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Over the past decade a significant progress in the synthesis of
narrow gap I\-VI (PbS, PbSe, PbTé)ll —VI (HgTe, CdHg:—xTe)?
and 1lI-V (InAs)3 nanocrystals (NCs) triggered a recognition of
their high potential for various opticélelectronic3 and optoelec-
tronic® applications. Typically, the band gaps of these NCs can be
tuned between 0.5 and 1.5 eV, covering the entire near-infrared
(near-IR) spectral regiohThe synthesis of colloidal NCs with band
gap energy below 0.5 eV is still a challenge, with only limited
information availablé:® At the same time, narrow-gap semiconduc-
tor NCs are highly desirable for photovoltaic, thermovoltaic, and
thermoelectrié® devices as well as numerous optical applications.
The recent discovery of efficient carrier multiplication in semicon-
ductor quantum dots placed narrow-gap NCs among the most
promising materials for thin-film photovoltaiés.

Bulk SnTe is a IV-VI semiconductor with a direct band gap of
0.18 eV at 300 K2 It is used in mid-IR photodetectdfsand
thermoelectric heat convertérfsThe previous attempts to synthesize
SnTe NCs did not yield uniform particles of controllable size.
Here we report a solution-phase synthesis of high-quality colloidal

Intensity (a.u.)

SnTe NCs with mean diameters tunable in the range of ca: 4.5 §| gJ § & §ow
15 nm and corresponding band gaps of-0&8 eV. o a0 5o '3-0 -] .
As a tin(ll) source, we used commercially available Sn- 20 (deg) 2nm

[N(SiMe’3)2]2, bis[bis(trimethylls.illyl)amino]tin(lI), also knoyvn a.s Figure 1. (a,b) TEM images of a superlattice of 10.2 nm SnTe NCs capped
Lappert’s stannylen®. Our initial attempts to synthesize tin  with oleic acid. (c) Powder XRD patterns of SnTe NCs with various sizes.
chalcogenides by using less reactive precursors like tin oleate, The sizes indicated above each curve are estimated by the Scherrer equation,
acetate, or chloride failed because of an improper balance betweerfPplied todt_he Wi‘fjlth of the [100] Pea'(‘js-_ The _V,eftiC]?' "Qeli igdicate(éhe)

. f corresponding reflection positions and intensities for bu nTe. ,€
nucle.atlon and growth ratgs of the NCS' The Syn,theSIS of SnTe Representative high-resolution TEM images of SnTe NCs viewed along
NCs is based on the reaction of Sn[N(Siyy» and trioctylphos- [001] and [111] zone axes, correspondingly.
phine telluride (TOPTe) in oleylamine (OLA). In a typical

synthesis;’ 0.4 mmol of Sn[N(SiMe),], dissolved in 6 mL of .\ qalinity of the SnTe NCs. Energy dispersive X-ray spectroscopy

octadecene (ODE) were injected into a three-neck flask containing (EDX) showed nearly stoichiometric composition of the SnTe NCs
a solution of 0.7 mmol of TOPTe in 14 mL of OLA, kept at (Figure S2).

150 °C. The almost instantaneous nucleation was followed by a

. X The monodisperse SnTe NCs self-assembled into long-range
temperature drop to about 12C. The reaction was kept at this

X . ordered superlatticésupon slow drying relatively concentrated
temperatu_re for 2 min a”‘_‘ raplndly cooled to room-tempgr_ature. tetrachloroethylene (TCE) solutions of SnTe NCs by evaporating
A3 r_nL aliquot of dried oleic acid (OA) was ad_ded to efﬁmently_ the solvent in a low-pressure chambe®(2 kPa) at 50C (Figure
passivate the NC surface. The SnTe NCs were isolated and purified, 5 1)y The misalignment of the atomic lattice planes in the vertical

using the standard solvent/nonsolvent procedre. _rows of the SnTe NCs gives rise to rotational Mairimges seen
The as-synthesized SnTe NCs have uniform, nearly spherical for some NC columns in Figure 1b.

shapes (Figure 1a,b). The NCs size distribution was typically below 114 size of the SnTe NCs can be controllably varied from 4.5
10% without any size-selection steps (Figure S1, Supporting 1, apout 15 nm by adjusting the injection and growth temper-
Information). An analysis of the powder X-ray diffraction (XRD)  4¢res and the concentration of OLA in the reaction mixture (Figure
patterns (Figure 1c) and high-resolution TEM images (Figure 1d,e) S3). Generally, the NC size increased with raising injection and
[)?J\flfaéiql';h?sgzglec g;?gllj;:gmcrisfl 6s_t2r;§n£)e;'zlfirﬁ:tllc\% tgiztzzt of growth temperatures; the optimal temperature range for synthesis

; " - of monodisperse SnTe NCs was observed between 90 antC150
estimated from the broadening of the XRD reflections were | , ering the concentration of the stabilizing agent (OLA) in the
consistent with those deduced from TEM images, indicating a high o5 (ion mixture resulted in a decrease of the NC size (Figure S3).

t University of Linz. Since primary amines form strong complexes witfSions, it is

*The Molecular Foundry. reasonable to expect that lower concentrations of OLA led to the
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Figure 2. (a) IR absorption spectra of 7.2 and 14 nm SnTe NCs dispersed
in CCls. The dotted lines indicate zero-absorption. Absorption spectrum of
oleic acid is shown for comparison. The absorption bands at 0.36 eV
originate from the oleate ligands bound to the NC surface. (b;¥)curves

for SnTe NC films: (b) as-prepared, oleic-acid capped 13 nm SnTe NCs
and (c) film treated with 0.5 M solution of 44 in CH3CN for 72 h. The
inset shows schematics of the NC deVi¢e.

increase of the NC nucleation rate. With the larger number of nuclei
formed, the less precursors were available for each growing SnTe
NC vyielding smaller particle siz¥. The same effect has been
observed for the synthesis of PbS NE€s.

The absorption spectra of the SnTe NCs showed pronounced
peaks in the IR spectral range (Figure 2a). Since bulk SnTe is a
direct gap semiconductor with a band structure similar to that of
lead chalcogenides, we assigned these peaks to thel$ss
excitonic transitions. The sharp absorption lines aroundu®¥

superimposed on each spectrum, represent the vibrational modes

of the OA bound to the NC surface. The energy of the absorption
peak could be varied by tuning the NC size owing to the quantum
confinement effect. The values of the optical band gaps deduced
from the absorption spectra are 0.39 and 0.54 eV for 14 and
7.2 nm SnTe NCs, respectively, making SnTe NCs an excellent
material for mid-IR applications. The optical band gaps of SnTe
NCs are close to the calculated optimal value (0.35 eV) for NC
solar cells with carrier multiplicatio?? The excitonic peak can be
further pushed into the IR by alloying SnTe NCs with lead
telluride1?

To evaluate the potential of SnTe NCs for photovoltaic and

thermoelectric applications we studied the charge transport in arrays

of close-packed SnTe NCs. The films of as-synthesized oleic-acid
capped SnTe nanocrystals showed low electrical conductivities of
~10710 S cnr! (Figure 2b), caused by the largel.5 nm
interparticle spacing, maintained by the insulating oleic acid
molecule$ The electronic conductivity, however, could be in-

conductance in the arrays obMNy-treated SnTe NCs. i, could
behave as an n-type surface transfer dopant for SnTe>NCs.

In summary, we have demonstrated the first solution-phase
synthesis of monodisperse SnTe NCs extending the list of direct
band gap semiconductor NCs. Our approach can be also adopted
for SnS and SnSe NCs by replacing TOPTe for TOPSe or bis-
(trimethylsilyl)sulfide (Figure S6). These materials can find use in
near-IR and mid-IR optical applications, photovoltaic and thermo-
electric devices. The environmentally benign tin chalcogenides
could replace highly toxic lead chalcogenides nanocrystals in these
and other applications.

Acknowledgment. Financial support from the Austrian Science
Foundation FWF (START project Y179 and SFB-IRON) is
gratefully acknowledged as well as technical support from the TSE-
department of the University Linz. Work at the Molecular Foundry
was supported by the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231.

Supporting Information Available: Experimental details, XRD,
EDX, TEM, HRSEM, and electronic measurements data. This material
is available free of charge via the Internet at http:/pubs.acs.org.

References

(1) (a) Hines, M. A,; Scholes, G. DAdv. Mater. 2003 15, 1844-1849. (b)
Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan,
C. R.IBM J. Res. De. 2001, 45, 47-55. (c) Cademartiri, L.; Bertolotti,
J.; Sapienza, R.; Wiersma, D. S.; Freymann, G.; Ozin, GJ.APhys.
Chem. B2006 110, 671-673. (d) Murphy, J. E.; Beard, M. C.; Norman,
A. G.; Ahrenkiel, S. P.; Johnson, J. C.; Yu, P.; Micic, O.; Ellingson, R.
J.; Nozik, A.J. Am. Chem. So@006 128 3241-3247. (e) Urban, J. J.;
Talapin, D. V.; Shevchenko, E. V.; Murray, C. B. Am. Chem. Soc.
2006 128 3248-3255.

(2) (a) Rogach, A.; Kershaw, S.; Burt, M.; Harrison, M.; Kornowski, A.;
Eychmiller, A.; Weller, H.Adv. Mater.1999 11, 552-555. (b) Kershaw,
S. V,; Burt, M.; Harrison, M.; Rogach, A. L.; Weller, H.; Eychmuller, A.
Appl. Phys. Lett1999 75, 1694-1696.

(3) (a) Cao, Y. W.; Banin, UJ. Am. Chem. So200Q 122, 9692-9702. (b)
Kim, S.-W.; Zimmer, J. P.; Ohnishi, S.; Tracy, J. B.; Frangioni, J. V.;
Bawendi, M. B.J. Am. Chem. So2005 127, 10526-10532.

(4) Schaller, R. D.; Petruska, M. A.; Klimov, V. 0. Phys. Chem. B003
107, 13765-13768.

(5) Talapin, D. V.; Murray, C. BScience2005 310, 86—89.

(6) Boberl, M.; Kovalenko, M. V.; Gamerith, S.; List, E.; Heiss, \Wdv.
Mater,, in press.

(7) Rogach, A. L.; Eychriiler, A.; Hickey, S. G.; Kershaw, S. \6mall2007,

3, 536-557.

(8) Pietryga, J. M.; Schaller, R. D.; Werder, D.; Stewart, M. H.; Klimov, V.
I.; Hollingsworth, J. A.J. Am. Chem. So@004 126, 11752-11753.

(9) Kovalenko, M. V.; Kaufmann, E.; Pachinger, D.; Roither, J.; Huber, M.;
Stangl, J.; Hesser, G.; Schaffler, F.; Heiss. WAmM. Chem. So006
128 3516-3517.

(10) Dresselhaus, M. S.; Chen, G.; Tang, M. Y.; Yang, R.; Lee, H.; Wang,
D.; Ren, Z.; Fleurial, J.-P.; Gogna, Rdv. Mater.2007, 19, 1043-1053.

(11) (a) Schaller, R. D.; Klimov, V. IPhys. Re. Lett.2004 92, 186601. (b)
Luther, J. M.; Beard, M. C.; Song, Q.; Law, M.; Ellingson, R. J.; Nozik,
A. J. Nano Lett.2007, 1779-1784.

(12) Landolt-Bornstein Springer-Verlag: Berlin, 1983; Vol. 17.

(13) Lovett, D. R.Semimetals and narrow-bandgap semiconduct@isin
Limited: London, 1977; Chapter 7.

4) Das, V. D.; Bahulayan, Gemicond. Sci. Techndl995 10, 1638-1644.

(15) (a) Schlecht, S.; Budde, M.; Kienle, lnorg. Chem.2002 41, 6001
6005. (b) An, C.; Tang, K.; Hai, B.; Shen, G.; Wang, C.; Qianlnarg.
Chem. CommurR003 6, 181-184.

(16) Lappert, M. F.; Rowe, R. SCoord. Chem. Re 199Q 100, 267—292.

creased by at least 6 orders of magnitude by a treatment of the NC (17) See Supporting Information for more details.

films with a 0.5 M solution of hydrazine in anhydrous acetonitfile
(Figures 2c and S4). Hydrazine molecules replaced bulky oleic acid
ligands at the NC surface, reducing the interparticle spacing down
to ~0.4 nm, hence facilitating tunneling between the NGshe
conductivity of SnTe NC films increased when we applied a positive
bias to the back gate electrode (Figure S5), suggesting n-type

(18) (a) Shevchenko, E. V.; Talapin, D. V.; Kotov, N. A.; O'Brien, S.; Murray,
C. B. Nature2006 439, 55-59. (b) Shevchenko, E. V.; Talapin, D. V.;
Murray, C. B.; O'Brien, S.J. Am. Chem. SoQ006 128 3620-3637.

(19) Shevchenko, E. V.; Talapin, D. V.; Schnablegger, H.; Kornowski, A.;
Festin, O.; Svedlindh, P.; Haase, M.; Weller, HAm. Chem. So2003
125 9090-9101.

(20) Klimov, V. A.; J. Phys. Chem. B006 110, 1682716845.

JA074481Z

J. AM. CHEM. SOC. = VOL. 129, NO. 37, 2007 11355



