the optical properties of
the synthesized binary and ternary NWs. The extinc-
tion spectra of nanowire films drop-cast onto micro-
scope coverslips from chloroform suspensions were
taken on a JASCO V-670 UV—vis—NIR spectropho-
tometer. All acquired spectra currently lack well-
defined band-edge peaks (Supporting Information,
Figure S7). This could be due to the residual size
distribution of each NW ensemble and/or the mask-
ing effect of passivating ligand vibrational transi-
tions. In the latter case, ligand-exchanging TOPO for
pyridine or oleic acid led to no significant differ-
ences. Spectra of NWs suspended in tetrachloro-
methane, tetrachloroethylene, and chloroform also
show no band-edge features. Thus, at this point, we
are unable to report in detail on the optical proper-
ties of the synthesized binary and ternary NWs.

CONCLUSIONS

We have successfully prepared high-quality
PbSe,S;_, (x = 0.23, 0.39, 0.49, 0.68, and 0.90) NWs
as well as their binary PbSe and PbS analogues
through the use of Pb(S,CNEt;), and Pb((SeP'Pr,),-
N), single-source precursors. Detailed XRD studies
confirm the ternary nature of the wires and reveal
composition-dependent lattice constants tunable
between the corresponding PbSe and PbS limits.
Additional ensemble and single-NW EDXS measure-
ments as well as ensemble ICP-AES measurements
reveal stoichiometries that deviate slightly from
expected metal/chalcogen concentrations. Com-
plementary, single-wire EDXS line profile scans
likewise reveal slight intrawire compositional inho-
mogeneities. These variations never exceed 14%
(average 6.83 + 0.03%) of the expected stoichiom-
etry and along with the ensemble EDXS/ICP-AES
results indicate the high degree of compositional
control achieved with the current synthesis. The
successful growth of ternary PbSe,S,_, NWs de-
monstrates the usefulness of single-source precur-
sors in producing compositionally complex systems
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and opens the door to alloyed nanostructures
that can be further explored for their size- and

MATERIALS AND METHODS

Materials. Chlorodiisopropylphosphine (iPrzPCI, 96%), 1,1,1,
3,3,3-hexamethyldisilazane (NH(SiMe3),, 98%), sodium methox-
ide (pure, anhydrous powder), selenium powder (99.5+%, 200
mesh), bismuth(lll) chloride (98+%), and sodium diethyldithio-
carbamate trihydrate (NaS,CNEt,-3H,0, ACS grade) were pur-
chased from Acros Organics. Trioctylphosphine oxide (99%) and
lead(ll) selenide powder (99.99%, PURATREM) were purchased
from Strem Chemicals. Trioctylphosphine (90%) and lead nitrate
(99.999%) were purchased from Aldrich. Lead chloride (99%)
was purchased from Fisher Scientific. Lead(ll) sulfide powder
(99.995%, metal basis) was purchased from Alfa Aesar. Metha-
nol, acetone, and toluene were purchased from VWR. Anhy-
drous methanol was obtained by successively distilling it with a
rectification column, passing it slowly over a column of dry
molecular sieves, and then distilling it over metallic sodium.®
Lead (2% HNOs3, 1000 mg/L) and selenium (2% HNO5, 1000 mg/
L) ICP standards were purchased from Spex CertiPrep and were
used as received. A sulfur (2% HNOs, 999.73 ppm) ICP standard
was prepared from ammonium sulfate (Mallinckrodt, Inc.) and
2% HNOs. HNOs3 (69.4% v/v) was purchased from Fisher Scien-
tific and used as received. HCl (36.5—38.0% min, v/v) was
purchased from VWR and used as received. Bismuth catalyst
solution was prepared fresh prior to each NW synthesis by
dissolving 0.0126 mg (40 umol) of BiCl3 in 20 mL of acetone to
give a 2 mM solution. On occasion, 5 mL of this solution
was diluted to 1T mM. Aliquots of the BiCl; solution were
then added to the injection solution. All chemicals were
used as received, unless otherwise stated. The molecular
structures of the Pb((SeP'Pr,),N), and Pb(S,CNEt,), single-
source precursors are shown in the Supporting Information
(Figure S8).

Synthesis of Pb((SeP'Pry);N),. The synthesis of Pb((SeP'Pr,),N),
was carried out using a two-step, modified literature procedure
under nitrogen.®*®* The first step involved preparing the inter-
mediate, bis(diisopropylselenophosphino)amine, NH(SeP'Prs),.%*
In a typical preparation, a solution of 'Pr,PCl (5.00 g, 32.8 mmol)
in toluene (100 mL) was added dropwise to a stirring solution of
NH(SiMes), (3.50 mL, 16.5 mmol) in toluene (50 mL) at 50 °C over
the course of 30 min. The reaction was then continued for 3 h at
50 °C and was thereafter cooled to room temperature. Selenium
powder (2.53 g, 32.0 mmol) was then added followed by a 6 h
reflux. During this step, the reaction mixture turned yellow-
orange. Once complete, it was cooled to room temperature, and
the solvent was removed using a rotary evaporator. An oily
yellow-orange mixture resulted and was washed with hexane.
This involved centrifuging the suspension and discarding the
supernatant. The hexane washing step was continued until the
supernatant became colorless. Any unreacted selenium was
removed by dissolving the crude intermediate, NH(SeP'Pr,),, in
chloroform and centrifuging off a black precipitate. Subsequent
recrystallization of the product was done by dissolving it in
chloroform (~5 mL) and reprecipitating it with hexane
(~20 mL). The desired off-white NH(SeP'Pr,), intermediate
was recovered.

The second step of the synthesis entailed adding sodium
methoxide (0.175 g, 3.2 mmol) to a solution of NH(SePiPrZ)z
(1.32 g, 3.2 mmol) in anhydrous methanol (40 mL). The resulting
mixture was then stirred at room temperature for 10 min. PbCl,
(0.9185 g, 3.3 mmol) was added to the reaction mixture and was
stirred continuously at room temperature for 2 h. A yellow
product was recovered by centrifugation and was washed with
methanol (20 mL) to remove any excess reagent. The product
was then recrystallized by dissolving it in a minimal amount of
chloroform (<5 mL) and reprecipitating it with anhydrous
methanol (~20 mL). ESI-MS: 1022.99 (M + nH). 'H NMR (400
MHz, CDCls): ¢ ppm 2.20 (m, 8 H), 1.22 (m, 48 H). >'P NMR (MHz,
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composition-dependent optical, and

thermal properties.

electrical,

CDCls): 6 ppm 56.63 (s, 1 P). "*C NMR (MHz, CDCl5): 6 ppm 33.18,
17.18. Anal. Calcd for PbCy4Hs¢N,P4Sey: C, 28.27; H, 5.54; N, 2.75.
Found: C, 28.69; H, 5.98; N, 2.79.

Synthesis of Ph(S,(NEt,),. This compound was obtained as a
white precipitate by mixing aqueous solutions of NaS,C-
NEt, - 3H,0 and Pb(NOs), in a 2:1 molar ratio. The product was
then recrystallized from boiling toluene to give white crystals.
ESI-MS: 505.03 (M + nH). "H NMR (400 MHz, CDCl5): 6 ppm 3.79
(m, 8 H), 1.33 (, 12 H). '*C NMR (400 MHz, CDCls): 6 ppm 47.49,
12.47. Anal. Calcd. for PbC;oH5oN>S4: C, 23.8; H, 5.56; N, 4.00.
Found: C, 23.5; H, 5.70; N, 4.10.

Synthesis of PbSe NWs. In a typical synthesis, TOPO (4 g, 10.3
mmol) was dried and degassed at 100 °C for 2 h in a three-neck
round-bottom flask connected to a Schlenk line. The reaction
vessel was then backfilled with N, and the temperature was
raised to 210 °C. In tandem, Pb((SeP'Pr,),N), (20 mg, 19.6 umol)
was added to TOP (0.3 mL, T mmol) in a small vial. The mixture
was gently heated on a hot plate while shaking it until the
single-source precursor dissolved completely to yield a yellow
solution. The lead precursor was then cooled to room tempera-
ture and was mixed with a T mM BiCl; solution (25 L, 25 nmol)
in a syringe. When the temperature of the TOPO stabilized at
210 °C, this precursor solution was injected into the three-neck
flask. An immediate color change to black resulted. Following
injection, the reaction mixture was held at ~210 °C for 2 min.
Afterward, it was cooled to 70 °C, whereupon toluene (~15 mL)
was added to prevent TOPO from solidifying. Resulting NWs
were precipitated using excess methanol (~15 mL) and were
recovered by centrifuging the suspension, discarding the super-
natant. A toluene/methanol mixture (1:1 by volume) was sub-
sequently added to wash the NWs of excess surfactant. The
suspension was again centrifuged, and the product was recov-
ered. This washing procedure was repeated at least two more
times, whereupon the recovered NWs were stored in toluene.

Synthesis of PbS NWs. PbS NWs were synthesized according
to a modified literature procedure.?* Typically, TOPO (2 g, 5.2
mmol) was dried and degassed in a three-neck flask connected
to a Schlenck line at 100 °C for 1 h. The reaction vessel was then
backfilled with N, and the temperature was increased to 210 °C.
Pb(S,CNEt,), (10 mg, 20 umol) was added to TOP (0.5 mL, 1.12
mmol) in a glass vial and was dissolved by gently heating it with
a heat gun. At the same time, TOP (0.1 mL, 0.22 mmol) and 25 uL
(25 nmol) of a 1 mM BiCls solution were combined in a syringe.
The Pb precursor solution was then added to the same
syringe while hot. The resulting injection solution was rapidly
introduced into TOPO at 210 °C. The mixture immediately
turned black and was held at this temperature for 2 min.
Thereafter, it was cooled to 70 °C, and toluene (~5 mL) was
added to prevent TOPO from solidifying. Resulting NWs were
purified as described above and were subsequently stored in
toluene.

Synthesis of PbSe,S, , NWs. In a typical synthesis of PbSeqsSo s
NWs, TOPO (4 g, 10.3 mmol) was dried and degassed at 100 °C
for 2 h in a three-neck flask connected to a Schlenk line. The
vessel was then backfilled with N, and the temperature was
raised to 210 °C. TOP (0.2 mL, 0.6 mmol) was added to Pb-
((SeP’Prz)zN)z (20 mg, 20 umol) in a glass vial. The precursor was
dissolved by gently heating it on a hot plate. A yellow solution
resulted. It was subsequently cooled to room temperature. Then
2 mM BiCl3 (25 uL, 50 nmol) was added, and the resulting
mixture was loaded into a syringe. In tandem, Pb(S,CNEt,), -
(10 mg, 20 umol) was mixed with TOP (0.5 mL, 15 mmol) in a
separate glass vial followed by gentle heating with a heat gun to
dissolve it. This hot solution was immediately added to the
Pb((SeP’PrZ)ZN)z—containing syringe and was injected into the
three-neck flask at 210 °C. The mixture immediately turned
black and was held at this temperature for 2 min. It was
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subsequently cooled to 70 °C, whereupon toluene (~15 mL)
was introduced to prevent TOPO from solidifying. Resulting
NWs were purified as described above and were stored
in toluene. To change the PbSe,S; , NW composition,
the single-source precursor mole ratio, Pb((SePfPrz)zN)Z:»
Pb(S,CNEt;),, was systematically varied as follows: 4:1, 1.5:1,
1:1, 1:1.5, and 1:4. All other aspects of the preparation were
kept the same.

Structural and Spectroscopic Characterization. 'H, '>C, and 3'P
nuclear magnetic resonance (NMR) spectra of the single-source
precursors were measured on a Bruker 400 MHz spectrometer
(Supporting Information Figures S9—S13). An internal tetra-
methylsilane (TMS) reference was used. Elemental analysis of
the single-source precursors was performed on a Costech ECS
1040 elemental analyzer and was subsequently confirmed
with a Carlo Erba EA1108 elemental analyzer equipped with a
Finnigan Delta Plus stable isotope mass spectrometer
(Supporting Information Figures S14, S15). TEM experiments
entailed dropping dilute suspensions of NWs onto 200 mesh
ultrathin carbon TEM grids (Ladd Research). Samples were
previewed using a JEOL 100SX instrument. Subsequent low-
and high-resolution TEM micrographs were taken with a JEOL
2010 TEM operating at 200 kV as well as with a Titan 80-300 (FEI)
operating at 300 kV. Elemental analyses of NW ensembles were
conducted using an EDXS attachment (Thermo Scientific) to the
JEOL 2010 microscope with commercial PbSe and PbS powders
as standards. The compositions of all NWs, the synthesized
single-source precursors, and commercially available PbSe and
PbS standards were independently confirmed by elemental
analysis using inductively coupled plasma atomic emission
spectroscopy with a Perkin-Elmer Optima 3300XL. SAED images,
single-wire EDXS line scans, and HAADF-STEM images were
acquired using a Titan 80-300 TEM. X-ray diffraction patterns
were taken with a Bruker D8 Discover diffractometer (Cu Ka
source).

ICP-AES Procedure. Synthesized NWs were separated from
their solvent by centrifugation and were dried overnight under
low heat. Dried NWs were dissolved in ~1.5 mL of a 1:2 HNOs/
HCl mixture, prepared from commercially available concen-
trated acids. NW solutions were diluted to a concentration of
~5% by volume (for both HNO5 and HCl) by adding 5.5 mL of
distilled water. An ICP-AES calibration curve was then built using
standard solutions containing lead, selenium, and sulfur with
known ppm concentrations in 5% HNO3/HCI. Standard solu-
tions were analyzed by ICP-AES, with the calibration curve
(emission intensity versus concentration) for each element built
automatically by the analysis software. The following wave-
lengths gave the best signal-to-noise ratios as well as the lowest
relative standard deviations. They were therefore used in sub-
sequent ICP-AES analyses: Pb (220.353 nm), Se (196.026 nm),
and S (180.669 nm). Prepared NW solutions were then analyzed,
and their ppm concentrations were automatically calculated
from the calibration curve. Each measurement was carried out
in triplicate with the average reported (relative standard devia-
tions never exceeded 1.2%). Finally, associated molar concen-
trations were calculated for each element and were reported as
molar ratios of Se to S for the ternary NWs and Pb to Se (S) for the
binary NWs.
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