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We report solar cells based on highly confined nanocrystals of ey
compound Pb&e.«. Crystalline, monodisperse alloyed nanocrystals are
obtained using a one-pot, hot injection reaction. Rutherford back
scattering and energy filtered transmission electron micrgssaggest

that the S and Se anions are uniformly distributed in the alloy
nanoparticles. Photovoltaic devices made using ternary nanopasieles
more efficient than either pure PbS or pure PbSe based nanocrystal

devices.

Colloidal semiconductor nanocrystals display a wealth of size-depepiagsital
and chemical properties, including quantum confinement effects, shapeddepe
electronic structuré, > and control over assembly through modification of surface
functionalizatior™ * Photovoltaic devices are an easily recognized potential appficat
for nanocrystals due, in part, to their high photoactivity, solution proodissand low
cost of production. Several schemes for using nanocrystals in stfaae under active
consideration, including nanocrystal-polymer compositesnoparticle array solar cefls,
films of partially sintered nanoparticlésand nanocrystal analogues to dye-sensitized
solar cell$ A persistent challenge for any nanoparticle-based solariceid take
advantage of quantum confinement effects to improve the optical absogticess

without overly hindering the subsequent transport of charge to thigoeles. Various



binary semiconductor nanopatrticles, like CdSe, CdTeSCnP, and InAs, have been
explored for photovoltaic devices but the reported efficiencies relma; mostly limited
by poor charge transport between the nanocrystafs.With so many parameters to
adjust in terms of size and shape, little work has focused on yteonaguaternary
compositions of nanoparticles for solar cells. Yet it is well kméw@m thin film solar
cell studies that such compositional tuning can sometimes ygldisant improvements
in performance.

The Pb chalcogenide family of nanocrystals is actively ingatad for
nanocrystal solar cell applications because they have suchebecjen Bohr radii (PbS
18 nm, PbSe 47 nm, and PbTe 150 nm). In the limit where the nanocrystalslyaa
tenth or so of the bulk exciton diameter, electrons and holes can thnoegh a thin
organic surface coating, and therefore strong electronic coupltgeen particles
facilitates transport of charge between nanocrystals. 1Sadkar cells based on binary
compositions of PbSe and PbS nanocrystals have been investigated naRb&gystal
solar cells generate larger short circuit photocurrents whilen@h8crystal devices with
similar bandgap have shown a laryx.® This opens the possibility to better engineer
particles, by creating ternary BIS® « to simultaneously optimize both carrier transport
and voltage. Moreover, the properties of PbS and PbSe lead to an idedltse
alloy: the atomic anion radii are within 15% of each other, thiedatmismatch factor is
only 2% between PbS and PbSe (see Supporting Information for tharisynof the
XRD patterns), and, of course, the anions are isovalent.

Although it remains a challenge to synthesize uniform ternar$,S3ehy

nanocrystaf$ * compared to the widely studied cadmium chalcogenides afid{sye



successfully obtained monodisperse, highly crystalline nanocrystats aimne-pot, hot
injection synthesis. Lead oxide (PbO, 99.999%), selenium (99.99%), oldid@a&i

tech. grade, 90%), diphenylphosphine (DPP, 98%), 1,3-benzenedithiol (BDT, >98%),
bis(trimethylsilyl) sulfide (TMS$S, purum), l-octadecene (ODE, 90%), anhydrous
solvents and aluminum shot (99.999%) were purchased from Aldrich and sised a
received. Trioctylphosphine (TOP, >97%) was acquired from Strenmod¥gstal
synthesis was performed under argon atmosphere using standareé &chienk line
techniques. The synthesis scheme is as follows: A solution of 446@dZ2mmol), 1.4

g oleic acid (5 mmol), and 10 g ODE was degassed and heated°® ih58 50 mL
three-neck flask for one hour. A mixture of proper amountTIMP:Se solution, TMSS,

DPP (40mg) and ODE was then rapidly injected into this hot solufiba.Se and S
precursor ratio was tuned to specific values, but the total ammaskept at 1 mmol.
ODE was added to dilute the precursor solution to 2 ml total. Thecngstals were
grown at 150C for 90 s, and the reaction was rapidly quenched by placingatieifi a
room-temperature water bath and injecting 5 mL of anhydrous heXbaenanocrystals
were purified by precipitation twice in hexane/ethanol and once xane¢acetone and
stored in a glovebox.

Achieving and characterizing a uniformly alloyed nanocrystaiains difficult'®
Complications arise from the difference in precursor solubdlitgl reactivity at a given
temperature, and in the difference between nucleation and growtnotrystals. Since
TMS,S is more reactive than TOP:Se, the stoichiometric ratiotof & in the resulting
nanocrystal sample was greater than the injected precursorTia¢ composition of the

resulting nanocrystals was characterized using energy dlteg@nsmission electron



microscopy (EF-TEMY to determine whether the nanocrystals resulted in separately
nucleated PbS and PbSe, core-shell architectures, or alloyed caspésyure 1A-C
show zero loss and EF-TEM images of a sample of ~7 nrg;BlS taken at the same
position on a TEM grid. To achieve strong elemental signald-FefEM we found it
necessary to use larger nanocrystals and exchange the ajaatslon the nanocrystal
surface by adding a small amount of butylamine and washing the rpstade the
following day. All nanocrystals in Fig. 1A (zero loss) appaboth the S mapping of
Fig. 1B, and at a corresponding location in the Se mapping of FiJ.HeCselected areas
in Fig. 1A-C make the comparison easier and are shown in goedgglrin Fig. 1D with
the S and Se maps overlaid. The TEM results indicate that, toesderd, both Se and S
are distributed inside each nanocrystal without apparent phaseatsep. Note that S is
more prevalent than Se in the sample (i.e.oP8&3). Figure 1A inset shows a high-
resolution TEM image of a single nanocrystal. Uniform lat8tructure with no obvious
stack faults or core-shell structure is observed. See Supportorgnbtion for additional

TEM images of well-packed oleate-capped ternary PbSSe nanocrystals.



Figure 1. (A) Brightfield TEM image
showing 7 nm PhSSe; nanocrystals.
Scale bar represents 10 nm. Inset shows the
high degree of crystallinity of a single
ternary nanocrystal without obvious core-
shell configuration. (B) Energy filtered TEM
image at the same location as in (A),
showing in red regions containing sulfur. (C)
EF-TEM showing selenium map in blue. (D)
The outlined region in (A-C) is enlarged and
overlaid to show sulfur and selenium in each
nanocrystal.




Rutherford backscattering spectroscopy (RBS) was then usewdstigate the
actual anion ratio. Figure 2 shows RBS data for a seriesngblea where the relative
amount of S in the precursor ratio (S/(S+Se)) was systeihatreaied from 0 to 1. The
graph shows a clear nonlinearity in the percent incorporation of anmnghel
nanocrystals compared to fraction present in the original precsokgion. For example:
only 30% S in the precursor is needed to make nanocrystals with 7@%nBsition.
Presumably, this nonlinearity results from the different redygtiof the chalcogen
precursors. We also find that for longer reaction times, moie Beorporated (see Fig.
S5 in Supporting Information) indicating a possible radial gradientoimposition;
however, to be consistent, all nanocrystals used in devices wegrallomied to grow for
90 seconds, thus suppressing such a gradient. RBS data shows thapaks display

Pb rich composition regardless of whether or not Pb was in excess during synthesis.
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Figure 2. Rutherford back scattering data showing the relative amousulfofr
in the product versus the relative amount of sulfur in theupser injection
solution. The bowing is due to the higher reactivity of the sutftecursor
(TMS,S) to that of the selenium precursor (TOP:Se).



For optical characterization, the alloyed nanocrystals wergerdsd in
tetrachloroethylene. Absorbance spectra for nanocrystalsdiffignent compositions are
displayed in Figure 3A. Arising from the smaller bandgap of Pb%éwvelto PbS for a
given size’® we notice the red shift of the first excitation peak with redus
composition. This trend can be observed more clearly in the insed. @B-which shows
a linear relationship between the nanocrystal bandgap energyeaodntiposition ratios.

Vegard’'s Law predicts the structure and function of many alloyeaterials:

E.. =xE, + @—x)E;. wherey is the mole fraction, £ Es, and By are the band

alloy
gap energy (or other properties) of pure composition A, pure compoBitiamd the
alloyed material, respectively. However, this linear relatigngloies not apply to several
classes of semiconductor alloys. For example, both bulk and nanodtytS&iTe; «
alloys display pronounced nonlinear “optical bowing” efféét8’ Zunger and coworkers
explain this type of observation by identifying three structural alectronic factors
leading to nonlinearity of ternary compounds: different atomic sisetrenegativity
values of ions, and different lattice constants of the binary stegf’ * A substantial
lattice mismatch (11%) also exists between the binary samhictors CdS and CdTe
which leads to enhanced nonlinear effects there also. Howevée tase of PhSe .«
there is only a 2% lattice mismatch between PbS and PbSagsseasonable to observe
less nonlinearity with composition in this alloy system, consideralso that the
difference in atomic size and electronegativity are the sasnéhat for the cadmium
chalcogenides. The absorbance and photoluminescence (PL) of PbS, dmolSe

Pb$;Se 3 nanocrystals with similar diameter are shown in Fig. 3B. The full widthliat ha



maximum (FWHM) of PL is 188 meV, 136 meV, 122 meV for PbS,,;P?8& 3 and PbSe

respectively. The structured absorbance and relatively narrowpdaks of alloyed

nanocrystal indicate the sample is nearly monodisperse, whialdexitie possibility of

the co-existence of separate PbSe and PbS in the final syathesinocrystals. The

uniformity of our alloyed nanocrystal structure can be further itelichy the 100 nm

Stokes shift, which lies between 120 nm for PbS and 70 nm for PbSeaestisis also

consistent with Vegard’s Law for a true alloy.
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Figure 3. (A) Absorbance spectra of alloyed nanocrystals with gridual

increased S concentration. All nanocrystals are ~4 nm in diaaredesire grown

for 90 sec. (B) Absorbance and photoluminescence of pure PbSe, pun@&bs,

PbS,Seswith similar size. The PL shows no broadening over the purgybina

nanocrystals. Inset shows the variation of nanocrystals bandgagy emith

different S concentrations.

We have fabricated Schottky junction back contact devices contderimgry Pb

chalcogenide nanocrystals using methods reported by Nozik and cowfmkdrgary

PbX nanocrystal%.?? Briefly, patterned ITO coated glass slides were acqdifced Thin

Film Devices Inc (20 = 5 ohms/sq, ITO thickness ~300 nm). The sulsstvate cleaned



by ultrasonication in various solvents and films of nanocrystals wepmsited by
sequentially dipping the substrate in a hexane solution containing iberygstals (~25
mg/ml) followed by dipping in a 0.01M BDT solution in acetonitfiléChis process was
repeated such that the resulting film thickness was near 100 masashown to be the
optimum for PbSe devicés.In order to verify reproducibility of the data, three devices
were made for each batch of nanocrystal with eight working porelsach device (active

area of 4 mrf). AM1.5G illumination was obtained with a Spectra Physics Go& W

Solar Simulator. The integrated intensity was set to 100 m\thcsimg a thermopile
radiant power meter (Spectra Physics Oriel, model 70260) widd fsiica window, and
verified with a Hamamatsu S1787-04 diode.

Figure 4 shows the composition-dependent device performance.x-akis
represents composition change from pure PbSe, to pure PbS, versus various taiotovol
device parameters. Previous reports of PbS and PbSe nanocrystak dewe revealed
higher Voc for PbS devices but largde: with PbSe: 2 ?°Our binary PbS and PbSe
results agree, but interestingly, are better in ternary3thgsnanocrystals. Thdg is
mostly unaffected between S concentrations of 0 to 65%. Beyond 65%kthises
slightly and then begins dropping at 80%. W& is as much as double that of PbSe

when using Pb§Se 3.
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Figure 4. (A) Short circuit current density (black) and open cirewitage (red)
of solar cells made of nanocrystals with different varying S condiemtsa (B) 1-
sun efficiency of devices made of nanocrystals with diffeBeabncentrations)-

V curve of best performing solar cell device based on 38 nanocrystals is
shown in the inset of part (B). The error bars indicate thearvee among 8

devices on each substrate.

As a result of both improvedy: andVoc, ternary Pbe .« nanocrystals achieve
better efficiency than pure binary nanocrystal PbSe and PbBows & Fig. 4B. In fact,
all devices employing ternary nanocrystals regardless ofctialaanion ratio performed
better than each binary control device. F1$® 3 has the best 1-Sun power conversion
efficiency of 3.3%, with alg of 14.8 mA/cm, aVoc of 0.45 V and a fill factor of 50%.
The J-V curve is shown in the inset of Fig. 4B. The efficiency of deviizesed on pure

PbS and PbSe is 1.7% and 1.4% respectively, which is consistent wwibuphg
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reported result$.” In our devices, there is a two-fold improvement for optimizezyat
nanocrystals compared to binary nanocrystals.

It has been documented that PbS and PbSe arrays of this hatgrecharge
trapping states within the bandgap arising from ligand exchamfy@atentially damage
during the metal depositidf.?® 2’We hypothesize that the better performance of ternary
nanocrystals is due to a combination of material properties assval redistribution of
the trap states. The higher current produced by$dg may arise from a significantly
larger exciton Bohr radius than PbS due to the incorporation of Se (##8rPbSe and
18nm for PbS). The larger Bohr radius delocalizes the carrigiahlishing greater
electronic coupling between nanocrystals, which can diminish teetefdéf nanocrystal
surface traps and therefore facilitate charge transportindigsated in Fig. 4A, an
incorporation of ~30% Se into PbS substantially improves the current density of the cell

PbS cells have a larg¥pc compared to PbSe with the same bandgap. According
to Schottky junction theory, the barrier height (proportionaV/g¢g) of an ideal metal-
semiconductor contact is determined by the relative position betwsstal work
function and semiconductor Fermi eneffyin all devices reported here, Aluminum
(work function of 4.28 eV} is used as the contact and fhtype nanocrystal films have
a Fermi level deeper than Aluminum. The size dependent conduction landevhand
edge of PbS and PbSe nanocrystals have recently been measuréx$ asddported to
have energy levels closer to vacuum energy than Bi$awever, in practical Schottky
junctions, one major limitation is that thec cannot exceed half the bandgap. Otherwise,
the minority carrier density would be larger than the majocdyrier density at the

junction, thus forming an inversion lay&rin the situation of these devices, therefore, the
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true limit of theVoc is governed by the difference between the intrinsic levehi@tgap)
and the Fermi level of the nanocrystal film, so long as the wortitum of the metal
contact is closer in energy to vacuum than the intrinsic engfrdglge semiconductor.
Since the Fermi level of nanocrystals is closely relatethéarp states, the density of
trap states within the bandgap is most likely the cause of tfexinlif voltages of the
materials. Due to different surface energies of the binaryeghtts the ternary, the
position and density of traps states at least at the surf&tE&SinPbSe, and P{&& .« may
vary. This difference could determine the relative position of themFlevel to the
valence band edge of the nanocrystal film and therefore méydesifferent open circuit
voltages.

The combination of bettels: and Voc are realized in PV devices containing
PbSSe.x nanocrystals relative to pure phase PbS and PbSe nanocrystatsl Se
compositions are closely related to the photovoltaic param&teasdVoc respectively.
Alloying is demonstrated to be a successful approach to tune the compositiohiand ac
the ternary nanocrystal with optimum photovoltaic properties. Leattalenides are
the only materials thus far to make high efficiency non-sidte@nocrystal solar cells
because of their large exciton Bohr radius. Therefore, alloyiongeprto be a very simple
and effective method to obtain nanocrystals with desirable bandgagpdrg and
surface passivation while maintaining the advantages of the binamypound
counterparts. The novel photovoltaic properties introduced by alloying déoue
guantum confinement effects, and rely upon the residual nanoscaleofsitiee
components in the film. Alloying, as a methodology, may soon becaomeffective

approach for future nanocrystal solar material engineering.
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Figure S1. TEM image of typical nanocrystals employed in the high efficiency
devices. S/(S+Se) = 70%.

XRD intensity

20

Figure S2. XRD spectrum of nanocrystals of PbS (red), PbSe (black) and
PbSSe.x (blue). There is little shift between the peaks of PbS Bh8e.
However the ternary nanocrystals peaks fall between theevaif the binary

nanocrystals.
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Figure S3. A synthesis for PbSSe nanocrystals was performed with tiliqeebta
removal to demonstrate the nanocrystal growth evolution. The begilesa
dispersity is seen in fast reactions. Scale bar is 20 nm for all images.
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Figure $4. Absorbance of nanocrystals during the timed growth, offset for
clarity. Subsequent growth times resulted in broadenedefiston peak as well

as a decrease in the bandgap. Since sharpest peaks arealbsestvort time, a
reaction time of 90 seconds was used for all device work in the manuscript.
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Figure S5. RBS data for the S composition of nanocrystals taken from asiquot
removed at varying time after the anion precursor injection.
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