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Near-infrared electroluminescent devices based on colloidal HgTe
guantum dot arrays

E. O’Connor, A. O'Riordan, H. Doyle, S. Moynihan, A. Cuddihy, and G. Redmond?®
Nanotechnology Group, Tyndall National Institute, Lee Maltings, Prospect Row, Cork, Ireland

(Received 28 February 2005; accepted 18 April 2005; published online 12 May 2005

Crystalline 4.6 nm HgTe quantum dots, stabilized by 1-thioglycerol ligands, were synthesized
by wet chemical methods. Room-temperature photoluminescence spectra of the dots, both in
solution and as solid arrays, exhibited near-infrared emission. Light-emitting devices were
fabricated by deposition of quantum dot layers onto glass/indium tin oxitdeO)/
3,4-polyethylene-dioxythiophene-polystyrene sulfondBEDOT) substrates followed by top
contacting with evaporated aluminum. Room-temperature near-infrared electroluminescence from
1 mn? ITO/PEDOT/HgTe/Al devices, centered at1l600 nm, with an external quantum efficiency

of 0.02% and brightness of 150 nW/rArat 50 mA and 2.5 V was achieved. )05 American
Institute of Physic§ DOI: 10.1063/1.1928321

Chemically synthesized colloidal nanocrystesiantum 1-thioglycerol-stabilized colloidal HgTe quantum dots
dotg exhibit many attractive physical properties, from size-were prepared in an aqueous solution at room temperature
tunable optical and electronic properties to versatile solutiomusing the method described previouSiyL-thioglycerol is an
processability. In the field of photonics, these characteristics effective size-regulating and stabilizing agent for I1-VI semi-
have provided opportunities for the exploitation of colloidal conductor nanocrystals allowing the efficient recovery of
quantum dots based on materials, such as CdS, ZnS, CdS#ystallites in powder form following synthesiby precipi-
and CdTe, in applications as diverse as hiolabeling, phototation with propan-2-gland also redispersion of the nano-
voltaics, electroluminescence, optical amplification, andcrystals in solvents of choice. Mercult) perchlorate, dim-
stimulated emissiofi.’ In recent years, in order to explore €thylformamide(DMF), and 1-thiogycerol were purchased
their potential for use at telecommunications wavelengthsfrom Aldrich Ltd. Aluminum telluride and propan-2-ol were
efforts have been made to extend the optical response @urchased from Cerac Inc. and Rockwood Electronic Mate-
colloidal quantum dots from the visible to the near-infrared'ia!S, respectively. All reagents were used as received. Aque-
(NIR) by the synthesis of nanocrystals based on, e.g., INALUS collqldal HgTe quantum dot dispersions were prepared
PbS, PbSe, and HgPe'2As a result, an initial demonstra- PY Passing hydrogen telluride gas through a-ddturated

tion of phenomena, such as size-tunable NIR luminescenc@dueous mercuridl) perchlorate solution at pH 10.0 in the
electroluminescence(EL) and optical gain, has been presence of 1—th|oglycer9I as a§tab|I|Z|ng a}g’ent. Propan-2-ol
possible1.3‘17 was then a_dded, drop wise, to |ndu<_:e turbidity and the solu-
Concerning HgTe, in particular, this material has an in-té?)?sV\\;\;a:r:tg;e[:)%,:gt;ﬁ_t?yhé;—nrlﬁfjétggi?ﬁgéyg()erl%;’ﬁ'aa%e%i;:gTe
verted band structure and an essentially negative band gap Shd redispersed in 5001 of deionized water or DMF, with

around—0.15 eV at 295 K2 It is expected that the effect of . . .
. ) : 2.5 ul of 1-thioglycerol added to ensure complete dispersion.
quantum confinement in HgTe quantum dots should increas . : . .
h a typical synthesis, a 12 mg/ml dispersion of

The .effect|ve ba}Pd %%p of ttf;]g mate”al a:ln d dgllvg r_lrse to Ntl Rl-thioglycerol-capped quantum dots was obtained.
urminescence. 10 adaress this 1Ssue, colioldal gle quantum - g),tion_phase  ultraviolet-visibleUV-VIS) and PL

dots were recently synthesizeq in-an aqueous solution Lectra were recorded using a 1:50 dilution of the stock
room temperature by wet chemical means, and were show, queous colloidal quantum dot dispersion. Arrays of HgTe

to be very ﬁf,tﬁk,)llg toward oxidation due to effective surface, ;anium dots were prepared for PL characterization by drop
passivation.”*=""The dots exhibited room-temperature pho- yeqsiting a 5l aliquot of nanocrystals in DMF onto clean
toluminescencePL) covering the 1.3um and 1.55um tele- 4255 cover slips and drying under ambient conditiés@

communications windows with emission wavelength depen-mm)_ Absorbance spectra were measured using an UV-VIS
dence upon synthetic conditions and with extremely highyjoge array spectrometeéAgilent 8453. PL spectra were
quantum efficiencies of up to 50%. Given the potential formeasured using a custom-built measurement system, incor-
the future realization of low cost solution processable e|ecporating an argon-ion lasé#88 nm excitation wavelength
trically pumped NIR optical emitters and amplifiers pre- ang monochromator with a resolution of 0.1 nm. NIR light
sented by such materials, in this letter we report on the fabgpas detected with a liquid-nitrogen-cooled Ge detector.
rication of devices based on arrays of colloidal HgTesamples for electron microscopy and powder x-ray diffrac-
nanocrystals where EL in the 1.3 to 1pm region is  tjon (XRD) analysis were prepared by dropcasting 1 mg/ml
achieved by the injection of Charge carriers directly into theof aqueous dispersions of the dots onto 400-mesh carbon-
quantum dot solid. coated Formvdticopper grids and cleaned microscope
slides, respectively, with the excess solvent removed imme-

aAuthor to whom correspondence should be addressed; electronic maifiately. High-resolution transmiSSion. electron microscopy
gareth.redmond@tyndall.ie (HRTEM) images were recorded using a Jeol JEM-2011
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FIG. 1. (Color online UV-VIS absorption and PL spectra of freshly pre- ) o

pared HgTe quantum dots dispersed in water. Inset: HRTEM image of &'C- 2: (Color onling PL spectrumsolid line) of a HgTe quantum dot array

single dot showing well-resolved lattice planes. deposited on a glass substrate and the EL spectsoiid circles acquired
from a HgTe quantum dot device. Inset: Schematic of the ITO/PEDOT/

HgTe/Al device structure employgdot to scalg
transmission electron microscope. Powder XRD patterns

were measured on a Philips PW3710 diffractometer using,yest level excitonic absorption, with increasing absorbance
Cu Ka radiation. _ o _ _ at shorter wavelength$:*> The PL spectrum, assigned to re-
EL device substrates comprised of indium tin oxide compination of photogenerated charge carriers on the dots,
(ITO) electrodes(sheet resistance of 1Q) lithographically  gyhibited a broad emission band from 900 to 1400 nm with
patterned to define a 1 nfndevice area on glass. Substrates 4, intensity maximum at 1090 nH.The broad PL spectral
were prepared by cIeaning with a solvent Wash. gnd OXYg€Qidth (FWHM ~260 nm was a result of inhomogeneous
plasma(50 W, 1 bar, 5 mih, followed by deposition of &  proadening due to the HgTe nanocrystal size distribution.
typically 70 nm thick layer of 3,4-polyethylene- \ysier reabsorption was responsible for the small dip or
dioxythiophene-polystyrene sulfonatEDOT:PP$ (Bay-  ghouider observed in the PL spectrum at 1150 nm and also
tron P, VP Al 4083 by spincasting. HgTe quantum dot layers ¢, the cutoff of the spectrum at 1450 nm. The PL spectrum
were d_rop deposited from DMF solution onto each devicgneasured from a HgTe quantum dot array drop deposited
anodg in a controlled atmosphere glovebox, aIIowed_to d%nto a glass cover slip from DMF also displayed strong NIR
(30 min; 25 °Q, and then annealed under a vacul#& min;  omission with an emission maximum of 1590 nm, i.e., cov-
90 °C). Batch-to-batch film thickness was measured alying aimost the entire 1.56n telecommunications window;
~100 nm. To complete device fabrication, a low work func-gee Fig. 2. Acquisition of PL spectra in this manner elimi-
tion cathode, aluminunB00 nm), was ther7mally evaporated pateq complications due to water reabsorption thereby sim-
ata rate of 2 A/s, under a vacuum ok3a0 ™ mbar. Current- plifying the measurement of quantum dot emission. While
voltage-luminance/V/L) characteristics of fabricated de- rgggshifted emission from HgTe nanocrystals in a solution is
vices were measured under inert atmosphere conditions Ugrributed to nanocrystal ripening or particle ageing, the PL
ing a dc power supply with a calibrated germaniumyegshift that occurred on going from a colloidal dispersion to
photodiode connected to an optical power meter. Emitteg, closely packed quantum dot array, as shown in Fig. 2,
light was collected with the detector placed directly in CON-gyggests the further involvement of proximity-enhanced in-

tact with the back side_of the device. Optical corrections foligrqot coupling effects that facilitate energy transfer from
absorption, wave guiding, or other effects that reduced thgmgjier to larger nanocwstaﬂ%.zl'zz

light emitted from a device were not considered in the mea- Concerning the possibility of observing EL from such

surements. EL spectra were measured under ambient condligTe quantum dot arrays, infrared emission was detected
tions using a calibrated integrating sphere. To prevent devicgom ITO/PEDOT/HgTe/Al devices fabricated as described
degradation, devices were encapsulated in a protective egpove; see Fig. 2. EL spectra of the devices exhibited a simi-
Oxy- _ _ lar profile to the PL spectra of drop deposited arrays. The
HRTEM analysis of 1-thioglycerol-capped HgTe nano-pnear coincidence of the electrically and optically generated
crystals yielded an average nanocrystal size of 4.6 nm, with gpectra demonstrates that, in both cases, the same emissive
polydispersityo~ 16%. The well-resolved lattice planes dis- gpecies were responsible for the luminescence. However, the
cernible in images of single nanocrystals indicated a highz| gpectrum was redshifted by approximately 70 nm com-
degree of crystallinity; see Fig. (inse). Analysis of XRD  pared to the PL spectrum with an intensity maximum at
data acquired from HgTe nanocrystal powder samples indi=_ 1660 nm. Redshifts in EL emission spectra compared to
cated that the crystal structure derived from the positions op_ spectra have been observed in visible-emitting devices
the wide-angle diffraction peaks was the cutt@3m) phase based on CdSe/CdS core/shell nanocrystals doped into
of bulk HgTe (coloradoite.?° Also, Scherrer analysis of the poly(paraphenylene vinylenéiosts, and attributed mainly to
full widths at half maximum(FWHM) of the (111), (220, the reabsorption of a portion of the EL within the nanocrystal
and (311) reflections yielded a mean crystallite diameter oflayer® A redshift could also result from nanocrystal charg-
~4.6 nm. Together, the HRTEM and XRD data confirmeding, the presence of strong electric fields within the device
the formation of highly crystalline, single-domain 4.6 nm during operation, or from size selection in the EL due to
HgTe quantum dots. either Forster energy transfer from smaller to larger nano-
Figure 1 shows UV-VIS absorption and PL spectra ofcrystals or the existence of a smaller barrier to charge injec-
freshly synthesized nanocrystals acquired immediately foltion into larger nanocrystals. Notably, similar spectral shifts
lowing redispersion in deionized water. The absorption spechetween PL and EL were recently reported for NIR-emitting

trum exhibited a weak maximum at 960 nm attributed to thedevices based on InAs/ZnSe core/shell nanocrystals embed-
Downloaded 18 Oct 2005 to 143.239.102.1. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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501 [ 150 3 served. It is expected that future improvements in materials
> 401 E processing, device design, and device fabrication will permit
a < 100 2 the optimization of the performance of these NIR-emissive
é E = E devices, and will also provide opportunities to explore their
g E 20 - 5o g appl?capility in telecommunications and other key photonics
8 o f applications.
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