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Mid-Infrared HgTe/As ,S; FETs and photodetectors.

Emmanuel Lhuillier, Sean Keuleyan, Pavlo Zolotaam Philippe Guyot-Sionnest
James Franck Institute, 929 E."%treet, The University of Chicago, Chicago, lliso

60637, USA

Abstract: Colloidal quantum dots (CQDs) with mid-infrard®) tunable bandgaps present a
new paradigm for mid-IR materials, but advancesclarge transport and collection are
needed for practical use in electronic applicati@ysreplacing the organic ligands in films of
HgTe CQDs with AsS;, a problem of oxidation in air is avoided and deacarrier mobilities
are improved 100 fold compared to the standardnmicgégand exchange. The composite
inorganic HgTe/AsS; material allows for ambipolar field effect trartsis with on-off ratios
up to 10, and photodetectors with high sensitivity, reagrex1d° Jones at 230 K with a 3.5

micron cutoff wavelength.
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photodetection

Optoelectronic devices based on colloidal quantusts dCQDs) benefit from low-cost
solution preparation and processing, and have beemsively investigated. Much work to-
date has focused on visible emitters, primarilydse in visible displays and bio-labeliiy,
and near-IR absorbé¥sfor solar celld”! and photodetectof€”. Inorganic CQDs have an
unrealized advantage further into the mid-and iiénrared, where no other solution-

processable materials are available. Furthermaree $iigh-cost epitaxially-grown materials



dominate mid-infrared applications, the developna#@QDs as a low-cost technology could

open new markets.

Quantum dots of HgTe, a semi-metal in the bulk,ldon principle have bandgaps tunable
through the full infrared range by controlling thiee. The synthestsand optical properti€$

of HgTe CQDs with bandgaps tunable through the imidied range of 3-fum (0.2 to
0.5eV) were recently reported. Particles with ditere between 6 and 12 nm have been
prepared and the monodisperse samples show shagopabn and photocurrent spectral
edges, as shown Figure 1(a). Competitive photodetection sensitivities, hegre will require
the elimination of the mid-IR absorption from theganic ligands, as along with

improvements in charge transport and collectiowelsas reduced nois¥!

Initial strategies for improving mobilities relieoh organic ligand exchange of preformed
films of CQD$*2% To produce fully-inorganic composite materialspuamber of reports
have been published on the use of solution phasganic ligands, providing a variety of
choices for passivation and barrier contftt!>*51"28arsenic sulfide, in addition to its use
as an inorganic ligan®2® has been used as an infrared-transparent inorgaatiéx, with
advantages for the near-infrared photoluminescefidbS/CdS core/shell quantum dits.
In this paper, we use a ligand exchange procedutk arsenic sulfide on films of

monodisperse HgTe CQDs and compare the resultsongémic ligand exchange.

Simply dried films of the monodisperse HgTe CQDs highly insulating, due to the long
alkane ligands, which include octadecylamine, tyiiphosphine, and dodecanethiol. After
ligand exchange by dipping the films in a solutiohethanedithiol in ethanol, the films
become photoconductive. The photoresponse andabptigperties of films of these organic-

inorganic composite materials, have been repdtted.



Exchange peformed in air with other ligands is akslored, including thiols (1,2
ethanedithiol, 1,4-benzenedithiol, 1,4-butanedijhamd amines (propylamine, butylamine,
butanediamine, 1,7-heptanediamine). While ethahieditprovides the best response, all
ligands tested lead to photoconductive films. Hosvehe dark current I(T) curves show that
all films exhibit a non-monotonic current as a ftioie of temperature with a more or less
prominent bump around 200K, as seen in Figure) il (c). Such behavior had not been
observed for the films made with aggregated HgT®E® and since both thiol and amine
ligands lead to a similar feature in the I(T) cyrihee feature is not specific to the ligands. The
responsivity of the films to infrared illuminatids low, ranging from 10pA.W to 5mA.W*
(Figure 1(d)). Although a photocurrent spectralpmse was measurable with a standard
scanning FTIR Kigure 1 (a)), the responsivity is two decades lower thath Whe previous

aggregated HgTe CQDs.

While performing experiments with a sample in tleewm of the cryostat, the bump was
observed to decrease in magnitude over a periodag$ but then rapidly recovered upon
exposure to air. Suspecting oxidatloth samples were prepared in a nitrogen-filled glove b

and transferred in a closed cell to the cryostath\8uch air-free preparation and transfer, the
I(T) curve is monotonic, with an Arrhenius activatienergy close to half of the optical band

gap in the higher temperature range, see (Figurg. 1(
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Figure 1 (a) Typical photocurrent spectra of HQT@®[Ds after ligand exchange, the reddest
spectrum is associated to 12nm large particle wthke bluest spectrum is due to 6nm large
CQD (b) Current as a function of temperature forfilan of HgTe CQD processed with

ethanedithiol in air and air-free. (c) Current asfanction of temperature for HgTe CQD film

processed in air with different ligands (d) Respais map of a HgTe CQD film processed

with ethanedithiol in air as a function of bias atemperature. (e) Current as a function of
the inverse of the temperature for a HgTe CQD fihmcessed with AS;s in air (f) Absorption

spectra of a film of HgTe CQD unprocessed and difjand exchange with the £/ solution

It was then concluded that the films made from @nodisperse HgTe CQDs need to be
processed and kept in air-free conditions. Prestyndliie surfaces are more exposed than

with the aggregated HgTe CQDs reported earlieditgato increased sensitivity to oxidation



which then leads to the formation of acceptor levklis also noted that although the air-free
process with EDT decreased the dark current, indidmprove the responsivity significantly.
We then explored the inorganic ligand exchangeerof$S; is an infrared glass that can be
easily dissolved in the low boiling point propylaraiand is used to make infrared transparent
sol/gel films!*? Recently Kovalenkoet al showed that the organic ligands on PbS/CdS
nanoparticles could be replaced by such agSAsolution for transparent AS; films with
dispersed fluorescent PbS/CdS partiéfeaihile this is advantageous for making luminescent
films, the dilute dispersion of the particles ir timatrix reducethe optical absorption of the
films, and the wide bandgap of /A renders the films insulating.

To make photoconductive films, the strategy purshiece mimics organic ligand exchange
procedures. The drop-cast HgTe QD films are dippe@ dilute solution of AsS; and
propylamine in ethanol and then dried at room teaipee. The concentration of /&% and
propylamine in ethanol needs to be optimized, dsigit concentrations, the resulting films
are very conductive but without photoresponse, evbgiturated ASzin propylamine (without
ethanol) delaminates the film.

The C-H stretch absorption band is strongly redumethis process, showing that most of the
organic ligands are replaced (see Figure 1(f)).

When performed in air, this process leads to eelal@yk current with an activation energy of
50 to 60meV which is much smaller than half theiegbtband gap, see Figure 1 (e). The
photoresponse is also very slow (> seconds, sealesupntary information), which can be
assigned to long lived traps. When the films of HgIQD are processed with /&5 in air-
free conditions, the I(T) curve indicates that thiginsic behavior is recovered, just like for
the air-free ligand exchange with EDT. As showifrigure 2 (a), the I(T) curve is monotonic

and the activation energy is close to half theagptband gap.
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Figure 2 (a) Current as a function of the temperatdor a film processed air-free after
ligand exchange with ethanedithiol (blue line) akglS; (dashed lineunder 1V bias. The red
line is an Arrhenius fit, where the activation egyeiis half the optical gap. (b) Current as a
function of gate bias for a HgTe CQD film processeaith AsS; under 10V source drain bias
at different temperatures. (c) Current as a functmf the gate bias for a HgTe CQD film
processed with EDTunder 10V source drain bias at different temperasur(d) Current as a
function of source-drain bias for a HgTe CQD filmopessed with AS;, at 100K and under

different negative gate biases. (e) Current asmetion of source-drain bias for a HgTe CQD



film processed with AS; at 100K under different positive gate biases (iptécurrent signal
of a HgTe CQD film processed with ;85 as a function of the frequency of incident
modulated light. (g) Electron and hole mobilitielseoHgTe CQD film processed with &8s

and EDT as a function of temperature.

To confirm the intrinsic character of the films bligTe CQDs and to determine carrier
mobilities, field effect transistor (FET) deviceere made. Kim and coworkers previously
reported FETs with HgTe CQD%?*! Thin films of HgTe CQD annealed at 150°C, were
reported to be p-type, with on-off ratios up t& #6d mobility up to 1cmV™'s™*. However no
study of their infrared optical absorption edgepbptoresponse were reportédOur FETs
are made from the HgTe CQD films and processedatnrtemperature to preserve the
optical absorption edge. When films are processefte®, they are ambipolar, consistent
with their intrinsic behavior seen in the I(T) casv At low temperatures, the FET show high
on-off ratios up to 10for As,Ss-processed films, and 46r EDT processed films, see Figure
2 (b) (c) (d) and (e). At room temperature, theofinfatio is much smaller, and this is
attributed to thermally activated carriers.

Carrier mobilities in Figure 2 (g) are obtainednfrthe bs(Vss) curves using the relation

/JFET — L 0l os j
" WGVps 0Ves Vs

WherelL is the electrode spacing (10umnvy, is the electrode length (25x2.5mnf}; the
surface capacitance equal to 34.5ifFfor the 1pm thick Si@andV,¢ the drain source bias.
Hole and electron mobilities with EDT are similar previous results where carriers were
injected electrochemicalff). For the film processed with ASs, p~ 10%cm?V s while with
EDT p~10%cm?V*s™. This 100 fold improvement in mobility readily dams the improved

properties of the A&; treated films. It is instructive to consider thesaciated hopping time



given by 7,,, = (with a the interparticle center to center distance) whatlroom

_ea
6Lk, T
temperature is 0.65 ns with /& and 65 ns with EDT. The competition between thepimg
time and the nonradiative lifetime is key to e#fici charge separation. Although the non-
radiative lifetime is unknown at present, the 16[Hincreased responsivity with 4%

shown in Figure 3 (a) and (c), which tracks thernowpment in the mobility, suggests that a

faster hopping time would still be beneficial.
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Figure 3 (a) Responsivity map as a function of laiad temperature for a film of HgTe CQD
treated with ethanedithiol. (b) Detectivity mapaafinction of bias and temperature for a film
of HgTe CQD treated air free with ethanedithiol) énd (d) are respectively the responsivity

map and detectivity map of the same HgTe CQDsrogepsed with ASsat 1kHz.



From the dark noise measurements, thgSABIms also show also much improvement in the
detectivity with a value higher than*¥gones at 1kHz for a film with a 3;8m cut-off at 230

K, shown in Figure 3 (b) and (d). This value of tegectivity is 30 times higher than with the
aggregated matertdl. With further optimization, the AS;s ligand exchange approach is

likely to lead to improvements for detector matisregt longer wavelengths as well. Moreover,
the photoconductivity of the film processed with,8sremains fast, with a flat frequency

response between 10Hz and 100kHz, as shown iné=iy(f).

With the HgTe CQD films, processed air-free with,®sthe ambipolar behavior remains
even when the film is exposed to air (see suppléangrnnformation). Thus, HgTe/AS; is
more stable to oxidation compared to all testeduoiggligands. It is expected that the glassy
As,S; matrix slows down the diffusion of @r H,O compared to the organic ligands. This is
an additional significant benefit of the inorgaAis,S; ligand exchange. In addition, a thicker
encapsulating layer of AS; can be deposited on top of the CQD films to previdrther
protection of the film&® At present the films have been prepared at rcemmperature by
slow drying of the AsS; sol-gel. It is likely that further improvement the detector

properties will be achieved with a careful annegjmocedure.

In summary, monodisperse HgTe CQDs have a welhddfioptical response in the mid-IR
but conductive films required an appropriate ligaxdhange. Different organic ligands were
investigated, where it was found that ligand exgeam air leads to p-type conduction and
larger dark current, attributed to acceptor lewlsing from oxidation. Intrinsic behavior is
obtained when the samples are processed undergearitroThe best organic ligand,
ethanedithiol, leads to only moderate performamdés detectivity of 18 jones, and this can

partly be assigned to the low mobility of 4@n¥/Vs. Using air-free ligand exchange in



solutions of AsS; leads to intrinsic material and the extensive remh®f organics. FET
measurements show ambipolar mobility of ~%&®%/Vs with high on-off ratios at low
temperatures. Once encapsulated inS4sthe films are stable against oxidation in air.
Responsivity greater than 100 mAMdnd a detectivity of 3.5x1Bjones have been obtained
at 3.5 microns and 230K. Inorganic ligand exchasagg encapsulation is a promising method
for improving both the electrical and optical prapes of the quantum dot films. These results
with HgTe/As$S; motivate further work on infrared transparent irang matrices, improved

detectors, and possibly emitters at longer wavéheng

EXPERIMENTAL SECTION

Material synthesis

HgTe CQDs were prepared following ref. Octadecylamine (ODA) was used in place of
oleylamine, as some batches of the technical gf#oks) oleylamine were found to result in
larger particle size distributions. A 1M solutiohTee in trioctylphosphine (TOP) is prepared
ahead of time by agitating at room temperatureséweral days in a glove box. In a typical
synthesis, 135 mg of HgE€and 7.4g of ODA are added to a three-neck fldakhed several
times with Ar, heated under vacuum to 120°C fordlurhthen cooled under Ar to 80°C.
0.5mL of the 1M Te in TOP is then quickly injectéithe solution darkens over a period of
about 20 s, indicating the formation of HgTe. Afser appropriate growth time, a solution of
10% (vol.) dodecanethiol in TCE is quickly injectadd heating is removed. The reaction
mixture is stirred several minutes before precipitawith methanol. After centrifugation, the
precipitate is redispersed in toluene and predgiitat least three additional times. Finally the
nanoparticles are stored in TCE or in a 9:1 in n®umixture of hexane:octane, in the

glovebox.



* Film preparation and characterization
Films are prepared by drop-casting the hexane-ecsatution of CQDs onto interdigitated
electrodes. Different electrodes are used for tiwgqronductive and the FET measurements.
For photoconductive measurements, electrodes (ABTRE 1050) with 50 periods of Pt
interdigitated electrodes (5 mm long and i@l spacing) are used. The spectral response is
acquired using a FTIR Nicolet magna IR 550, whhe device is biased and the signal

amplified using a femto DLCPA 200 amplifier.

For FET measurements, gold interdigitated elecsodgere deposited on a doped silicon
substrate with a 1 um thick oxide layer. Films areunted on the cold finger of a closed
cycle helium cryostat (ColdEdge SDRK-101D) with ey@Con 32B temperature controller.
Transport measurements are made using a Keithle§7 6dicoammeter. For FET
measurements, a National Instruments acquisiti@do@NC 2110), amplified 10 times, is

used to apply the gate bias.

Responsivity is measured using a blackbody (OmeBa4B operating at 1255K) as a
broadband photon source. The light is chopped Eiz2ind a Ge plate cuts the illumination
below 1.7um. The device is biased and the signalmplified using a femto DLCPA 200
amplifier. The modulation is monitored on a TekirynTDS 1012B oscilloscope. The
frequency response of the photocurrent is meadwyedbiminating the sample with a 800nm

laser diode modulated with a signal generator ufDtbkHz.

Dark noise measurements are made by biasing thplsand amplifying the signal with a
femto DLCPA 200 amplifier. The output signal is lHgass filtered (with a 0.1Hz cut-off
frequency RC filter) and amplified ten times usiag operational amplifier. Finally the

current spectral density is obtained with a Stahfesearch SR 760 spectrum analyzer.



Transmission electron microscopy (TEM) and scaneiegtron microscopy (SEM) are made
using respectively FEI Technai F30 and FEI noveo&&iM 200. A Bruker D8 diffractometer
is used for X ray powder diffraction measurememd a Nicolet magna IR 550 FTIR for

optical spectroscopy in the infrared

SUPPORTING INFORMATION

Supporting information includes (i) information ochemicals used (i) HgTe CQD
characterization (iii) information about the nosstup (iv) effect processing with AsC(v)
Effects of processing with AS; in air and (vi) Effects of oxidation on a sampleared air-
free with AsS; (vii) responsivity and detectivity map of sampléhacut-off wavelength at 2

pum.
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1. Chemical products
HgCh, octadecylamine, tellurium  powder,  Trioctylphosphi dodecanethiol,
tetrachloroethylene, octane, propylamine, ethahmdjt and ammonium sulfide (Sigma
Aldrich), As,S; (Alfa Aesar), methanol, toluene, hexane (Fishetianol 200 proof (Decon
Labs). All reagents are used as purchased.

2. Characterization of the HgTe CQD
Figure S 1(a) shows a transmission electron miopgimage (TEM). The structure of the
nanoparticle is zinc blende (see X ray diagram @uré S 1 (b) and their photocurrent
spectra show a rather sharp absorption edge, gaeeF$ 1 (c).
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Figure S 1 (a) Transmission electron microscopyuse of HgTe CQD. (b) X ray diffraction
diagram of HgTe CQD film. (c) Photocurrent speatfaHgTe CQD films in this study.



3. Setup used for noise measurement.
The setup (see Figure S 2) is composed of two rfiegtion stages. After biasing the sample,
the current is magnified using a femto DLCPA 20@rent amplifier. For quiet systems, the
output of this first stage is filtered using a ®2 high pass filter and the output is amplified
by a factor 10. The overall gain of this setup baradjusted between*and 16°.

Current  High pass voltage

Bias magnification filtering magnification =~ Measure
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Figure S 2 : setup used for the noise measurements



4. Effect of AsCls
We screened different ions for their effect on thgTe CQD film conductance, and we
observe that overall most of them have to effeetept for AS" which leads to a huge
reduction of the film resistance, see Figure S)3 Nevertheless the I-T curve of a film of
HgTe CQD processed with Asstill exhibits a non monotonic behavior with a huaround
200K, see Figure S 3 (b). on the other hand theoresvity of the film processed with this
method is high (up to 140mA.Wy, which is 100 times higher than the one repowid EDT
and as high as the one reported for aggregatedrielateee Figure S 3 (c). The obtained
detectivity can be up to a few 4ones.
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Figure S 3 (a) resistance of a film of HgTe CQDaafunction of the process, different ions
are tested. (b) Current as a function of the ineev§ the temperature of a film of HgTe CQD
processed in air with Asgl(c) and (d) are the responsivity and detectiwigp (as a function
of bias and temperature) of a a film of HgTe CQDgassed in air with Asgl



5. Effect of As,S; in air
Encapsulating the HgTe CQD in A matrix even in air leads to improved stability hwvit
monotonic I(T) curve and improved conductance. Tb@ be explained by a better
interparticle coupling. The spectrum is redshiféedthe film is dipped for longer times into
As,;S;, see Figure S 4 (a). Samples processed in air shdmemely slow response time
compared to the EDT ligand exchange, see Figureg(@§ dnd (d). The HgTe films can be
capped with a layer of pure /&%, see Figure S 4 (b), which role is to prevent att@h of the

nanoparticle film.
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Figure S 4 (a) Photocurrent spectra of a film ofTegCQD at room temperature tretaed with
ethandithiol and with A&s with different duration.(b) scanning electron microscopy picture
of a film oh HgTe CQD treated with /A with its capping layer of pure A%. (C)
Photoreponse of a film of HgTe CQD processed inngih ethandithiol during and after its
illumination with a 800nm laser. (d) Photorespomdéea film of HgTe CQD processed in air
with A$S; during to a 800nm laser.



6. Effect of oxidation on a sample prepared air free vih As,Ss.
A film of HgTe CQD prepared air free with #&% and then exposed to air for several hours
still exhibits the same ambipolar behavior, seeufdgS 5. This pledges for a better
passivation of the HgTe CQD once encapsulatedanrihrganic matrix. Nevertheless the on-

off ratio is already reduced. No time dependent\siof the oxidation has been conducted so
far.
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Figure S 5: drain source current as a function fué gate source bias, for a 10V drain source
bias at different temperature. The film has beeocpssed in the glove box with,8sand
then oxidized by removing the film from its celdldhen being heated under heat gun.



7. Responsivity and detectivity map at 2 um
We also investigate the effect of the matrix orfiedlédnt batch of HgTe CQD with cut-off

wavelength at 2um. The associated responsivitydatettivity map are shown on Figure S 6.
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Figure S 6 (a) and (b) are the responsivity andeditity map as a function of bias and
temperature of a film of HgTe CQD treated with&s&nd a cut-off wavelength at 2um.



