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Mid-infrared cascade intraband 
electroluminescence with HgSe–CdSe  
core–shell colloidal quantum dots

Xingyu Shen    , Ananth Kamath     & Philippe Guyot-Sionnest     

Efficient infrared light sources are needed for machine vision and molecular 
sensing. In the visible, electroluminescence from colloidal quantum 
dots is highly efficient, wavelength tunable and cost effective, which 
motivates using the same approach in the infrared. Despite the promising 
performances of colloidal quantum dots light-emitting diodes in the 
near-infrared, mid-infrared devices show quantum efficiencies of about 
0.1% due to the much weaker emission. Moreover, these devices relied 
exclusively on the interband transition, restricting the possible materials. 
Here we show electroluminescence at 5 µm using the intraband transition 
between 1Se and 1Pe states within the conduction band of core–shell  
HgSe–CdSe colloidal quantum dots. The 4.5% quantum efficiency 
approaches that of commercial epitaxial cascade quantum well 
light-emitting diodes. The high emission efficiency and the electrical 
characteristics support a similar cascade process where the electrons, 
driven by the bias across the device, repeatedly tunnel into 1Pe and relax to 
1Se as they hop from quantum dot to quantum dot.

Mid-infrared light sources are needed for applications such as gas sens-
ing, environmental monitoring and spectroscopy1,2. Thermal sources are 
widely used, but their broadband emission and high power consump-
tion are poorly suited for compact and portable applications. Quantum 
cascade through quantum wells currently produces the most efficient 
mid-infrared (mid-IR, 3–5 µm) light sources3,4. In these cascade devices, 
the electrons emit a photon from the inter-sub-band transition of one 
quantum well, or through the interband transition of adjacent wells, 
and lose energy, before being driven again to the next structure and 
repeating the process. Quantum cascade devices based on quantum 
wells suffer from fast non-radiative relaxation rates. Cascade through 
quantum dots is predicted to result in orders-of-magnitude lower opera-
tion current and largely temperature-independent performance5,6. 
Experimental investigations have mainly used epitaxial self-assembled 
InAs quantum dots in the active region of the cascade structure7–11 and, 
while electroluminescence and lasing are observed, they have not yet 
reached the predicted performance due to the difficulty in growing 
epitaxially uniform quantum dots over a large number of periods.

After decades of development, colloidal quantum dots (CQDs) 
have achieved good size and shape control, with wider tunability, nar-
rower spectral linewidth and higher photoluminescence (PL) quantum 
yields than epitaxially grown quantum dots12,13. CQDs also benefit from 
solution processability and a lower refraction index, which facilitates 
photon extraction. CQD-based light-emitting diodes (QLEDs) in the 
visible region14 are now commercialized, and they usually contain only 
a few layers of core–shell CQD to achieve bright luminescence but still 
efficient charge injection from adjacent electron and hole transport 
layers. Reports on infrared QLEDs include InAs15, PbS16–18, PbSe19, Ag2S20 
and HgTe21,22. External quantum efficiency (EQE) decreases rapidly 
in the infrared from ~17% at 1.4 µm (refs. 16,17,20), to 0.3% at 2.3 µm  
(ref. 21) and 0.1% at 4 µm (ref. 22). The pronounced decrease is similar 
to that observed with epitaxial LEDs and is mostly due to the decreased 
emission efficiency with longer wavelength.

Mid-IR interband CQDs can currently use PbSe and HgTe, and the 
need for a narrow-gap parent semiconductor leaves very few other 
options23. Intraband transitions provide many more options for the 
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structure is shown in Fig. 1b. The ~500 nm CQD layer is made by multiple 
drop casting and ligand exchange. The HgSe–CdSe CQD synthesis and 
characterization33 follows that of previous work on HgSe–CdS core 
shells32. Figure 1c,d shows the transmission electron microscopy (TEM) 
images of the HgSe CQD cores and the core–shells. The intraband PL is 
tunable by the size of cores29. HgSe CQDs with core sizes of about 4.8 nm 
are chosen since they have the brightest intraband emission around 
5 µm. The CdSe shell is about three monolayers thick. On top of the CQD 
layer, a 10 nm poly(9-vinylcarbazole) (PVK) layer is spin coated. Then, a 
200 nm Ge layer is evaporated. Finally, the top electrode is evaporated 
through a shadow mask, with 15 nm Pt followed by 20 nm Au. Each 
device area is measured by optical microscopy, and they are around 
1 mm2. The light is extracted from the ITO side. A cross-section scan-
ning electron microscopy (SEM) image of the device is shown in Fig. 1e.

ZnO and PVK layers are used to inject electrons and holes into the 
CQD layer. We found that removing either the ZnO or PVK reduced the 
emission efficiency by several fold. The Ge layer is conductive at room 
temperature. It was added to provide a quarter-wave distance between 
the metal electrode and the middle of the CQD layer and this improved 
the emission efficiency 2–3-fold. The Pt–Au electrode improved the 
lifetime of the devices compared to just Au. More details of device 
structure are presented in the Supplementary Information.

EL measurements
The EL is excited by a current source producing a sine wave from 0 mA 
to a certain peak current at 9 kHz, with the frequency being limited 
by the current source. The emitted light is sent through a step-scan 
Michelson interferometer and collected by an MCT detector. The signal 
is then analysed by a lock-in amplifier. The high modulation frequency 

mid-IR. Early examples of mid-IR transitions included CdSe, InP and 
ZnO, and many other wide-gap CQDs should be possible24. Intraband 
excited states were initially observed to have very fast non-radiative 
relaxation by excitonic electron–hole Auger relaxation25. Slower relaxa-
tion was later obtained by extracting the holes and using shells to 
diminish non-radiative energy transfer to ligand vibrations26. Mid-IR 
intraband luminescence was then observed with double photoexcita-
tion of CdS and CdSe CQDs27 and direct photoexcitation of n-doped 
CQDs of HgS28, HgSe29 and Ag2Se30. The n-doped HgSe CQDs have an 
intraband emission efficiency of about 0.07% with the cores, which is 
similar to mid-IR interband HgTe. This increases to 0.1% in thin-shell 
HgSe–CdSe31, and to 2% with thick-shell HgSe–CdS32. CQD intraband 
transitions now provide the brightest soluble mid-IR chromophores 
and could therefore be attractive for mid-IR electroluminescent QLEDs.

In efficient QLEDs studied so far, the electroluminescence (EL) 
arises from electron–hole recombination and it cannot be more effi-
cient than PL. As such, an HgTe QLED p–n junction reached an EQE 
of ~0.1% at low current22. Considering the small mid-IR energy (0.25–
0.4 eV), the cascade mechanism could be realized with a moderate 
electric field through an emissive layer and gave much better quantum 
efficiency. This consideration led us to explore the concept of cascade 
CQDs electroluminescence using core–shell HgSe–CdSe CQDs.

Results
Device structure
A schematic of a device structure is shown in Fig. 1a. It consists of a 
sapphire substrate with a 40 nm indium tin oxide (ITO) layer as one 
electrode coated with a 60 nm ZnO layer by spin coating, which is 
subsequently annealed. A tentative energy alignment diagram of the 
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Fig. 1 | Design and electroluminescence performance of HgSe–CdSe CQDs 
LED. a, Schematic of the device. b, Energy alignment of the device. The work 
function values are taken from reported results42–46. c,d, TEM of HgSe cores (c) 
and of HgSe–CdSe CQDs (d). Scale bars, 20 nm. e, Cross-section SEM image. 
Scale bar, 200 nm. f, EL spectra at different currents. The emission peak is 
centred around 5 μm, which is characteristic of the intraband transition 1Se–1Pe 

of the HgSe CQDs. The peak intensity grows smoothly with current. g, Current–
voltage–radiance relationship. The device is tested using a sine wave current 
source at 9 kHz. The peak current, peak voltage and peak radiance are shown.  
The shadow area is calculated using the Poole–Frenkel model described in the 
text. h, PCE of the device. i, EL emission as a function of time using a peak current 
of +10 mA.
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allows measurement of the EL and reduces thermal emission to the 
extent that it is not observable in the spectra. Figure 1f shows the EL 
spectra at different currents. The emission is characteristic of the intra-
band transition 1Se–1Pe of the HgSe CQDs. It peaks around 2,000 cm−1 
(5 µm) with a full-width at half-maximum (FWHM) of about 440 cm−1. 
The peak centre and the FWHM are shown in Supplementary Fig. 7c,d. 
The peak position blueshifts by about 50 cm−1 at small current, and 
does not change much at larger current, while the FWHM increases 
little with current, from 420 cm−1 to 450 cm−1. The peak current, peak 
voltage and peak radiance are shown in Fig. 1g. Since both current and 
bias contribute to increasing the EL, the radiance appears most linear 
on a plot in terms of the electrical power, as shown in the Supplemen-
tary Information. The device works with a large voltage, with +20 V at 
+5 mA and +32 V at +20 mA. The device is not Ohmic, with the voltage 
increasing fast for small current and more slowly for larger current. 
The device also shows a weak rectification with a smaller voltage for 
the same current in forward bias, defined as the positive bias on the 
PVK. The EL signal is also stronger in forward bias, and it increases with 
current, with a peak radiance of 75 W sr−1 m−2 at +20 mA. The power 
conversion efficiency (PCE) of the device is shown in Fig. 1h. The PCE 
is 0.07% at +2 mA and average electrical power 16 mW, and drops only 
to 0.05% at +20 mA and average electrical power 320 mW. The device 
stability, tested using a +10 mA sine wave current at 9 kHz, is shown 
in Fig. 1i. The EL signal drops 15% over 2 h and the voltage increases 
from 30 V to 40 V.

The EL EQE is shown in Fig. 2a. The EL EQE increases fast at small 
current and slowly at large current, reaching about 4.5% at +20 mA. 
The device PL EQE is recorded using an 808 nm laser modulated by a 
sine wave at 90 kHz. In contrast to the EL, the PL shows some interband 
emission in addition to the intraband emission. The PL intraband EQE 
is defined as the number of intraband photons emitted per 808 nm 

photons absorbed and was determined to be 0.075%. The EL EQE is 
therefore up to 60 times larger than the PL EQE.

Discussion
The EL performance is vastly improved compared to the previous 
interband HgTe p–n QLED22, which achieved an EQE of 3.4 × 10−4 and 
a PCE of 5.0 × 10−5 for an average electrical power of 80 mW. It is also 
much better than for a similar structure using interband HgTe CQDs, 
as shown in Fig. 2b. However, the HgSe–CdSe intraband device shows 
an approximately similar PL efficiency to the HgTe interband device. 
The much brighter EL than PL suggests a cascade mechanism for the 
EL emission, where one injected carrier gives rise to multiple emissions 
as it falls down the device from quantum dot to quantum dot. Given 
the 0.25 eV energy gap between 1Pe and 1Se states, the working volt-
age of up to 20 V across ~50–100 dot layers gives plenty of potential 
energy for electrons to tunnel many times from the 1Se state of one 
quantum dot into the 1Pe state of another quantum dot downstream, 
and relax each time with some radiative probability. This cascade 
mechanism, which is well established for epitaxial quantum wells, is 
a new mechanism for QLEDs. The striking difference with the HgTe 
interband results, which has a similar energy gap, also suggests that 
this cascade emission may be favoured with the sparse level structure 
of the intraband states.

New bright solution-processable non-thermal infrared sources 
with fast response may open up exciting possibilities, such as pix-
elated devices for infrared scene projection and mass production 
of optical gas sensors. There is also much effort in making QLEDs to 
achieve lasing in the visible region34. Electrically driven amplified 
spontaneous emission was realized recently35. Several favourable 
properties of the intraband transitions, such as low state degeneracy, 
the possibility of reduced laser threshold at the 1 electron per dot 
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Fig. 2 | Quantum efficiency of HgSe–CdSe and HgTe devices and mechanism 
discussion. a, EQE of the HgSe–CdSe device versus current. b, EQE of the HgTe 
device versus current. c, PL and EL spectra of HgSe–CdSe and HgTe devices. 
Spectra are normalized to the number of absorbed photons or injected electrons 
and the intensities are comparable, noting that the EL signal is divided by 50 for 

the HgSe–CdSe device. d, Normalized EL EQE/PL EQE ratio of CQDs with different 
doping. The error bars come from fitting each emission spectrum with a Gaussian 
peak. e, Normalized EL EQE/PL EQE ratio of CQDs with different shell thickness.  
f, Normalized EL EQE/PL EQE ratio of CQDs with different CQD layer thickness.
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doping level36,37 and reduced Auger rate of the intraband transition, will  
justify exploring this system further towards electrically pumped  
infrared lasing.

In forward bias, the current–voltage (I–V) curve of ITO–ZnO–
QDs–PVK–Au can be approximated by I ∝ Vn, with n ≈ 2.8 after a small 
turn-on voltage. Such a power law exists in space charge-limited trans-
port with traps and it has been invoked in visible-light-emitting CdSe–
ZnS QLEDs38,39. In these visible-light-emitting devices, the reported 
values of n are 5–9. The Mott–Gurney model gives an exponent n = 2, 
while for an exponential tail of trap energies of the form exp( −E

kTc
), the 

Mark–Helfrich model gives n = Tc
T
+ 1 (ref. 39), where E is energy, T is 

temperature and Tc is the characteristic temperature for trap distribu-
tion. However, the space charge model only applies if the material is 
sufficiently insulating and this is not necessarily the case with 
infrared-gap CQD films. Indeed, the values obtained for doping and 
mobility of the HgSe–CdSe layer (Supplementary Information) show 
that the space charge-limited current would be three orders of mag-
nitude too small from 10 V to 1 V bias.

An alternative transport model is a field-driven hopping transport, 
such as the Poole–Frenkel model40,41, which prescribes a conductivity 

given by σ0(T ) ∝ exp (
q
kT√

qE
πεQD

), where E is a uniform electric field 

across the material, εQD is the permittivity of the CQD layer and is taken 
to be 4ε0. Combining a 350 Ω series resistance and a 2,500 Ω shunt 
resistance, the Poole–Frenkel model gives a very good fit of the I–V 
curve in forward bias, as shown in Fig. 1g.

In analogy to the case of single electron–hole recombination, the EL 

EQE for the cascade device is expressed as ηEL = ηrec × ( eV
Eg
) × ηrad × ηext. 

eV
Eg

 is the maximum possible cascade gain, such that for every voltage 

increment equal to the energy gap (0.25 eV) there would be an electron 
transferring from 1Se to 1Pe. ηrec is a downward correction to that maxi-
mum possible gain, which is effectively the probability of the electron 
being injected in the 1Pe state. ηrad is the probability of 1Pe–1Se emission, 
ηext is the photon extraction probability. Assuming the same ηext for EL 
and PL, the photoluminescence EQE is ηPL = ηrad × ηext. The EL radiance 

is calculated as Radiance = I×ηEL
π×A

= ηPL
π×A

× ηrec × I × ( eV
Eg
) , where π is  

the solid angle for a Lambertian emitter, A is the device area and I and 
V are the current and voltage through the junction. The radiance versus 
current is bracketed using ηrec between 0.68 and 0.60. This corre-
sponds to a photon emitted for every 0.36–0.41 V additional bias. The 
EQE and PCE calculated using the same parameters are shown in Figs. 
2a and 1h. The interpretation is that there is good transfer of the elec-
trons from 1Se of one dot to the 1Pe state of the dot as the electrons 
cascade down from the cathode to the anode. This is a surprising result 
given the simplicity and imperfection of the CQD layer compared to 
the elaborately engineered multiple quantum well structures used in 
quantum cascade.

We performed further experiments to explore the effects of  
doping, shell thickness and CQD film thickness. Regarding the doping 
of QDs, this is controlled by the amount of cadmium acetate added in a 
final reheating of the CQD solution32. We found that, as the intraband 
PL increases by a factor of ten across samples with stronger doping, 
the EL follows the same trend, such that the ratio of EL EQE to PL EQE 
is similar for all the samples shown in Fig. 2d. This indicates that the 
intraband EL is also proportional to the number of doped dots. This can 
be expected since, when an electron tunnels from 1Se of one dot to a dot 
downstream, the branching ratio to 1Pe is higher if there is already an 
electron blocking 1Se, because of the combination of electron–electron 
repulsion, statistical benefits and drive potential. However, we do not 
know the doping within the devices precisely enough to state whether 
the optimum doping is at 1 or 2 electrons per dot. This is because spec-
troscopic measurements with the finished device are too imprecise to 
determine the doping of the layer.

With shell thickness, the EL optimum is at three monolayers of 
CdSe. This must reflect a compromise between emission efficiency, 
tunnelling and doping. While intraband PL increases with shell thick-
ness, the thick shell (ten monolayers of CdSe) is much harder to n dope 
than the thinner shell samples (1, 2, 3 monolayers). The intraband EL 
EQE to PL EQE ratio of devices made with different shell thicknesses is 
shown in Fig. 2e. It first increases with shell thickness and then drops 
for the thickest shell.

With device thickness, it appears that increasing the thickness of 
the CQD layer increases the EL EQE to PL EQE ratio. This is consistent 
with the need for a higher voltage to produce the same current, and 
this supports the cascade mechanism. More details of the effects of 
doping, shell thickness and CQD film thickness are presented in the 
Supplementary Information.

In summary, we demonstrated the intraband electroluminescence 
at 5 µm from n-doped core–shell HgSe–CdSe CQDs in a simple struc-
ture and showed that cascade emission is an attractive possibility for 
small energy gap CQDs. The device showed an EQE of 4.5% at 2 A cm−2, 
while the power efficiency was 0.05%. These values are within range of 
those obtained with epitaxial quantum well cascade LEDs, while the 
radiance is smaller, limited by the power dissipation and device dam-
age. Compared with epitaxial quantum well cascade LEDs or lasers, 
which usually have currents of kA cm−2, the cascade mid-IR QLED 
works at low currents of A cm−2. Refinements of the synthesis and film 
processing will probably improve the photoluminescence of the CQDs, 
and this will directly lead to even brighter devices. Different core sizes 
will allow targeting of different wavelengths. Moreover, many other 
CQD systems should exhibit similar intraband transitions, including 
the InP–ZnS currently applied to commercial visible displays, and 
the cascade mid-IR QLED design could then be extended to lower 
toxicity systems.
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Methods
Chemicals
Chemicals used were as follows: mercury(II) chloride (HgCl2, 
Sigma-Aldrich, ≥99.5%, catalogue no. 215465, 100 g), oleylamine 
(Sigma-Aldrich, catalogue no. 909831, 500 g), bis(trimethylsilyl)sele-
nide ((TMS)2Se, Gelest, catalogue no. SIB1871.0, 1 g), cadmium acetate 
hydrate (Aldrich, 99.99+%, catalogue no. 229490, 25 g), (di-n-dodecyl)
dimethylammonium bromide (DDAB, Alfa Aesar, 98+%, catalogue no. 
B22839), zinc acetate dehydrate (Sigma-Aldrich, ≥99.0%, catalogue 
no. 96459, 250 g), potassium hydroxide pellets (Sigma-Aldrich, 85+%, 
catalogue no. 221473, 500 g), 1,2-ethanedithiol (Sigma-Aldrich, ≥98.0%, 
catalogue no. 02390, 100 ml), poly(9-vinylcarbazole) (PVK, Aldrich, 
catalogue no. 18260-5), poly(diallyldimethylammonium chloride) (very 
low molecular weight, 35 wt% in water, Aldrich, catalogue no. 522376, 
25 ml), chlorobenzene (Sigma-Aldrich, ≥99.5%, catalogue no. 23570, 
2.5 l), tetrachloroethylene (TCE, Sigma-Aldrich, ≥99.0%, catalogue 
no. 443786, 2.5 l), chloroform (Fisher, catalogue no. C606-4), ethanol 
(Decon, catalogue no. UN1170), 2-propanol (IPA, Fisher, catalogue 
no. A451-4), acetone (Fisher, catalogue no. A18-4), methanol (Fisher, 
catalogue no. A452-4)

Thin-shell HgSe–CdSe QD synthesis
Thin-shell HgSe–CdSe QDs were synthesized using a reported pro-
cess33. The following protocol yielded ~20 mg of HgSe cores. Briefly, 
HgCl2 (0.1 mmol, 27 mg) was added to a three-neck flask with 5 ml 
of oleylamine. The flask was equipped with a stir bar, rubber sleeve 
stoppers with a thermocouple attached and connected to an argon 
Schlenk-line manifold. The flask was heated at 100 °C for ~30–60 min. 
The temperature was then set to 90 °C. Then, 0.5 ml of 0.2 M (TMS)2Se 
solution was injected swiftly into the flask. At 15 s, a calculated volume 
of 0.2 M cadmium acetate (Cd(OAc)2) solution (‘0Cd’) was injected over 
a period of ~15 s. After 5 min, a calculated volume of 0.2 M (TMS)2Se solu-
tion (‘1Se’) was injected over a period of ~15 s. Subsequent half-cycles 
were performed until ‘3Cd’, with a 2 min reaction time for Se cycles and 
5 min reaction time for Cd cycles. This led to QDs with a diameter ~7 nm.

The stock solution was transferred into a glass vial and stored 
in a freezer. The solution could be stored for several months with no 
observable change.

HgSe–CdSe solution cleaning
A 80 µl HgSe–CdSe solution was diluted by 0.5 ml of TCE. Ethanol was 
added dropwise until the solution became turbid. The solution was 
centrifuged. The supernatant was discarded, and the precipitate was 
dissolved in 1 ml of TCE. Cadmium acetate hydrate was added to the 
solution to n dope the sample. Excess cadmium acetate hydrate did 
not dissolve. The solution was heated to boiling for 1 min. After cooling 
down, 80 µl of 0.1 M DDAB solution in isopropanol was added to aid 
redispersion. Ethanol was then added to precipitate the quantum dots. 
The solution was centrifuged. The supernatant was discarded and the 
precipitate was dissolved in 0.5 ml of TCE for fabrication.

ZnO nanoparticles synthesis
ZnO nanoparticles were synthesized in a similar process to that previ-
ously reported21. A 0.296 g portion of zinc acetate dehydrate and 12.5 ml 
of methanol was added to a 50 ml three-neck flask. The solution was 
heated to 60 °C under vigorous stirring. Then, 0.152 g of potassium 
hydroxide (KOH) was dissolved in 6.5 ml of methanol. The KOH solu-
tion was added to the zinc acetate solution dropwise in about 5 min. 
The solution was kept at 60 °C for 2 h.

The solution changed to whitish after 1–1.5 h. The heating mantle 
was removed after 2 h. The solution cooled down to room tempera-
ture naturally. The solution was centrifuged. The supernatant was 
discarded, and the precipitate was cleaned with methanol three times. 
The precipitate was then dissolved in 4 ml of chloroform:methanol 1:1 
solution. The solution was stored at ambient conditions.

LED fabrication
Sapphire substrates were cut into 12.5 mm × 12.5 mm pieces and 
cleaned by sonication in 2% Alconox solution, acetone and isopro-
panol for 15 min, respectively. Then, 40 nm ITO was sputtered over the 
substrate at 10−8 Torr. A 4 mm wide strip of tape was manually cut and 
used to cover the ITO down the middle of the substrate. The substrate 
was exposed to HCl vapour for 15 s and rinsed with distilled water. The 
tape mask was then removed, and the remaining ITO was annealed at 
300 °C in a quartz tube furnace for 1 h, yielding an electrode with a 
square resistance of ~80 ohm.

The ZnO solution was spin coated at a speed of 2,000 r.p.m. for 
30 s. Three layers of ZnO solution were spin coated in total to achieve 
a thickness of 60 nm. The substrate was then annealed at 260 °C on a 
hotplate for 2 min.

A 2% poly(diallyldimethylammonium chloride) in water solution 
was dropped to cover the film for 10 s to help quantum dots bind to 
the surface. The film was rinsed with distilled water and dried with 
nitrogen. The substrate was heated to 35 °C. Two drops of HgSe–CdSe 
quantum dots solution were drop cast on the substrate with a glass 
Pasteur pipette. The solution was lightly swirled to keep covering 
the substrate, before wicking. A 5% 1,2-ethanedithiol in IPA solution 
was dropped to cover the film for 10 s. The film was rinsed with IPA 
and dried with nitrogen. The procedure was repeated to reach the 
desired film thickness. The substrate was then annealed at 150 °C on 
a hotplate for 5 min.

A 10 mg portion of poly(9-vinylcarbazole) was dissolved in 2 ml of 
chlorobenzene. The solution was spin coated at a speed of 1,600 r.p.m. 
for 30 s. Then, 200 nm Ge, 15 nm Pt and 20 nm Au were evaporated at 
10−8 Torr by electron beam through a mask.

PL measurements
PL spectra were recorded using a similar procedure to that previously 
reported32. The samples were excited with an 808 nm laser diode 
modulated by a sine wave at 90 kHz. The signal was collimated by a 
gold-coated f/2 parabolic mirror and sent through a step-scan Michel-
son interferometer to a cooled HgCdTe detector. A silicon wafer was 
placed in front of the detector to filter out the laser. The detector 
output was sent through a lock-in amplifier. The interferometer was 
controlled by a step motor and scanned to give spectra with 50 cm−1 
resolution after Fourier transformation.

EL measurements
The device was tested using a Keithley model 6221 a.c. and d.c. current 
source. A sine wave modulated at 9 kHz with 0 mA to a peak current was 
applied to the sample. The EL spectra were measured using the same 
set up as for PL. The peak voltage was measured by viewing the voltage 
change on an oscilloscope and taking the maximum value.

EQE determination
The PL EQE was determined using a similar procedure to that 
reported previously32. An absolute PL EQE measurement was made 
for an undoped HgSe–CdSe sample on film using a Spectralon inte-
grating sphere and a PbSe detector. The PL spectrum of this sample 
was taken. The measured spectrum was normalized by the ratio of 
a measured and calculated black-body photon flux. The PL EQE per 
unit spectrum area ratio was then calculated. The PL EQE values of 
other samples were determined by taking a spectrum, normalizing 
to black-body photon flux and absorbed laser power and calculating 
using the ratio described above. The EL EQE was determined in the 
same way using the injected electron number instead of absorbed 
photon number.
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