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We developed a simple non-hot-injection synthetic route that achieves in situ halide-passivated PbS and PbSe quantum dots (QDs) and simplifies the

fabrication of Ph-chalcogenide QD solar cells. The synthesis mechanism follows a temperature-dependent diffusion growth model leading to strategies that

can achieve narrow size distributions for a range of sizes. We show that PbS QDs can be produced with a diameter as small as 2.2 nm, corresponding to a

1.7 eV band gap, while the resulting size distribution (6—7%) is comparable to that of hot-injection syntheses. The in situ chloride surface passivation is

demonstrated by X-ray photoelectron spectroscopy and an improved photostability of both PbS and PbhSe QDs when stored under air. Additionally, the

photoluminescence quantum yield of the PbS QDs is ~30% higher compared to the traditional synthesis. We show that PbS QD solar cells with 6.5% power

conversion efficiency (PCE) can be constructed. Finally, we fabricated PhSe QD solar cells in air (rather than in inert atmosphere), achieving a PCE of 2.65%

using relatively large QDs with a corresponding band gap of 0.89 eV.
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being investigated for use in solar

cells' and photodetectors®” due to
strong quantum confinement,? ease of
synthesis,®'® and beneficial quantum-
confinement effects, such as multiple exciton
generation."’ "% In the most common im-
plementation, the QDs are employed in thin
films (QD solids) where the QDs are electro-
nically coupled to one another and the emer-
gent macroscopic optoelectronic properties
define device performance. Charge-carrier
transport within QD solids is determined by
both the degree of QD—QD electronic cou-
pling and shallow and midgap defect states
generally associated with disorder'*'> and
imperfect QD surfaces. Current approaches

P bS and PbSe quantum dots (QDs) are
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to QD-film formation use various chemical
reagents to treat the QDs in a layer-by-layer
fashion to form smooth but disordered QD
arrays.'® These chemical reagents are gen-
erally chosen to reduce the QD—QD spac-
ing by exchanging the long aliphatic as-
synthesized surface ligands'®'” with smal-
ler compact ligands. However, transport
properties have also shown a dependence
on the chemical nature of the ligand—
surface or ligand—QD interaction. Further-
more, the chemical reagents can induce a
variety of phenomena in QD solutions and
arrays that are only beginning to be under-
stood, such as QD—QD fusion,'® QD—QD
alignment,'® passivation of surface dan-
gling bonds, or creation of surface defects.
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Recently, QD devices have benefited from multiple
ligand moieties used in postsynthetic processing pre-
sumably to control or passivate different surface facets
or different surface-related defect states. For example,
PbS QD solar cells with power conversion efficiencies
greater than 4.5% have typically employed secondary
surface treatments.? Ip et al. demonstrated that halide
anions can be employed postsynthetically to achieve a
PbS QD solar cell with 7.0% efficiency.>%° Similarly,
Semonin et al. employed a secondary hydrazine treat-
ment to significantly improve the performance of PbSe
QD-based solar cells,’ and Gao et al. found that PbS QD
solar cells benefit from secondary treatments.>?' Ha-
lide treatments are attractive because the resulting
ligand is compact and in the case of chloride ions
resistive toward oxidative attack.”? Anion substitution
within the Pb chalcogenide lattice can also be an
effective strategy for n-doping of the QD film.?3

Halide termination has been explored in several QD
systems. Owen et al. developed ligand exchange reac-
tions to produce chloride-terminated CdSe QDs.?**°
The goal was to employ the chloride ion as a compact
atomic ligand in QD solids, achieving minimal QD—QD
separation. They also found that chloride ions can
balance excess charge resulting from nonstoichio-
metric surface termination.*?> Zanella et al. intro-
duced a ligand exchange reaction based upon propyl
trichlorosilane similar to that of Owen et al. where the
reaction replaces the native ligands with chloride
termination but also tends to slightly etch the QDs.?®
Nevertheless, they demonstrated that such reactions
are general for many QD systems and produce func-
tional QD solids. Bae et al. exposed oleate-terminated
PbSe QDs to chlorine gas and found that the chlorine
gas reacts with PbSe QDs to produce chloride-termi-
nated QDs.?? The resulting QDs showed improved
photoluminescence quantum yields (PLQYs) and
photostability, which the authors suggest results from
fewer exposed Se surfaces that are otherwise prone to
oxidation.?? Wheeler and co-workers recently explored
the use of SiCl, in place of SiH, as a precursor gas for
the hydrothermal plasma synthesis of Si QDs,?” produ-
cing chloride-terminated Si QDs. The chloride termina-
tion allowed for a hypervalent interaction with polar
solvents that leads to colloidal stability.?” These studies
demonstrate that QD surface chemistry is an active
area of research and QD photophysics can benefit from
halide termination.

Progress in implementing QDs in novel approaches
to solar energy capture and usage relies on simple and
reproducible procedures for QD-layer formation. Here
we show that introducing the halide during the growth
of the QDs (in situ) allows for improved surface passiva-
tion and a simplified device fabrication procedure.
Synthetic approaches incorporating lead chloride pre-
cursors have been explored by Cademartiri et al.?® and
Moreels et al.”® who synthesized PbS QDs using PbCl,
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in oleylamine (OLA) and demonstrated higher PLQYs
and better stability compared to the conventionally
synthesized QDs using PbO as the precursor. With
these methods, it is difficult to control the synthesis
of the smaller PbS QDs, where the smallest QD sizes
correspond to a first exciton peak of 1.34 eV.3° How-
ever, it is desirable to obtain larger band gaps, which
routinely lead to higher power conversion efficiencies
for QD solar cells. Furthermore, PbS QDs are being
actively pursued for solution-processed multijunction
solar cells, and higher band-gap materials are neces-
sary for their optimization. Therefore, it is desirable to
develop syntheses with a broader size control that lead
to better surface passivation without further secondary
ligand exchange.

RESULTS AND DISCUSSION

In the previous PbCl, hot-injection syntheses,
sulfur dissolved in OLA is injected into the Pb precursor
solution to form PbS QDs. This reaction scheme works
well to produce larger QD sizes but is unable to achieve
QDs with diameters smaller than ~3 nm due to a
relatively low nucleation threshold with S:OLA. We
tried a more reactive sulfur source commonly used in
the PbS synthesis,” bis(trimethylsilyl) sulfide (TMS,S), in
order to obtain smaller PbS QDs. However, the hot-
injection method resulted in a very broad size distribu-
tion when TMS,,S is used at higher temperature. Upon
reducing the injection temperature, we find that a low-
temperature reaction method is very suitable for this
synthesis and can produce a wide range of various-
sized PbS QDs with reasonable narrow size distribu-
tions. We demonstrate that the growth dynamics
follow a diffusion-controlled growth model. We also
explore the use of PbBr, and Pbl, as the Pb precursor so
as to produce bromide- or iodide-terminated QDs. We
further extend this synthetic strategy to produce air-
stable PbSe QDs. Our reaction can be classified as a
“heat-up” synthesis rather than the more conventional
hot-injection synthesis and as such should be amen-
able to large scale-up strategies.®'

Specifically, PbX, (X = Cl, Br, or I) and OLA are
combined and then heated between 100 and 140 °C
and cooled to room temperature (30 °C). The mixture
becomes gel-like during the cooling process, and the
viscosity at 30 °C depends on the precursor, which
varied according to PbCl, > PbBr, > Pbl, (determined
by eye). TMS,S was added at 30 °C, and the tempera-
ture of the solution was increased under constant
stirring. Once the final temperature is reached, the
reaction is quenched using a water bath. The rate at
which the temperature is raised minimally affects the
final QD size, where a lower rate results in slightly larger
sizes. Figure Ta—c show the evolution of the absorp-
tion spectra of the PbS QDs when the growth tem-
perature is increased from 30 °C to various final
temperatures (noted in Figure 1a) up to 150 °C using
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Figure 1. Evolution of absorption spectra of PbS QDs synthesized from (a) PbCl,, (b) PbBr,, and (c) Pbl, as well as (d) particle
concentration (P.C.), black trace, and standard deviation of the size distribution, blue trace, of the PbS QDs and (e) size of PbS
QDs synthesized from PbCl,, blue trace, and size distribution (%), black trace, during the growth temperature ramping
process. The absorption features in the range 0.73—0.62 eV and other small sharp peaks are due to hydrocarbons present in

the reaction solution.

PbCl,, PbBr,, or Pbl,, respectively. Since OLA is weakly
bound to the QD surface*’ we exchange the as-
synthesized ligands to the conventional oleate ligand
to improve their colloidal stability.?® Further details can
be found in the Methods section.

PbCl,, PbBr,, and Pbl, each lead to varying growth
dynamics due to differences in their viscosity and
reactivity. The QDs grow as the temperature increases
(Figure 1). Correspondingly, the size distribution nar-
rows and saturates below 7% for final temperatures
above 110 °C (Figure 1e, black trace for PbCl,). We also
plot the standard deviation, o (Figure 1d, blue trace), of
the size distribution and use that to evaluate the size-
focusing growth. Using the relationship between the
optical band gap (E;) and QD diameter and the rela-
tionship between QD diameter and molar extinction
coefficient at 400 nm,?® we calculate the concentration
of QDs (P.C.) formed at various temperatures during
the synthesis. The error in determining the size dis-
tribution is dependent on the error of the sizing curve,
where we have used literature reports.?® (Any error in
the sizing curve will produce a systematic error in our
size determination but will not impact the conclusions
of this work.) As the temperature increases, the number
of QDs decreases (Figure 1d, black line). Higher tem-
peratures lead to larger QDs, indicating the tempera-
ture is a driving force for growth. We also observe that
PbX, and OLA form a turbid suspension rather than
a clear solution, so the growth of the PbS QDs is in
a heterogeneous system.?® The above observations
can be described by a diffusion- or mass-transport-
controlled growth,?®33 where the diffusion coefficient
of the monomer affects the growth substantially.

Peng et al. and Talapin et al. have experimentally®*
and theoretically®® shown that size focusing occurs
when QDs grow in monomer oversaturation condi-
tions and there is slow diffusion of monomers.
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“Monomer” here refers to the molecular or atomic
units that add/dissolve to/from the surface of the QD,
and we do not attempt to identify the monomer
species. The growth in our synthesis is maintained by
an increase in temperature and the corresponding
increase of the diffusion coefficient. The diffusion
coefficient depends on temperature and viscosity as
described by Stokes—Einstein equation:

D = 1
6mnr ()

where kg is Boltzman's constant, T is temperature, 7 is
viscosity, and r is the particle radius. In this reaction, D is
controlled by the viscosity and temperature, where the
viscosity depends upon the precursor concentration
and chemical identity, as noted above. Viscosity is also
temperature-dependent (the higher the temperature,
the lower the viscosity);*® therefore the diffusion coef-
ficient increases with temperature more than the linear
dependence indicated in eq 1. Talapin et al. derived an
equation that describes the growth rate, dr/dt, of a
single QD,*

29V
S —
g = V..DC 0 exp|: I'RT:| (2)
dr = Vm flat D 2’)/Vm
r+mexp{a rRT}

where V,,, is molar volume, D is the diffusion coefficient,
Cpal is the solubility of the monomer in equilibrium
with a flat interface, S describes the oversaturation
(which is proportional to the amount of monomer re-
maining in the bulk solution relative to its equilibrium
value), v is the specific surface energy, R is the gas
constant, T is temperature, r is the radius of a growing
particle, kgﬂat is the growth rate constant for growth of
a flat (r = o) surface, and a is a transfer coefficient.
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Figure 2. Growth rate (dr/dt where r is the radius) vs QD
radius calculated from eq 2 for (a) different diffusion co-
efficients and (b) temperatures. The parameters are y =
0.125 J/m?, V,, = 3.15 x 10> m*/mol (for PbS), Cpa’ =
0.01 mol/m?, .= 0.5, ko™ = 5.2 x 10 M/s. In part (b), kg™
and D are held constant; however, kgﬂa' is temperature-
dependent (< exp(—1/T)) and D increases rapidly with
temperature (see text). Therefore, the dependence of
dr/dt on temperature will be greater than shown here.
The dashed trace in (a) displays a 1/r dependence. The
dashed blue trace in part (b) demonstrates that the 1/r
dependence is reduced when the oversaturation conditions
are reduced (here T=423 Kand S = 10).

In Figure 2, we plot dr/dt for various values of
D (Figure 2a) and temperature (Figure 2b) to demon-
strate that the growth rate increases with both diffu-
sion coefficient and temperature. When D is small and
S (oversaturation) is large, the growth rate of individual
QDs varies as 1/r (Figure 2a dashed black trace) so that
larger QDs grow slower than smaller QDs and the
ensemble size distribution focuses. When the tempera-
ture is low, the growth rate is small due to both a lower
temperature and smaller diffusion coefficient (higher
viscosity). Thus, it takes longer to consume monomers
and reduce the oversaturation condition. Figure 2b
compares conditions at T = 423 K for S = 50 and
10 (dashed blue trace) and demonstrates that the
1/r conditions are decreased when the oversatura-
tion is reduced. We demonstrate these features by
monitoring the evolution of size distribution when
the temperature is maintained at 80 °C for 15 min
(see Figure 3). It takes approximately 3 min to reduce
the oversaturation conditions and thus reverse the size
focusing (inset of Figure 3, blue squares). The synthesis
conducted by Cademartiri et al.?® also confirms slow
consumption of monomers due to a slow growth rate
controlled by monomer diffusion. In their study, a
stable narrow size distribution evolves from an initial
broad distribution in more than 20 min when the PbCl,
concentration is high; in this case, the slower diffusion
occurs because of a higher viscosity. By employing a
lower PbCl, concentration, the growth reached a sta-
tionary regime faster.

As the temperature increases during synthesis, the
diffusion coefficient increases, resulting in a greater
growth rate. When the temperature is low, the growth
rate is too small to reduce the oversaturation during
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Figure 3. Evolution of absorption spectra during growth of
PbS QDs with PbCl, precursor and maintaining the tem-
perature at 80 °C for 15 min. The inset shows the evolution
of the standard deviation and size distribution.

the initial temperature increase, leading to a high
oversaturation condition. As a result, the size distribu-
tion narrows as shown in Figure 1e (30—110 °C). Higher
temperatures lead to higher D and thus a larger
difference of growth rates between small and large
QDs and thus to a larger degree of size focusing. The
dissolution of QDs that are smaller than the critical
radius, r, also contributes to maintaining the over-
saturation conditions by releasing monomers, where
Ier = 2yVeo/RT In S when dr/dt = 0 (eq 2).3*3¢ We show
that the size distribution can be tuned by manipulating
the oversaturation conditions during growth. We with-
drew one-third of the reaction solution at 30 °C
immediately after injection of the sulfur precursor at
30 °C and then reinjected that aliquot back into the
reaction flask when the temperature reached 115 °C.
The reaction solution at 30 °C consisted of smaller QDs
with a higher concentration and unreacted monomer;
thus, we expect the particle concentration to increase
after the addition of the aliquot. However, the particle
concentration at 130 °C is smaller than that at 110 °C
(see Figure 4a), indicating that most of the reinjected
particles dissolve, as they are smaller than the critical
size at 115 °C, leading to a delayed defocusing of the
size distribution (see Figure 4b). These principles could
be further employed to achieve narrow size distribu-
tions for any desired QD size.

We also study the effect of PbCl, concentration,
which affects the growth rate through both the over-
saturation conditions and solution viscosity. The QDs
synthesized in different amounts of OLA reach approxi-
mately the same size during growth (Figure 4c), which
results from similar overall growth rates. As discussed
above, the growth rate increases with higher over-
saturation of monomers and a higher diffusion coeffi-
cient. A greater PbCl, concentration leads to a higher
oversaturation but a lower diffusion coefficient; these
two conditions cancel one another, producing similar
growth rates (Figure S3). However, the size deviation is
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Figure 4. Evolutions of the size deviation and particle concentration of the PbS QDs when one-third of the reaction solution
formed at 30 °C is reinjected at 115 °C. (a) Particle concentration for the test case where the solution is reinjected at 115 °C,
demonstrating that the small QDs are redissolved at the higher temperature to increase the oversaturation conditions.
(b) Comparison of the evolution of the size deviation of the normal synthesis to the reinjection synthesis. (c and d) Evolutions
of average particle diameter and size deviation for the reaction using three PbCl, concentration conditions (different amounts
of OLA). (e) Particle diameter for the different Pb-halide precursors at similar concentrations. (f) Comparison of the evolution
of the size deviation.
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Figure 5. (a) Representative TEM of typical PbS QDs showing that the QDs remain quasi-spherical. (b) Comparison of the
measured XRD to the PbS standard, confirming crystalline rock salt PbS. (c) XPS data for PbS QD films synthesized with PbCl, as-
cast with oleate ligands (red trace) and synthesized with PbCl, and ligand exchanged with EDT (blue trace). The shift in the peak
position and change in width between the red and blue traces are due to charging in the nonconductive oleate-capped QDs. The
binding energy of the Cl 2p peak in the EDT-treated films is 198.4 eV and is consistent with a chloride bonding environment.?>?

markedly different for the three concentration condi-
tions (Figure 4d). As the temperature increases, the size
distribution focuses for each concentration. The initial
size distribution is larger for the higher PbCl, concen-
tration but undergoes more focusing; both effects can
be attributed to the lower diffusion coefficient.

The growth of PbS QDs using PbBr; and Pbl, further
confirms the diffusion-controlled model. Due to a lower
viscosity, the reaction solution has a higher diffusion
coefficient (Dpy, > Dppgr, > Dppcy). As a result, the PbS
QDs synthesized from PbBr, form a narrow peak even at
30 °C due to faster diffusion (Figure 1b and Figure 4f).
For the case of Pbl,, the diffusion is even faster such that
the oversaturation conditions cannot be maintained,
and the growth approaches the reaction-controlled
regime where the size distribution is larger and defo-
cuses (Figure 1c and 4f). Furthermore, visible metal
particles (which are assumed to be lead) were formed
when the Pbl, and OLA mixture was heated to a higher
temperature, likely resulting in less Pb precursor

ZHANG ET AL.

available. As a result, the QDs synthesized by Pbl, show
a much shorter size-focusing regime.

As discussed above, an advantage of this synthesis is
the simple, in situ halide passivation and control of QD
size. In Figure 5a, we show the TEM of a typical PbS
synthesis demonstrating that the particles remain
quasi-spherical. Figure 5b displays the XRD, confirming
the synthesis produces crystalline PbS QDs, and
Figure 5c shows the XPS of Cl 2p, confirming that
chloride is retained in the PbS QDs. We checked that
chloride survives after 1,2-ethanedithiol (EDT) treat-
ment (Figure 5¢, blue trace). The QD samples used for
the measurements in Figure 5c¢ consisted of dip-coated
PbS QDs on an ITO substrate. Note, the peak is
shifted and narrower than the Cl 2p peak from the
as-produced PbS QDs (Figure 5¢, red trace). This is due
to charging effects®>?® from the insulating ligands on
the as-produced samples. The QD layers with EDT-
exchanged ligands (Figure 5, blue trance) are conduc-
tive, and the peak position is 198.4 eV, consistent with a
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Pb—Cl bond.?**® We measured the Pb:Cl ratio for
~3 nm PbS QDs of ~24 (Figure S4a), consistent
with previously reported values® and indicating that
the precursor has an effect on the final chemical
composition of the QDs. The Pb:Cl ratio remains
roughly constant before and after EDT treatment, while
the Pb:S ratio decreases due to the addition of EDT to
the QD surface (Figure S4).

One advantage of the diffusion-controlled synthesis
presented here is that scaling up the reaction should
in principle be more straightforward than the hot-
injection synthesis. To demonstrate the feasibility of
scaling our reaction, we produced a 7.4 g batch and a
47 g batch of PbS QDs (Figure 6). To achieve the 7.4 g
sample, 8.34 g (30 mmol) of PbCl, and 80 mL of OLA are
mixed with 2.1 mL (10 mmol) of TMS,S diluted in 10 mL
of OLA at 30 °C. The temperature was increased to 85
°C and maintained for 5 min. The final weight of the
product contains PbS and ligand; therefore, we calcu-
late the weight percent from the XPS data (Supporting
Information) to be 43% Pb, corresponding to 15.4 mmol
of Pb. The sulfur content is about one-third the Pb
content for these samples, and therefore, the reaction
yield is ~50% for both Pb and S precursors. To produce
47 g of PbS QDs, we mixed 83.4 g of PbCl, (300 mmol)
with 600 mL of OLA and added 21 mL (100 mmol) of
TMS,S diluted in 20 mL of OLA. The solution is then
heated to 85 °C and maintained for 8 min. The resulting
PbS QD powder was 47.07 g, which gives a slightly
lower reaction yield. No attempts were made to max-
imize the yield.

The in situ chloride passivation improves the photo-
luminescence and photostability. In Figure 7a inset, we
compare the PLQY for PbO- and PbCl,-synthesized
QDs and find a ~30% higher PLQY. In Figure 7a, we
show how the absorption spectra evolve when the
sample is stored in air over the course of one month for
the PbCl,- compared to the PbO-synthesized QDs. For
the PbCl,-synthesized QDs, the peak positions remain
constant, while they gradually blue-shift for the PbO-
synthesized QDs, indicating oxidation of the surface.

(a) (b)

Absorbance (a.u.)

0.8 1.2 1.6 2.0
Energy (eV)

Figure 6. (a) Absorption spectra of the 7.4 and 47 g PbS
scaled synthesis. (b) Picture of the 47 g PbS QD batch.
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We successfully extended the synthesis scheme to
PbSe QDs (Figure 7b) using PbCl, as the precursor;
however in this case, we find that two selenium pre-
cursors with different reactivities are needed. Bis-
(trimethylsilyl) selenide (TMS,Se), which is highly
reactive, was used to form small QDs, and a relatively
lower reactive precursor, TBPSe (selenium dissolved in
tributylphosphine), was employed to maintain the
oversaturation condition during the diffusion-con-
trolled growth. When only TMS,Se was used as the
selenium precursor, the PbSe QDs grew but did not
exhibit size focusing as the temperature increased
(Figure S5) because the reactivity governs growth.
Generally, PbSe QDs synthesized using PbO precursor
exhibit instability under air exposure. This instability is
due to the destructive oxidation and kinetically
collision-induced decomposition, resulting in signifi-
cant absorption and PL degradation.” Researchers
have found that larger size PbSe QDs are more sensi-
tive to oxygen and light compared to smaller size QDs
presumably due to differences in facet reactivity with
oxygen. The PbSe QDs synthesized with PbCl, have a
first exciton peak at ~0.89 eV. These PbSe QDs show
excellent stability when stored in air, and the initial
PLQY of ~28% is stable over 30 days, only decreasing
to 24% (see inset in Figure 7b). The in situ chloride
passivation contributes to their stability, consistent
with the PbS results and literature reports.>

Finally, we fabricated QD solar cells using the chloride-
passivated PbS QDs, from QDs whose absorption
spectrum is shown in Figure 7a, and compare to the
conventionally synthesized PbS QDs. The architecture
of the devices is ITO/ZnO/PbS(e) QDs/MoOs/Al follow-
ing our previous work.>?' The QD layer was fabricated
by layer-by-layer dip coating in a fume hood using EDT
to exchange the oleate ligand and form pinhole-free
smooth films. The J—V characteristics of the various
devices that we tested are shown in Figure 8, and
their performance parameters are tabulated in Table 1.

=e=PbS (PbCl,) ]
~e=PbS (PbO) | 505 ] zgi
1502 242
403 1,2
j\e___g S 42
N N N NI - / [ B BN
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Figure 7. Evolution of absorption spectra and PLQY of (a)
PbS QDs synthesized from PbCl, and PbO and (b) PbSe QDs
synthesized from PbCl, when they were stored in tetra-

chloroethylene (TCE) in air. The circles in the insets repre-
sent ~5—8% error in the determination of the PLQY.
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Figure 8. J—V characteristics of PbS or PbSe QD solar cells
with an ITO/ZnO/PbS(e)/Mo0Os/Al device. The PbS or PbSe
QDs are synthesized with PbCl,, PbBr,, or PbO as lead pre-
cursors. Inset shows histograms of the device efficiencies for
PbCl, (red bars), PbBr, (blue bars), and PbO (gray bars).

The PbS QDs synthesized from PbO and PbBr, were
also used to fabricate solar cells, but the chloride-
terminated PbS QDs showed better performance and
achieved a power conversion efficiency of 6.5%
(Figure 8, red trace). Device efficiencies greater than
4.5% could only be obtained using PbCl,-derived QDs
or further treatments of the PbO-derived QDs. The
main improvement is an increase in the J,c compared
to the conventional devices. The bromide-terminated
QDs did not exhibit better device performance
(Figure 8, blue trace), which could be attributed to a
weaker Pb—Br bond compared to the Pb—Cl bond.
Supporting this hypothesis we find that bromide-
terminated QDs are not as resistive toward oxidization
as chloride-terminated QDs (Figure S6). We also fabri-
cated PbSe QD solar cells, but in stark contrast to
previous findings,' we are able to fabricate these
devices in air similar to the PbS QD devices.>**8 In
past efforts, solar cells based on PbSe QDs could not be

METHODS

Materials. PbX, (X = Cl, Br, or 1) (99.999%), oleylamine
(OLA, tech. grade, 70%), bis(trimethylsilyl) sulfide (TMS,S, syn-
thesis grade), oleic acid (OA, tech. grade, 90%), selenium
powder (99.99%), chloroform (anhydrous, 99+%), acetonitrile
(anhydrous, 99.8%), tetrachloroethylene (TCE, =99.9%), hex-
ane (=95%), and ethanol (=99.5%) were purchased from
Aldrich. Tributylphosphine (TBP, tech. grade, >=90%) and
1,2-ethanedithiol (EDT, purum >98.0%) were purchased from
Fluka. Bis(trimethylsilyl) selenide (TMS,Se) was purchased from
Gelest. All the chemicals were used as received.

Synthesis of PbS QDs from Lead Halide. OLA (10 mL) and 3 mmol
of PbX, (X = Cl, Br, or ) were degassed under vacuum at 80 °C,
followed by heating to various temperatures (140 °C for PbCl,
and PbBr,, 100 °C for Pbl,) under nitrogen and maintained at
these temperatures for 30 min. Then the suspension was
allowed to cool to 30 °C, and 210 uL of TMS,S dissolved in
2 mL of OLA was added to the flask (we have tried sulfur in OLA
as the sulfur precursor, but it led to a broad size distribution).
Next, the reaction solution was reheated to a higher tempera-
ture under vigorous stirring for the growth of the QDs. At
various temperatures, 30 uL reaction solutions were withdrawn
and quenched by 2.5 mL of TCE for the absorption measure-
ments. Finally, a water bath was used to quench the QD growth
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TABLE 1. Device Performance Parameters for J—V
Characteristics Shown in Figure 8

(1] Ji (mA/em?) Vo (mV)  fill factor (%) efficiency (%)
PbS(PbCl,) 25.743 510.7 493 6.501
PbS(PbBr,) 15.57 527.1 4.2 339
PbS(Pb0) 17.38 540 47 4.405
PbSe(PbCl,) 19.6 3913 348 2653

fabricated in air (devices did not show diode behavior),
and air-free environments were employed. However,
we show for the first time functional PbSe QD solar cells
fabricated in air (Figure 8, green line). Here we used
relatively large QDs (absorption spectrum shown in
Figure 7b) that would typically undergo rapid oxida-
tion in EDT-treated thin films.

CONCLUSIONS

In summary, in situ halide-passivated PbS QDs with a
narrow size distribution can be attained using a non-
hot-injection method. A temperature-dependent dif-
fusion-controlled growth results in size focusing to
produce a size distribution comparable to hot-injection
synthetic routes. Small PbS QDs with a diameter as
small as 2.2 nm, corresponding to a band gap of 1.7 eV,
can be produced. The chloride-terminated QDs show
improved stability in air and higher PLQY, demonstrat-
ing effective surface passivation, and the chloride is
retained in EDT-treated films. The chloride-passivated
PbS QDs exhibit much better solar cell performance
compared to conventional synthesis, providing a sim-
ple way to construct highly efficient PbS colloidal QD
solar cells. A working PbSe QD solar cell made in air was
demonstrated for the first time, opening another
avenue for further investigations.

when the desired size was achieved. The PbS QDs were
separated from the raw solution by centrifugation after the
addition of hexane and ethanol and then dissolved in hexane.
OA (6 mL) was added to the purified QD solution to replace the
weakly bound OLA, followed by storing for 24 h for the
precipitation of unreacted PbX,. The residual PbX, in the QD
solution was removed by a 200 nm pore size filter. Finally, the
PbS QDs were washed several times using hexane and ethanol.
The washing process was performed in air. The PbS QDs syn-
thesized from PbBr, lost stability in solvent after three washes.
For the synthesis using Pbl,, metal particles (~3 mm in dia-
meter, which are assumed to be lead) were formed when the
Pbl, and OLA mixture was heated to a higher temperature, likely
resulting in less Pb precursor available throughout the reaction.
As a result, the QDs synthesized by Pbl, show a much shorter
size-focusing regime (Figure 1c and Figure 4f). The I-terminated
PbS QDs lost stability in solvents after only one wash.

Synthesis of PbSe QDs. PbCl, was used for the synthesis of PbSe
QDs. The procedure is similar to that of PbS QDs with two
exceptions: (1) TMS,Se (0.5 mmol) and 0.67 mL of TBPSe (0.75 M)
were added sequentially to the lead precursor at 30 °C; (2) the
PbSe QDs were washed in a glovebox.

Study of Optical Stability of QDs. The QDs dissolved in TCE
were stored in a 4 mL vial in air with the vial loosely capped.
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At different times, the absorption spectra and PLQYs were
measured.

Synthesis of Zn0 Nanocrystals (NCs) and PbS QDs from Pb0. ZnO NCs
and PbS QDs from PbO were synthesized using our previous
methods.>*8

Device Fabrication. The ZnO NCs solution (40 mg/mL in
chloroform) was spin-coated at 2000 rpm for 1 min onto a
cleaned glass substrate with prepatterned ITO electrodes in a
fume hood. The resulting ZnO film was annealed on a hot plate
set to 260 °C for 30 min to remove residual solvent. The PbS
active layer was hand-dipped on the substrates in a fume hood
under ambient atmosphere. The substrate was dipped into PbS/
PbSe QDs in hexane (~10 mg/mL), carefully withdrawn by hand,
allowed to dry, and then dipped into T mM EDT in acetonitrile.
Thirty dip-coating cycles were performed to build up a layer of
200—270 nm on top of the ZnO film. The top electrode was
deposited by thermal evaporation, consisting of 15 nm molyb-
denum trioxide at a rate of 0.5 A s™" and 150 nm aluminum at a
rate of 20 A s,

Characterization. Optical absorption spectra were collected
using a Shimadzu UV-3600 spectrophotometer. TEM images
were obtained using a FEI Technai G2 20 Twin microscope
with a LaBg filament operated at 200 kV. XRD is performed on
a Bruker D8 Discover diffractometer using Cu Kot radiation
(4 =1.54 A). The PLQY was measured in a LabSphere integrating
sphere, with excitation provided by monochromatic light se-
lected from a xenon lamp passed through a monochromator
(PTI). The emission and excitation spectra were measured with
an InGaAs photodiode. The resulting InGaAs signal was ampli-
fied using a SRS SR530 lock-in amplifier. XPS data were obtained
on a Physical Electronics 5600 photoemission system using
monochromatic Al Ka radiation. J—V curves were acquired in
a glovebox with home-built setups. A calibrated filter Si diode
(Hamamatsu, S1787-04) served as the reference cell for J—V
measurements.
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