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ABSTRACT: Homogeneously alloyed PbSe,S; , nanocryst- ™

als (NCs) with their excitonic absorption peaks in wavelength 450::.?1:_,‘2_; © 0 e

shorter than 1200 nm were developed for photovoltaic (PV) R :’Z A K]
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low temperature (60 °C) with long growth periods (such as 45
min) via a one-pot noninjection-based approach in 1-octade-
cene (ODE), featuring high reaction yield, high product quality, and high synthetic reproducibility. This low-temperature
approach employed Pb(oleate), as a Pb precursor and air-stable low-cost thioacetamide (TAA) as a S source instead of air-
sensitive high-cost bis(trimethylsilyl )sulfide ((TMS),S), with n-tributylphosphine selenide (TBPSe) as a Se precursor instead of
n-trioctylphosphine selenide (TOPSe). The reactivity difference of TOPSe made from commercial TOP 90% and TBPSe made
from commercial TBP 97% and TBP 99% was addressed with in situ observation of the temporal evolution of NC absorption and
with *>'P nuclear magnetic resonance (NMR). Furthermore, the addition of a strong reducing/nucleation agent diphenylpho-
sphine (DPP) promoted the reactivity of the Pb precursor through the formation of a Pb—P complex, which is much more
reactive than Pb(oleate),. Thus, the reactivity of TBPSe was increased more than that of TAA. The larger the DPP-to-Pb feed
molar ratio, the more the Pb—P complex, the higher the Se amount in the resulting homogeneously alloyed PbSe,S;_, NCs.
Therefore, the use of DPP allowed reactivity match of the Se and S precursors and led to sizable nucleation at low temperature so
that long growth periods became feasible. The present study brings insight into the formation mechanism of monomers,
nucleation/growth of colloidal composition-tunable NCs, and materials design and synthesis for next-generation low-cost and
high-efficiency solar cells.

KEYWORDS: DBPSe/TBPSe, thioacetamide (TAA), reducing agent, diphenylphosphine (DPP), homogeneously alloyed
PbSe,S; _, nanocrystals, quantum dots, photovoltaics

B INTRODUCTION

Colloidal semiconductor nanocrystals (NCs) such as lead-
based quantum dots (QDs) have generated intense interest as
important active materials in various applications including
photovoltaic (PV) devices.' * Schottky-type solar cells based
on PbSe or PbS binary nanocrystals have been explored. For the

v ACS Publications ©2011 American chemical Society

PbSe and PbS NCs with similar bandgap, it was documented that
PbSe-based Schottky-type solar cells usually exhibited relatively
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large short circuit photocurrent (J,.), while PbS-based cells are
distinguished by relatively large open circuit voltage (V,.)." Both
PbSe and PbS QDs exhibit strong size-dependent properties
because of strong quantum confinement, with large exciton Bohr
radii of 46 nm for PbSe and 20 nm for PbS and small bandgap of
0.28 eV or 4.43 yum for bulk PbSe and 0.41 eV or 3.03 ym for bulk
PbS.>® Meanwhile, PbSe and PbS QDs show simple electron
spectra with both charge carriers (with enhanced confinement)
contributing almost equally to their exciton Bohr radii; thus, the
confinement energy splits approximately equally between the
electron and hole carriers.

Good performance of homogeneously alloyed PbSe ;S .,
NC-based Schottky-type solar cells was reported by Ma and co-
workers and argued to be related to a combination of the PbSe
and PbS properties together with a redistribution of the trap
states.” The PbSeq3So, NCs were synthesized via a hot-
injection approach in 1-octadecene (ODE) at 150 °C, as shown
by equation 1. A mixture of n-trioctylphosphine selenide (TOPSe),
bis(trimethylsilyl) sulfide ((TMS),S), and diphenylphosphine
(DPP) was rapidly injected into a Pb precursor Pb(oleate),
solution at 150 °C, with fixed 0.1DPP-to-1Pb and 2Pb-to-1(Se + S)
feed molar ratios. It was argued that TOPSe was less reactive
than (TMS),S, while the feed Se-to-S molar ratios were found
to be larger than stoichiometric ratios of the resulting
PbSe,S;_, NCs. To obtain the homogeneously alloyed
PbSey3Sp7 NCs, the feed molar ratio was 0.7Se-to-0.3S, in
conjunction with the growth period controlled to be as short as
90 s at 150 °C. The longer the growth period, the more the Se
incorporated but into the outer layers leading to a possible
gradient structure. The Schottky-type solar cells based on their
homogeneously alloyed PbSeq3So7; NCs exhibited a power
conversion efficiency (PCE) of 3.3%. The absorption peak in
wavelength of the PbSe( 3507 NCs seems to be in the range of
1100—1150 nm. Note that the optimal bandgap in wavelength
of active materials used in solar cell devices was calculated to be
in the range of ~900—1300 nm. When the PV devices were
operated at ~1100 nm (bandgap energy E, ~1.1 eV), their
maximum thermodynamic conversion efficiencies might be
achieved.” For ternary PbSe,S; , NC-based Schottky-type
solar cells, the NC structure (homogeneous vs gradient),
composition, and size are important to accomplish high PCE.

Although (TMS),S is widely used as a S source in the synthesis
of colloidal NCs, it is air sensitive, odorous, and expensive.g’9
Furthermore, the role of DPP in eq 1 approach was not discussed
and the DPP amount was not explored.

Pb(oleate), + TOPSe + (TMS),s + DPP  _OPE | pbses aps

(1), 0.2DPP-2Pb-0.7Se-0.3S), 150 °C, 90s)

Our laboratories have been investigating the syntheses of a
number of colloidal photoluminescent (PL) semiconductor QDs
via a noninjection approach, which is a different synthetic
protocol. Compared to the traditional hot-injection approach,®
the noninjection approach features ready observation of nuclea-
tion with easy handling, high synthetic reproducibility, and large-
scale capability. Various high-quality colloidal QDs exhibiting
bright bandgap PL emission have been developed via our
noninjection approach in ODE. These include II-VI, II-V,
and IV—VI regular and magic-sized quantum dots (RQDs and
MSQDs).” " Accordingly, homogeneously alloyed PbSe3S,
NCs with a bandgap in the range of 1100—1200 nm were

developed via our noninjection low-temperature approach with
long growth periods.
ODE
Pb(oleate), + TBPSe + TAA +DPP __—_— 5 PbSeS QDs
((2), low temperature non-injection-based approach)

((0.8~5.8)DPP-4Pb-1.5Se-0.5S), 60 °C, 45min)

As represented by eq 2, the synthesis of the homogeneously alloyed
PbSe,S;_, NCs was explored with air-stable and low-cost S sources
such as thioacetamide (TAA), aiming at their potential to advance
the third generation PV devices with lower cost and higher
efficiency. TAA was reported in the synthesis of NCs with various
morphologies in aqueous media.’**" To engineer homogeneously
alloyed PbSe,S; , NCs, matching the reactivity of Se and S
precursors was considered first. Our experience with the formation
of gradiently alloyed ZnCdS and homogeneously alloyed CdSeS
NCs via a one-pot noninjection approach was further enhanced
during our investigation on the synthesis of small-sized PbSe NCs
with high particle yield and high quality at low temperature (such as
50 °C) with the presence of reducing agents DPP and/or
n-tributylphosphine (TBP).'"'*'” We acknowledge that the re-
activity of DOPSe/TOPSe (DOPSe, dioctylphosphine selenide,
represents the active compound in a TOPSe solution) was much
higher than that of DOPS/T OPS and much lower than that of TAA
toward Pb(oleate),. For this reason, we decided to use DBPSe/
TBPSe (DBPSe, dibutylphosphine selenide, represents the active
compound in a TBPSe solution) as the Se precursor to match the
reactivity of the S precursor TAA. Furthermore, we determined to
promote the reactivity of Pb(oleate),, used as the Pb precursor, via
the formation of a Pb—P complex with the addition of DPP,"*?*~>*
The advantages of using DPP with certain DPP-to-Pb feed molar
ratios include to further facilitate the reactivity match and to
endorse sizable nucleation at low temperatures. It is known that a
high degree of monomer supersaturation can lead to the presence
of a large number of nuclei and thus the formation of small-sized
NCs with high particle yield."”

Herein, we report on the development of a noninjection one-pot
approach to prepare homogeneously alloyed PbSe,S; . NCs with
bandgap in the range of 1000—1200 nm, aiming at their potential in
solar cell applications. This low-temperature approach which can
be carried out with long growth periods is more environmentally
benign and can be achieved at low-cost with the use of TAA as S
source. The temporal evolution of absorption and emission of
resulting PbSe,S; _, NCs was monitored. Also, the PbSe,S;_, NCs
were characterized by transmission electron microscopy (TEM),
energy-dispersive X-ray (EDX) spectroscopy, X-ray photoelectron
spectroscopy (XPS), and powder X-ray diffraction (XRD). The
resulting PbSe,S; _, NCs are of high quality, in terms of narrow size
distribution with a typical standard deviation of ~11%, excellent
optical properties with high quantum yield (QY) of ~50—100%
and small full width at half-maximum (fwhm) of ~140—150 nm of
their bandgap photoemission peaks, and long-term storage stability.
Our homogeneously alloyed PbSe,S;_, NCs are small-sized and
excellent for solar cell applications. The Schottky-type solar cells,
fabricated with our PbSe( 3So~> NCs as the active materials, reached
a high PCE of 3.44%. The present study brings insights into the
fundamental understanding of the formation mechanism of mono-
mers and into the synthesis—structure—property—application
relationship beginning with the development of composition-
tunable nanocrystals.

1512 dx.doi.org/10.1021/am200081m |ACS Appl. Mater. Interfaces 2011, 3, 1511-1520
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Figure 1. Investigation on the reactivity of TOPSe (Batch 1) and TBPSe
(Batch 2) via in situ observation of the temporal evolution of absorption of
the PbSe NCs at 35 °C. The feed molar ratio was 1Pb-to-2.6Se for the two
batches and the feed [Pb] was 187 mmol/kg for batch 1 and S0 mmol/kg
for batch 2. The absorption spectra were collected at a S-min time interval
during the first S0 min followed by a 10-min time interval afterward. The
growth period examined was 220 min and is indicated for each of the two
batches, with the red lines signifying the growth periods of 100 and 200
min. The S-min absorption for batch 2 was missing during in situ
absorption collection. It is clear that the reactivity of TOPSe (batch 1) is
lower than that of TBPSe (batch 2) under the experimental conditions.

B RESULTS AND DISCUSSION

The present study focuses on the development of the eq 2
approach, with its synthetic design concentrating on sizable
nucleation at low temperature with the presence of a large
number of nuclei. Accordingly, the growth could be carried out
atlow temperature with long reaction periods accompanied by an
increase of the Se amount in the resulting PbSe,S; , NCs. We
present, first, the use of commercially available TBP 97% instead
of TBP 99%, following the recent argument on the tertiary
phosphine selenide vs secondary phosphine selenide and the
formation mechanism of monomers proposed.'”**”** A mod-
ified monomer formation mechanism of our approach shown by
eq 2 is proposed by eqs aM and bM; the combination of the
monomer leads to nucleation/growth of the correspondingly
NCs. Second, the use of DPP is addressed to promote the
formation of alloyed PbSe,S;_, NCs at 60 °C instead of higher
temperature (such as 100 °C), together with homogeneous
instead of gradient alloys. Also, the DPP amount used affects
the composition of the resulting PbSe,S; _, NCs (at a fixed Se-to-
Se feed molar ratio) and this effect is discussed. Finally, the
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Figure 2. Investigation on the use of commercial TBP (97% and 99%)
affecting the progression of PbSe NCs via in situ observation of the temporal
evolution of absorption of the PbSe NCs at 80 °C. The feed molar ratio was
1Pb-to-2.5Se and the feed [Pb] was 87 mmol/kg for the three batches, with Se
precursors of (a) 1Se-1TBP 99% feed molar ratio, batch 1, (b) 1Se-1TBP 99%
feed molar ratio and additional 0.15 mL TBP 97% (corresponding to a 1Se-
ITBP 99%-1.2 TBP 97% feed molar ratio), batch 2, and (c) 1Se-1TBP 97%
feed molar ratio, batch 3. The absorption spectra were collected with a S-min
time interval in the first 60 min. The growth period examined is indicated for
each of the three batches, with the red lines signifying the growth periods of 30
min. The 35-min absorption for batch 3 is missing. It is clear that the reactivity
of batch 1 TBPSe made from TBP 99% is much lower than that of batch 3 from
TBP 97%, under the experimental conditions. See Supporting Information
Scheme S2 for the presence of DBPSe in batch 3 and not in batches 1 and 2.

preliminary data on the performance of our Schottky-type solar
cells fabricated with the PbSe,S,_, NCs are described.

1513 dx.doi.org/10.1021/am200081m |ACS Appl. Mater. Interfaces 2011, 3, 1511-1520
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Figure 3. Investigation on the noninjection approach (eq 2) to alloyed
PbSe,S;_, NCs in the absence of DPP, via monitoring the temporal evolution
of absorption (offset) of the NCs from two batches at 80 °C (top) and 100 °C
(bottom). The growth temperature and periods in min are indicated. The
other synthetic conditions were: a feed molar ratio of 4 Pb-to-1.5 TBPSe-t0-0.5
TAA and a reactant concentration [Se + S] of ~55 mmol/kg.

Use of TBP 97% Instead of TOP 90% or TBP 99% for High
Se Precursor Reactivity. Figure 1 shows the in situ observation of
the temporal evolution of absorption of the PbSe NCs from two
batches. For the two batches with a 1Pb-to-2.6Se feed molar ratio,
the growth temperature was 35 °C. The Pb precursor was Pb-
(oleate), prepared with a 2.20A-to-1PbO feed molar ratio in ODE;

the feed [Pb] was 187 mmol/kg for batch 1 and 50 mmol/kg for
batch 2. The Se precursors were DOPSe/TOPSe made with 1Se-to-
22TOP (90%, batch 1) and DBPSe/TBPSe made with 1Se-to-
2.2TBP (97% for batch 2). It is apparent that under the experi-
mental conditions of the noninjection-based low temperature
approach, the reactivity of TBPSe (batch 2) is higher than that of
TOPSe (batch 1). For the Figure 1 TOPSe and TBPSe stock
solutions, both DOPSe and DBPSe were not detected with >'P
NMR in a temperate range of 25—80 °C, respectively. See
Supporting Information Scheme S1."

Figure 2 shows the in situ observation of the temporal evolution of
absorption of the PbSe NCs from three batches. For the three
batches with a 1Pb-to-2.5Se feed molar ratio, the growth temperature
was 80 °C. Again, the Pb precursor was Pb(oleate), prepared with a
2.20A-to-1PbO feed molar ratio in ODE, while the feed [Pb] was 87
mmol/kg for the three batches. The Se precursors were TBPSe made
with a feed molar ratio of 1Se-to-1TBP 99%, (a, batch 1), 1Se-to-
1TBP 99%, with 0.15 mL TBP 97% added, corresponding to total
1Se-to-1TBP 99%-to-1.2TBP 97% (b, batch 2), and 1Se-to-1TBP
97% (c, batch 3). With batch 1 TBP 99%, there was litde NC
presence but with the absorption from the solvent ODE. It is clear
that under the experimental conditions of the noninjection-based
low temperature approach, the reactivity of DBPSe/TBPSe made
from TBP 97% (c, batch 3) is much higher than that made from TBP
99% (a, batch 1). Such an experimental result seems to be in
agreement with the argument that pure tertiary phosphine selenide
Se=PR,; such as TOPSe or TBPSe did not react with Pb(oleate),,
but secondary })hosphine selenide Se=PH(R,), such as DOPSe or
DBPSe did."”** Supporting Information Scheme S2 shows our
corresponding *'P NMR study of the three Se solutions used in
the Figure 2 batches. The *'P NMR spectra demonstrate that no
DBPSe was detected in Batch 1 SeTBP 99% solution and in Batch 2
solution, while DBPSe was detected in Batch 3 SeTBP 97% solution.
Furthermore, the presence of additional TBP (97%) in Batch 2
promoted the reactivity of Pb(oleate),." Such an experimental result
seems to be in agreement with the existence of a reducing pathway
(accompanied with the occurrence of a Pb—P complex which should
be much more reactive than Pb(oleate),). This concept is repre-
sented by eq (bM) where DPP was used instead of TBP 97%.'%*>**

Accordingly, for the present synthesis of homogeneously
alloyed PbSe,S; , with low-cost and air-stable TAA as the S
precursor, we selected TBP 97% to prepare the Se precursor
TBPSe (with the feed molar ratio of 1 Se-to-2.2 TBP). Also, we
used DPP as a reducing agent to promote the formation of Pb—P
complex which exhibited much higher reactivity than Pb(oleate),
and thus to further tune the reactivity match of the Se and S
precursors at low temperature. Supporting Information Scheme
S3 shows the *'P NMR spectra from a mixture of Pb(oleate), and
DPP. For our low-temperature approach shown by eq 2, we
propose a modified mechanism for the formation of the monomer
by below eqs aM and bM. The combination of the monomer led
to nucleation/growth of homogeneously alloyed PbSe,S; « NCs.

TBPSe

(oleate),Pb W} Pb-Se/S complex —> PbSeS monomer (aM)

(oleate),Pb + DPP —> Pb-P complex

&) Pb-Se/S complex —> PbSeS monomer (bM, dominant)

TAA

DPP Effects on the Formation of Homogeneously Alloyed
PbSe,S;_x NCs. Without the presence of DPP in our noninjection

1514 dx.doi.org/10.1021/am200081m |ACS Appl. Mater. Interfaces 2011, 3, 1511-1520
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Figure 4. Investigation on the effect of DPP amounts affecting the growth of PbSe,S; , NCs from four noninjection batches at 60 °C via monitoring the
temporal evolution of their optical properties. The absorption spectra (offset, left and middle panels) were normalized to 1.0 g of crude growth mixtures
and dispersed in 1.0 mL TCE; the corresponding emission spectra (right panel) were normalized. The growth periods at 60 °C in min are indicated. The
other synthetic conditions were: a feed molar ratio of 4Pb-to-1.5TBPSe-to-0.5TAA and a reactant concentration [Se + S] of ~55 mmol/kg.

approach depicted by eq 2, the growth temperature needs to be
higher than 80 °C. Figure 3 shows the temporal evolution of
absorption (offset) of the NCs from two batches in the absence of
DPP. For these two “controlled” batches, the feed molar ratio was
4Pb-to-1.5TBPSe-to-0.STAA and the feed [Se+S] was ~55
mmol/kg, while the growth temperature was 80 °C (top) and
100 °C (bottom). The growth periods monitored were from 2 to
120 min. For batch 80 °C with 2-min growth, there were two NC
ensembles, as indicated by two absorption peaks. Along with the
reaction/growth, both absorption peaks red-shifted. Accordingly,
the reactivity of TBPSe and TAA in ODE did not seem to match
well, but leading to inhomogeneous nucleation with the growth of
two ensembles. For Batch 100 °C, there was one NC ensemble
(even at 2-min growth monitored) with its absorption peak red-
shifting along the reaction/growth. The reactivity of TBPSe and
TAA in ODE seemed to match better, leading to the presence of
homogeneous nucleation and the absence of inhomogeneous
nucleation. Therefore, the growth temperature should be higher

than 80 °C for the presence of homogeneous nucleation from the
eq 2 approach when DPP is absent.

In the absence of DPP, we failed to obtain PbSe 3S,» NCs with a
homogeneously alloyed structure. Due to the relatively high
reactivity of TAA, the amount of Se in the resulting PbSe,S; .
NCs is much lower than its feed amount. For instance, the 120-
min-growth ensemble of Batch 80 °C was PbSe(¢,S093 and the
60-min-growth ensemble in Batch 100 °C was PbSey 145056 (as
determined by XPS). Our efforts to synthesize homogeneously
alloyed PbSe( 3So7 NCs through the increase of the feed Se-to-S or
Pb-to-(Se + S) molar ratios failed. When the amount of Se
increased, Se deposited on the outer layers leading to a gradient
structure rather than a homogeneous structure. For instance, a 60-
min-growth ensemble from a batch with a feed molar ratio of 8Pb-
to-1.9TBPSe-to-0.1TAA was determined to be PbSe 7,Sg.,5 (XPS)
or PbSe54S0.4¢ (EDX). Note XPS is relatively sensitive to surface,
while EDX to the bulk. A Schottky-type solar cell fabricated with
this ensemble as its active materials exhibited a PCE of 1.31%.

1515 dx.doi.org/10.1021/am200081m |ACS Appl. Mater. Interfaces 2011, 3, 1511-1520
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Figure S. Investigation on the effect of DPP amounts affecting the growth of PbSe,S, _, NCs. (a) Comparison of the optical properties of the 45-min
PbSe,S; . NCs from the four batches shown in Figure 4. (b) The change of the composition of the resulting PbSe,S, _, NCs from Figure 4 Batch
1.44DPP. Summary of the change of PL fwhm (c), PL QY (d), and NRSS (e) of the PbSe,S; _, NCs from the four batches shown in Figure 4.

On the other hand, the presence of DPP enhances Route
(bM);"*** therefore, the growth temperature can be reduced and
homogeneous PbSe,S; _, NCs with tunable Se composition can
be achieved readily. Figure 4 illustrates the temporal evolution of
the optical properties of the PbSe,S;_, NCs from four synthetic
batches at 60 °C. For the four batches presented to illustrate the
effect of DPP amounts, the feed molar ratio was 4Pb-to-
1.STBPSe-to-0.5TAA and the feed [Se + S] was ~55 mmol/
kg. The feed DPP amounts are addressed as the feed (1.4, 0.72,
0.36, and 0.27)DPP-to-1Pb molar ratios, together with the
growth periods monitored up to 45 min. During the growth
periods monitored, the redshifts of absorption and photoemis-
sion were obvious. It is evident that the larger the DPP-to-Pb feed
molar ratio, the earlier the nucleation, and the greater the number
of the nanocrystals. Interestingly, the 45-min NCs from Batches
1.44, 0.72, 0.36, and 0.27DPP-to-1Pb exhibited different (EDX)
Se compositions of 0.47, 0.38, 0.32, and 0.20, but similar first
exciton absorption/emission peak positions at 1099/1166,
1074/114S5, 1082/1157, and 1081/1190 nm, respectively. The
absorption of the 45-min NCs is close to the optimal bandgap of
~1100 nm for solar cell applications.>’

Figure Sa presents the comparison of the absorption and
emission of the 45-min PbSe,S,_, ensembles from the four
batches. The absorption spectra (solid lines) were offset and
normalized to 1.0 g of crude growth mixtures and dispersed in
1.0 mL TCE, while the emission spectra (dashed lines) were

1516

normalized accordingly. Again, the DPP feed amounts are
indicated as DPP-to-1Pb feed molar ratios. The Se/(Se + S)
atomic number ratios of the 45-min PbSe,S;_, NCs (from the
top to bottom batches) were increased from 0.20 to 0.47 as
studied by EDX. Therefore, it is easy to tune the composition of
the resulting homogeneously alloyed PbSe,S;_, NCs with the
addition of different amounts of DPP. The evidence of a
homogeneous versus gradient structure is demonstrated in the
bottom part of Figure 6.'""'* Here, the larger the DPP-to-Pb feed
molar ratio, the more the Se/(Se + S) molar ratio of the resulting
nanocrystals. Moreover, there is an increase of the Se/(Se + S)
molar ratio along the reaction; one example is shown in
Figure Sb. The increase of the Se/(Se + S) molar ratio along
the reaction is appreciable, together with the fact that the
PbSe,S,_, NCs were Pb-rich.

Moreover, the PbSe,S;_, NCs from batches 0.36 DPP and
0.72 DPP exhibited relatively small PL full width at half-max-
imum (fwhm), as shown in Figure Sc. The PbSe,S; , NCs from
Batch 0.27 DPP exhibited relatively small PL QY, as shown in
Figure Sd. Interestingly, the PbSe,S;_, NCs from Batches 0.36
DPP, 0.72 DPP, and 1.44 DPP exhibited a decrease of non-
resonant Stokes shift (NRSS, the energy difference between the
bandgap absorption and emission) along the reaction, as shown
in Figure Se. For the 45-min PbSe,S;_, NCs from the four
batches with an increase of the DPP amount from 0.27 DPP to
1.44 DPP, there is a decrease of the NRSS, together with an
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Figure 6. (a) Investigation on the Se molar composition affected by
different DPP amounts used. (b) Powder XRD patterns of binary PbS
and PbSe NCs, and ternary PbSe,S; , NCs (of batches a, b, d, and e
shown ina). (c) The dependence of the lattice parameter a (in A) on the
Se molar composition x in the PbSe,S; . NCs.

increase of their Se/(Se + S) atomic number ratios from 0.20
to 0.47.

It is worth noting that the experimental parameters and the
interplay between them affect the composition, as well as growth
kinetics of the resulting PbSe,S;_, NCs. In particular, the amount
of DPP plays an important role in tuning the composition of the
PbSe,S; _, NCs from the eq 2 approach. To explore the synthetic
window for the fabrication of homogeneously alloyed PbSeq Sy,
NCs, the syntheses were carried out at 60 °C but without
intermediate sampling during the 45-min growth periods. For the
six batches shown in Figure 6a, the feed molar ratio was 4Pb-to-
1.STBPSe-to-0.5 TAA and the feed [Se + S] was ~55 mmol/kg,
with different feed molar ratios of ODPP-to-1Pb (Batch a), 0.09-
DPP-to-1Pb (Batch b), 0.18DPP-to-1Pb (Batch c), 0.27DPP-to-
1Pb (Batch d), 0.36DPP-to-1Pb (Batch e), and 1.44DPP-to-1Pb

(Batch f). The 45-min NCs exhibited absorption peaking at
1336 nm, 1120 nm, 1131 nm, 1129 nm, 1138 nm, and 1124 nm,
respectively. Meanwhile, the Se/(Se + S) molar compositions of
the corresponding 45-min PbSe,S;.. NCs (from the six batches
without intermediate sampling) were measured by EDX; the Se
molar compositions were 0.04, 0.16, 0.33, 0.33, 0.48, and 0.57,
respectively. Thus, the Se molar composition was tuned from 0.04
to 0.57, when the DPP-to-1Pb feed molar ratio was increased from
0 to 1.44. The feed molar ratio of (0.2—0.3)DPP-to-1Pb seems to
offer a superior synthetic window for the fabrication of homo-
geneously alloyed PbSey3Sy7 NCs via the eq 2 approach for
photovoltaic applications.

The powder XRD patterns of the PbSe,S; _,, NCs from batches
a, b, d, and e are presented in Figure 6b, together with those
measured from binary PbS (Curve 1) and PbSe (Curve 2) NCs.
The XRD study supports the formation of ternary-alloyed
PbSe,S;_, NCs and demonstrates their crystal structures to be
cubic rock salt. The binary PbS and PbSe NCs used exhibited
absorption peaking at 1119 and 1590 nm, respectively. The lattice
parameter a of the ternary PbSe,S; _, was then calculated from the
XRD patterns based on (220) diffraction peaks. Afterward, the
relationship between the lattice parameter a and the Se/(Se + S)
molar composition was plotted and shown in Figure 6¢. The
Se/(Se 4+ S) molar compositions obtained from EDX are
represented by open square symbols, while those from XPS
by open circular symbols. The dashed linear line symbolizes the
Vegard’s law, with the lattice parameter a of our PbSe NCs
(where x = 1) calculated to be 6.15 A from one ensemble
exhibiting absorption peaking at 1221 nm, and that of our PbS
NCs (where x = 0) 5.96 A from one ensemble peaking at
1154 nm. It is understandable that our PbSe,S; _, NCs (where x
up to 0.5) are homogeneously alloyed instead of gradiently
alloyed.

In addition to XRD and XPS, the PbSe,S,; _, NCs were studied
by TEM, as illustrated in Supporting Information Figure S1. Their
size distribution is narrow. The size of a typical ensemble of
PbSeq33S 067 NCs (with its first exciton peaking at 1143 nm as
shown in Figure S1B) was measured from the TEM images shown
in Figure S1A and is presented in Figure S1B. The resulting mean
size was measured to be 4.41 & 0.50 nm, with a standard deviation
of ~11%. Also, the mean size was estimated by Scherrer equation,”
which is 3.32 nm by (220) plane, 3.95 nm by (111) plane, and
3.92 nm by (200) plane (see XRD spectrum Figure 6b curve d). It
is acknowledged that discrepancy exists in size determination
among various methods or different research groups.'****’

The comparison of the growth kinetics of PbSe, PbS and
PbSe,S;_, NCs from the eq 2 approach is shown in Supporting
Information Figure S2. It is clear that with the use of DPP, the eq
2 approach is excellent for the formation of ternary PbSe,S;_,
NCs at 60 °C. Furthermore, the comparison on the temporal
evolution of the optical properties of the NCs also demonstrates
the formation of ternary instead of binary NCs under our
experimental conditions. The excellent storage stability of the
ternary PbSe,S; ., NCs from the batches shown in Figure 4 is
presented in Supporting Information Figure S3. Consequently, it
is conceivable that our eq 2 approach with long growth periods
(45 min instead of 90 s) at low temperature (60 °C instead of
150 °C) is practical for the formation of homogeneously alloyed
PbSe(3S0.7 NCs for PV applications which require large amounts
of NC products.

Preliminary Study on NC-Based Schottky-Type Solar Cells.
The potential of our low temperature NC products in the solar
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Figure 7. (a) Current density—voltage (J—V) characteristics of a homo-
geneously alloyed PbSe 3, » NC-based Schottky-type solar cell under AM
1.5G irradiation of 100 mW/cm® The device parameters are listed. (b)
The external quantum efficiency (EQE) spectrum of the solar cell.

cell application was examined using a Schottky-type diode
configuration. Figure 7 displays an example of the J—V curve
(a) and external quantum efficiency (EQE) spectrum (b) of a
Schottky-type solar cell fabricated with our homogeneously
alloyed PbSe3So, NCs, for example. This NC ensemble ex-
hibited its first excitonic absorption peaking at 1146 nm. For the
EQE spectrum, there are two noticeable peaks; one at ~450 nm,
the other at ~1110 nm. At the 450 nm peak, the EQE reached a
maximum of ~60%. The 1110 nm peak manifested an effective
utilization of solar energy in the near-IR region. Values of V. and
fill factor (FF) were extracted to be 0.49 V and 0.54, respectively,
from the J—V curve, while J,. of 13.09 mA/ cm?® was calculated
from the EQE spectrum. These values resulted in a PCE of
3.44%. To avoid spectral mismatch of the solar simulator for the
PCE calculation, the J value from the EQE spectrum was used
instead of that of the J—V curve. It is worth noting that the values

of 13.09 mA/cm* Jso 049 V V, and 0.54 FF are comparable to
those obtained from the best PbSe 3Sy7 NC-based Schottky-type
solar cells, which were 14.8 mA/cm* Jso 045 V'V, and 0.50 FF3

It was documented that the optimal composition of homo-
geneously alloyed PbSe,S; . NCs was PbSe(3S 7, and a corre-
sponding Schottky-type solar cell fabricated exhibited a PCE of
3.3%.> Our PV study with our low-cost NCs via a low-tempera-
ture noninjection-based approach is in agreement with such a
conclusion on the composition and device performance relation-
ship. Relevant information on the performance of our
PbSe,S;_,-based solar cells is presented in Supporting Informa-
tion Table S1 and Figure S4.

Il CONCLUSION

We have developed a low-temperature noninjection-based
approach to produce composition-tunable homogeneously alloyed
PbSe,S;_, NCs with high quality, high synthetic reproducibility,
and high particle yield. Typically, the synthesis was carried out in
ODE at 60 °C with the presence of diphenylphosphine (DPP).
The Pb precursor was Pb(oleate), made from PbO and oleic acid,
while the Se precursor was TBPSe made from elemental Se and
commercially available TBP 97% instead of TBP 99%. To the best
of our knowledge, the present study is the first using an air-stable
and low-cost S source, thioacetamide (TAA), to synthesize homo-
geneously alloyed PbSe, S, NCs in ODE with long growth periods
at low temperature. The amount of DPP used is an important
parameter, tuning the composition of the resulting PbSe,S; , NCs
via the promotion of the reactivity match of TBPSe and TAA. The
presence of DPP promoted the formation of a Pb—P complex,
which is much more reactive than Pb(oleate),, and increased the
reactivity of TBPSe more than that of TAA. The larger the DPP-to-
Pb feed molar ratio, the more the Pb—P complex, the higher the Se
amount in the resulting homogeneously alloyed PbSe,S;_, NCs.
Thus, the novelty of the present study also lies in the ready tuning of
the Se composition of the NCs, with the amount of DPP used. Our
homogeneously alloyed PbSe3So7 NCs have demonstrated very
promising results in our preliminary testing of Schottky-type solar
cell devices. The best device reached a high PCE of 3.44%, with
V,. =049V, J.. = 13.09 mA/cm? and FF = 0.54.

B EXPERIMENTAL METHODS

All chemicals used are commercially available from Sigma-Aldrich (or
otherwise specified) and were used as received. They were PbO
(99.999%), oleic acid (OA, tech. 90%), 1-octadecene (ODE, tech.
90%), selenium (Se ~200 mesh, 99.999%, Alfa Aeser), thioacetamide
(TAA, 299%), n-trioctylphosphine (TOP, tech. 90%), n-tributylpho-
sphine (TBP, 97%), n-tributylphosphine (TBP, 99%, Strem chemical
company), diphenylphosphine (DPP, 98%), tetrachloroethylene (TCE,
=99%, spectrophotometric grade), 1,2-dichloroethane (=99%, spectro-
photometric grade), and dye IR 26 (Exciton). Solvents used for
purification were toluene (99.5%, ACS reagent, ACP in Montreal),
hexane (98.5%, GR ACS, EMD in USA), methanol (absolute, ACP in
Montreal), and acetone (99.5%, ACS reagent). Also, anhydrous solvents
were used for the purification carried out in a glovebox of our NCs used
for PV devices; they were toluene (99.8%), hexane (99%), methanol
(99.8%), and acetone (spectrograde, ACP in Montreal, dried with 4 A
molecular sieves).

To make a 0.681 mmol/g Pb(oleate), stock solution, 6.0085 g (26.92
mmol) PbO, 17.028 g (60.19 mmol, without the consideration of
90% purity) oleic acid, and 16.976 g ODE were placed in a 3-necked
100-mL round-bottom flask equipped with an air-condenser and a
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thermocouple. Note that for reactions carried out in flasks, standard air-
free techniques were used throughout all syntheses. Here, the mixture
was degassed at room temperature under vacuum until no vigorous
bubbling, and then heated up to ~180 °C under purified nitrogen until
PbO was all dissolved resulting in a clear solution. Afterward, the mixture
was cooled down to ~110 °C and was degassed (~S0 mtorr) again for
1 h. Under N, protection, the mixture was finally cooled down to room
temperature.

To make TOPSe and TBPSe stock solutions of (1) 1Se-to-2.2TOP
(TOP 90%), (2) 1Se-to-2.2TBP (TBP 97%), (3) 1Se-to-3.5TBP (TBP
97%), (4) 1Se-to-1TBP (TBP 97%), (5) 1Se-to-1TBP (TBP 99%), Se
powder and TOP or TBP in the specified molar ratios (without the
consideration of TOP and TBP purities) were added into single-necked
25-mL flasks in glovebox filled with N,. The mixtures were then stirred at
room temperature overnight. The solutions (1)—(3) became clear and
were ready. The TBPSe solutions 4 and 5 were then heated gently for
~10 min to ensure a complete reaction between TBP and Se. All the
TOPSe and TBPSe stock solutions were kept in the glovebox.

For in situ observation reactions, a typical synthesis was started in a
glovebox under N, atmosphere. A Pb(oleate), stock solution, a Se
precursor stock solution, and ODE were added into a quartz cuvette
(optical path 10 mm X 10 mm, volume 3.5 mL) at room temperature
and then sealed with a Teflon stopper. ODE was dried previously by
degassing (at ~50 mtorr and ~100 °C) and purging with purified
nitrogen three times within two hours. The total volume of the chemicals
was kept as ~2.9 mL. The cuvette was then transferred out of the
glovebox and placed into Cary 5000 for the study of the reactivity of the
Se precursor made from 90% TOP, 97% TBP, and 99% TBP.

For a typical synthesis of homogeneously alloyed PbSe,S;_, NCs via
our one-pot noninjection-based synthetic protocol (such as shown in
Figure 4 batch 0.36DPP), 0.3645 g (1.6 mmol) PbO, 1.145 g (4.0 mmol)
oleic acid (OA), and 8.01 g ODE were placed in a 3-necked 100-mL
round-bottom flask equipped with an air-condenser and a thermocou-
ple. The mixture was degassed at room temperature under vacuum until
no vigorous bubbling was observed, and then heated to ~180 °C under
N, until PbO was completely dissolved. Afterward, this Pb(oleate),
solution was degassed (at ~50 mtorr) again for 1 hat ~110 °C, and then
cooled down to ~30 °C under N,. 15.6 mg (0.2 mmol) TAA and ODE
2.5 g were loaded in a 1-dram vial and sonicated for 1 h to get a fine
powder suspension, which was then transferred into the flask containing
a Pb(oleate), solution; ~1.0 g ODE was used to rinse the vial. The
mixture was degassed at 30—35 °C under vacuum and then purged with
N, three times in 30 min, then 100 uL (0.56 mmol) DPP and 0.6 mmol
TBPSe (1Se-to-3.STBP, TBP 97%) stock solution, which were mixed
and diluted with ~2.0 mL dry ODE, were added into the flask. Afterward,
the mixture was heated up under N, to the desired temperature such as
60 °C with a temperature increase rate of ~10 °C/min. Therefore, the feed
molar ratios for such a batch were 2.50A-to-1Pb, 0.36 DPP-to-1Pb, and
4Pb-to-1.5TBPSe-0.STAA, together with the [Se + S] of ~53 mmol/
kg in a ~1S g reaction medium.

To monitor the temporal evolution of absorption, small amounts (~1 g)
of aliquots were quickly taken out of the reaction flask. Each sample
was weighed and then dispersed in toluene and precipitated with
methanol, and centrifuged. The precipitates were dispersed again in
toluene and precipitated with methanol, and centrifuged. Afterward,
the precipitates were further dispersed in hexane and precipitated with
acetone (if needed, a small amount of methanol was added to cause
complete precipitation of the NCs). The purified samples were dried
by a fast flow of nitrogen, and then dispersed in 1.0 mL TCE. To
minimize any possible change of the NCs, optical measurements were
carried out immediately for the purified samples dispersed in 1.0 mL
TCE at room temperature.

Ultraviolet—visible-near-infrared (UV—vis-NIR) absorption spectra
were collected with a Cary S000 spectrophotometer using a 1-nm data

interval. Quantitative dilution was performed, when the sample disper-
sion was too concentrated.

Near-IR PL emission spectra were collected with a HORIBA JOBIN
YVON Fluorolog-3 model FL3—11 spectrofluorometer, equipped with
2 mm diameter InGaAs photodiode whose operating temperature was
at —196 °C with the working range of 1000—1500 nm. Both the
entrance and exit slits were 3 nm and data increment was 1 nm. Dilute
NC dispersions in TCE were used, with ~0.1 optical density (O. D.) at
the excitation wavelength used. Origin 8 was used for the integration
with baseline subtraction and Gaussian fitting, to obtain the information
on emission peak position, fwhm, and area (intensity). The PL QY was
estimated by comparing the sample emission intensity with that of IR26
dye in dichloroethane (lit. QY 0.5%).>® Corrections were made for the
difference of the refractive index of the two solvents and for the detector
response sensitivity.

*'P NMR was performed on a Bruker AV-III 400 spectrometer
operating at 161.98 MHz for 3P, An external standard 85% H;PO,
was used. The samples were prepared in a glovebox with feed molar
ratios of (1) 1Se-to-1TBP 99%, (2) 1Se-to-1TBP 97%, and (3) 1Pb-
(oleate),-to-1DPP. The NMR measurements were carried out in the
temperature range of 25—80 °C.

Intense purification of our NCs was carried out for the characteriza-
tion of X-ray photoelectron spectroscopy (XPS), powder X-ray diffrac-
tion (XRD), and transmission electron microscopy (TEM). XPS was
performed using a Kratos Axis Ultra XPS equipped with a monochro-
mated Al X-ray source. The takeoff angle was 54°. The purified NCs
were deposited and dried on silicon wafer substrates, which were then
mounted directly to a sample holder. All analyses were calibrated to C 1s
at 285 eV. XRD samples were prepared by depositing the purified NCs
on low-background quartz plates. XRD patterns were recorded at room
temperature on a Bruker Axs D8 X-ray diffractometer using Cu K
radiation in a 6—6 mode. The generator was operated at 40 kV and 40
mA, and data were collected between 5° and 80° in 20 with a step size of
0.1° and a counting time of 5 s per step. TEM samples were prepared by
depositing dilute purified NC dispersions in TCE or hexane onto 400-
mesh thin-carbon-coated copper grids, together with air-dry. TEM
images were collected on a JEOL JEM-2100F electron microscope
operating at 200 kV and equipped with a Gatan UltraScan 1000 CCD
camera. The NC size and standard deviation were obtained by analyzing
>1000 individual NCs with the Gatan Digital Micrograph built-in
statistics function.

For the fabrication of NC-based Schottky-type solar cells with a
structure of ITO (Indium tin oxide)/NCs/LiF (1 nm)/Al (100 nm),
prepatterned ITO glass substrates were cleaned in an ultrasonic bath
stepwise by acetone and isopropanol. Before use, the cleaned substrates
were treated further with UV-ozone for 15 min. For the active layers of
NCs, they were prepared by a sequential layer-by-layer cross-linking
technique. First, a S mg/mL solution of purified NCs in chloroform was
spin-cast onto the top of an ITO substrate at S000 rpm, leading to the
formation of a film with a thickness of 7—9 nm, corresponding to 1—2
monolayers of the NCs. Then the substrate was soaked into 2 0.02 M 1,3-
benzenedithiol (BDT) solution in acetonitrile for 30 s to replace oleic
acid with BDT. The substrate was taken out and spun at 5000 rpm for
1 min to have a speedy drying process. Such a procedure was repeated to
achieve a desired NC film thickness. Finally, the LiF/Al electrode was
evaporated thermally on top of the NC film. Note that the preparation of
the active layer was performed in a glovebox filled with dry nitrogen,
together with device testing. The J—V characteristics were measured
with a Keithley 2400 source meter under a simulated air mass 1.5G (AM
1.5G) and solar irradiation of 100 mW/cm? The EQE data were
acquired with a customer made setup consisting of a Jobin-Yvon Triax
180 spectrometer, a Jobin-Yvon xenon light source, a Merlin lock-in
amplifier, a calibrated Si detector, and a SR 570 low noise current
amplifier.
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