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Abstract: We report on a mid-infrared resonant cavity light emitting diode (RCLED) operating
at the wavelength of 4.5 pm with narrow spectral linewidth at room temperature. Compared to
a reference LED without a resonant cavity our RCLED exhibits (85x) higher peak intensity,
(13x) higher integrated output power, (16x) narrower spectral linewidth and (7x) superior
temperature stability. The device consists of a one-wavelength thick micro-cavity containing an
Alg.12Ing ssAs/InAsg g5Sbo.1s quantum well active region sandwiched between two high contrast
AlAs03Sbo.92/GaSb distributed Bragg reflector mirrors, grown lattice—matched on GaSb by
molecular beam epitaxy. The high spectral brightness, narrow linewidth and superior
temperature stability, are attractive features, enabling these devices to be used for detection of
N>O at 4.5 pum. We show that with only minor adjustments the gases CO, (4.2 pm) and CO (4.6
um) are also readily accessible.

Keywords: Resonant cavity, LED, Mid-infrared, Bragg mirror, AllnAs/InAsSb QWs, gas
detection.

1. INTRODUCTION

There is a growing requirement for light emitting diodes operating in the technologically
important mid-infrared spectral range, for applications such as gas and chemical sensing,
infrared scene projection, industrial process control and spectroscopy. For example, mid-
infrared absorption spectroscopy is an attractive technique for monitoring greenhouse gases
such as CHj4 (3.3 um), CO; (4.2 pm) and N>O (4.5 um) because they have strong fingerprint
absorptions in this spectral range, enabling gas specific detection and remote sensing.
Consequently, there is an increasing demand for mid-infrared light sources and detectors at
these key wavelengths: Compared with thermal sources LEDs are more robust and can be
operated at high modulation rates, with low power consumption, making them better suited to
portable instruments. Mid-infrared LEDs also provide a more attractive, cost-effective
alternative to cascade lasers especially for widespread distributed sensing applications requiring
many point sensors. A variety of prototype LEDs on InAs and GaSb substrates, have already
been demonstrated for some of the target wavelengths [1-6]. There has also been significant
interest in developing mid-infrared LEDs on less expensive GaAs substrates, using various
buffer layer schemes to accommodate the large inherent lattice mismatch with respect to active
regions of alloys and heterostructures having suitable band gaps [7]. This resulted in devices of
some complexity ranging from LEDs with bulk active regions in small arrays [8-11], to
multispectral mid-infrared multiple quantum well (MQW) emitters [12]. Sources with
sufficiently narrow linewidth and high enough spectral intensity could also be integrated with
Si/Ge waveguides [13-16]. However, due to insufficient power in the absorption band of interest
(low spectral intensity), there are still relatively few examples of LED based instruments or



widespread technology uptake [17]. More recently, high emittance interband cascade LEDs
(ICLEDs) have been demonstrated at A = 3.2 um [18], 3.7 um [19] and 4.1 pum [20], but spectral
linewidths are quite broad. Meanwhile, the development of emitters for 4.5 um using
InAs/Ga(As)Sb superlattices is more challenging and Joule heating becomes severe, requiring
short duty cycles for characterization [21,22]. For example, a radiance of 0.5 W/cm?sr at a peak
wavelength of 4.6 pum has been demonstrated using a 0.1% duty cycle [23].

In this work we place the LED active region, which generates the light, at the antinode of the
standing wave optical field, inside a resonant microcavity made from two distributed Bragg
reflectors (DBRs), to enhance spectral intensity. Constructive interference simultaneously
increases LED emission intensity and narrows the linewidth [24,25]. Such resonant cavity LEDs
have been successfully developed for shorter (vis-near-infrared) wavelengths with high external
quantum efficiency (~15%) [26]. There has been some research effort devoted towards resonant
cavity light emitting diodes (RCLEDs) and vertical cavity surface emitting lasers (VCSELSs) for
mid-infrared applications [27-33]. But, there are only a limited number of reports of RCLEDs
and VCSELs operating in the 4-5 pm spectral range [28,33,34]. The longest wavelength
RCLEDs emit at 4.2 pm but exhibit only a low (3x) emission enhancement. As yet, there is no
reported mid-IR VCSEL emission beyond 4 pm and no RCLED at 4.5 pum.

Here we present, a novel mid-infrared RCLED with narrow linewidth operating at 4.5 um, using
high refractive index contrast (An=0.6) AlAs0sSbo.92/GaSb distributed Bragg reflector (DBR)
mirrors and Alg.12Ing gsAs/InAsgssSbo.1s multiple quantum wells (MQW) as the active region.
The RCLED exhibits (85x) higher peak intensity, (13x) higher integrated output power, (16x)
narrower spectral linewidth and (7x) superior temperature stability compared to a reference
LED without a resonant cavity.

2. RCLED DESIGN

The schematic structure of the MQW resonant cavity is illustrated in Fig. 1(a). It consists of a
single wavelength, 1A-thick, cavity which is sandwiched between two distributed Bragg
reflectors (DBRs). The active region contains 4.5 pairs of Al 12IngssAs/InAsgssSbo s strained-
layer QWs, placed at the center of the cavity corresponding to the antinode position of the
electric field intensity as shown in Fig. 1(b) in order to obtain maximum enhancement. The
energy band diagram of the MQW structure was simulated using nextnano and shows the band
alignment is type I, as depicted in the inset of Fig. 1(c), where the (el-hhl) ground state
transition occurs in the InAsSb layer. Type I band alignment and compressive strain (~1%) are
employed to maximize e-h overlap and reduce non-radiative Auger recombination respectively.
The thickness of the Algi2IngssAs barrier and InAsggs Sbois quantum well layers were
approximately 6 nm and 17 nm, accordingly. All the structures for this study were grown by
molecular beam epitaxy (- see methods). The first grown layer was an n-type GaSb buffer layer,
followed by a 13.5 pairs lattice—matched undoped AlAs s Sbo.92/GaSb bottom-DBR mirror.
On top of the bottom-DBR, a 1A-thick micro-cavity was grown as follows: an n-doped
InAso.90Sbo.10 layer; i-AllnAs/InAsSb QWs, a 10 nm-thick p-doped AISb barrier layer; and a p-
doped InAsp.90Sbo.10 layer. The AISb barrier layer provides a strong electron confinement inside
the AllnAs/InAsSb MQW region because of the high conduction band offset at the
heterointerface of the active region as shown in Fig. 1 (c). After that, the top-DBR mirror
comprising 5 pairs of p-doped AlAs0sSboo/GaSb was grown to finalize the resonant cavity
structure. The total thickness of the completed RCLED structure is around 13 pm.
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Fig. 1. (a) A schematic diagram of the MQW resonant cavity LED structure showing the details of the AllnAs/InAsSb
MQW in the active region of the p-i-n diode within the AIAsSb/GaSb DBRs, which form the microcavity, (b) The
calculated electric field intensity distribution inside the cavity showing the position of the antinodes. (c) The energy
band diagram of the RCLED active region calculated using nextnano, showing the electron-blocking barrier. Details of

the type I band alignment in the MQW are highlighted in the inset. See also Supplementary Information Fig.S1.

Numerical modelling was used to evaluate the emission enhancement of the full resonant-cavity
structure and the reflectivity of the top and bottom DBR mirrors based on our previous work
[35]. The quality factor (Q), the emission rate enhancement at the resonance wavelength (G,)

and the integrated emission enhancement (G;,;) can be derived as: [36]

Q=m m%/R{R;
1-J/R1R;
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where R, and R, are the reflectivity of the top and bottom DBR mirror, respectively, ¢ is the
antinode enhancement factor, and A4, is the linewidth of the active region. The linewidth of
the resonant cavity mode Al is related to the cavity quality factor Q via the relation: [36]

Moy = Aean/Q 4)
where A,y is the position of the optical mode. The cavity order m is related to the cavity

thickness d¢,y by m = 2n¢,ydcay/Acay, Where n,, is the refractive index of the cavity. For low
values of m, high extraction efficiency should be achieved owing to the greater overlap between
the cavity response and the underlying emission spectrum. [28,37] Therefore, we selected d.,y
= A corresponding to m = 2.
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Fig. 2. (a) and (b) Room temperature simulations of the resonant emission (G, ) enhancement factor, and the integrated
emission (G;,;) enhancement factor as a function of the top and bottom DBR mirror reflectivity, R, and R,, respectively.
(c) The peak DBR reflectivity as a function of the number of layer pairs (N). The inset shows simulations of the DBR
reflectivity vs wavelength for 13.5 pairs (bottom) and 5 pairs (top) DBR. (d) The resonance condition between the
optical mode and the DBR stopband center vs the cavity thickness and the DBR period layer thickness, respectively.
(e) and (f) Room temperature simulations of the resonance emission (G,) and the integrated emission (Gyy;)
enhancement factor as a function of the DBR stopband center and the peak emission of the cavity mode, respectively.
The white dashed-dotted line represents the resonance case between the optical cavity mode and the DBR stopband
center.



Figures 2(a) and 2(b) show the emission rate enhancement at the resonance wavelength and the
integrated emission enhancement as a function of the DBR mirror reflectivity. The highest
integrated emission enhancement (Gj,,) is achieved when R, > 95%, and 50% < R; < R,.
Furthermore, in order to obtain a high emission enhancement factor (G,) of more than say 30
times, R, and R, should be greater than 96% and 82%, respectively. The reflectivity of the
DBR mirrors was modelled using a transfer matrix method [38], with the refractive indices of
n; = 3.16 for AlAsSb and ny = 3.76 for GaSb. The main advantage of this layer combination
is the large refractive index contrast (An~0.6), which requires fabricating only a few quarter-
A-thick layer pairs to achieve high reflectivity. The simulation results indicate that 13.5 periods
of the bottom DBR and 5 periods of the top DBR are sufficient to achieve high reflectivity,
R, > 97% and R; > 83%, as shown in Fig. 2(c). (The half period is necessary for phase
matching). The stopband center of the DBR (Apgg) and the optical mode position of the
microcavity (A,y) are related to the period layer thickness of the DBR mirror (d;, + dy) and the
cavity thickness (d.,y), respectively, via the relations: [36]
Appr = 2(npdp, + nydy) (5)
Acav = Neaydcay (6)
Where, d;, and dy are the thickness of the alternating DBR layers of the AlAsSb and GaSb,
respectively and n..y is a weighted average of the refractive indices. Ideally, (i) the optical mode
wavelength (A.,,) and the emission in the active region (Agyyrce) Should be in resonance, (ii) the
MQW in the active region should be located at an antinode of the electric field inside the cavity,
(iii) there should be resonance between Apgr and A.,,. We calculated the values of the Apgg
and A, at resonance as a function of the DBR period thickness (d;, + dy) and the cavity
thickness (d¢ay), respectively. The results are plotted in Fig. 2(d). A small change in the
thickness of d.,, and/or dj, + dy leads to a change in A.,, and Apgg, respectively, causing
detuning between A4, and Apgg. From calculation, it was found that when the thickness
increases or decreases by 1% (which could occur during MBE growth), then A, shifts towards
longer/shorter wavelength by 45 nm and Apgg shifts by 40 nm. The detuning between A4, and
Apgr, 1s considered theoretically in Figs. 2(¢) and 2(f) which map the effect of detuning on G,
and G,, respectively. The dashed-dotted line represents the resonance case between A4, and
Appr, Where maximum emission enhancement is achieved. Our results show that even if there
is some detuning, G;,; and G, still maintain high values over a wide wavelength range,
depending on the bandwidth of the DBR stopband. For example, when the detuning between
Apgr and A,y is about 100 nm, the values of G;,,; and G, decrease by 3% and 11% respectively.

3. MATERIALS AND METHODS

The MQW RCLED was grown lattice-matched on (001) n-doped GaSb substrate using a Veeco
GenXplor molecular beam epitaxy (MBE) reactor with “SUMO” effusion cells for Al, Ga and
In, and valved cracker cells for As and Sb fluxes respectively. V/III ratios were maintained at
~1.6:1. Growth temperatures were calibrated using the oxide desorption temperature (540 °C)
and a 3x/5x RHEED transition occurring around 425 °C (depending on the V-III ratio). The
growth temperatures were 505 °C for AlAsSb and GaSb, 425 °C for the QW layers and 445 °C
for the InAsSb cavity layers. All growth rates were < 1 ML/s, with 0.75 ML/s for AlAsSb, 0.95

ML/s for GaSb, 0.25 ML/s for InAsSb and 0.75 ML/s for AllnAs.

Device processing was carried out using standard photolithography and wet chemical etchants
followed by Ti/Au metallization for the ohmic contacts. In particular, the InAsSb layers were
etched using citric acid: H,O, (2:1) while sulfonic acid:H,O,: H,O (1:8:80) was used for
etching the AllnAs/InAsSb QWs. GaSb and AIAsSb were etched using a dilute ammonia based
etchant. The Ti/Au top contact for the p-side of the RCLED was deposited on the top p-type
GaSb DBR layer by thermal evaporation and metal lift-off. A second photolithography step was
carried out to pattern the sample for subsequent wet etching of the mesa, by etching through the



structure and stopping within the n-InAsSb layer. Finally, a Ti/Au metal contact was deposited
on the n-InAsSb layer to provide an ohmic contact for the n-side. In the case of the reference
LED, (which was essentially the same as the RCLED but without the Bragg mirrors) the Ti/Au
top contact for the p-side was deposited on the top p-type InAsSb layer and the bottom contact
was deposited on the n-InAsSb layer following wet etching. The structure of the RCLED is
illustrated in Fig. 1(a). A cross sectional SEM image of the completed RCLED structure is given
in the supplementary material.

After fabrication, the optical transmission and the electroluminescence measurements of the
samples were obtained using a Bruker Vertex 70 Fourier transform infrared (FTIR)
spectrometer, with a spectral resolution of 0.5 cm!. The system is associated with a
temperature-controlled Oxford Instruments continuous flow liquid-helium cryostat to record
temperature dependence of the electroluminescence spectra. The electroluminescence emission
spectra of the RCLED were systematically measured over the temperature range from 20 K to
300 K and compared with a reference LED without any DBR mirrors. To avoid Joule heating
at high currents, the RCLED was tested using a short (1%) duty cycle so that we were able to
reliably record the peak spectral intensity. To record the emission spectra our detection system
requires a larger duty cycle (30%) for which a lower drive current was used. The energy band
diagram of the cavity layers of the RCLED structure was modelled using Nextnano.

4. RESULTS

4.1 Microcavity enhancement of mid-infrared electroluminescence

The transmission spectrum of the MQW resonant-cavity structure and the electroluminescence
spectrum of the MQW RCLED measured using a Fourier-transform infrared (FTIR)
spectrometer at room temperature are shown in Fig. 3(a). The wavelength of the main emission
peak occurs at 4.462 um, corresponding to the wavelength of the resonant cavity mode in the
transmission spectrum. (The small emission peaks on either side of the main peak originate
from fluctuations in cavity transmission). Fig. 3(b) compares the electroluminescence emission
spectra of the RCLED and reference LED measured at 300 K using the same quasi-continuous
injection current of 100 mA at 1 kHz with 30% duty (cgl)cle.
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Fig. 3. (a) Experimentally measured transmission spectrum (dashed line) and electroluminescence emission spectrum
(solid line) of the RCLED structure at 300 K, showing that the wavelength of the main emission peak occurs
at 4.462 pm, which corresponds closely to the cavity resonance wavelength of 4.446 um. (b) Comparison of the RCLED
(solid line) and the reference LED (dashed line) electroluminescence emission spectra at 300 K using the same injection
current (100 mA at 1 kHz with 30% duty cycle). The dip in the reference LED spectrum originates from atmospheric
CO, absorption in the optical path. Also shown are the fundamental fingerprint absorptions of greenhouse gases of
interest in this spectral range.



As shown in Fig. 3(b), at room temperature the 800 pm-diameter-RCLED peak emission at
4.462 um overlaps nicely with the fundamental N,O fingerprint absorption. The linewidth at
full width at half maximum (FWHM) of the RCLED is 70 nm, which is 16x narrower than the
MQW reference LED, so that substantially more useable photons fall within the N>O absorption
envelope. With minor adjustments to the microcavity dimensions, the peak position and spectral
overlap can be optimised, or adjusted to detect CO, or CO, without changing the Sb content in
the MQW (- see discussion). In addition to reducing the linewidth, the resonant cavity
enhancement has the effect of significantly increasing the peak emission intensity by 85x, with
an increase in the total integrated emission (average output power) of 13x, which corresponds
to an emittance of 2.5 mWcm™? and a spectral intensity of 36 pWcm?nm™' under quasi-cw
conditions. By comparison, the 400 pm-diameter RCLED exhibits an emittance of ~10 mWcm-
2 and a spectral intensity of ~140 pWem?nm-'. Under pulsed operation the spectral intensity
compares favourably with that of commercial devices [39] and non-resonant structures [40,41].
Conventional, non-resonant LEDs can be series connected in a small array to increase output
power for gas sensing but much of this radiation lies outside the gas absorption band [42,43].
As mentioned earlier, interband cascade LEDs (ICLEDs) at shorter wavelengths exhibit higher
cw output power at 300 K [17,38], spread over a larger linewidth (FWHM ~ 500-1000 nm). At
longer wavelengths thermal management is more critical and high injection necessitates
operation at short duty cycles [21,23]. Figure 4 shows the peak spectral intensity of our RCLED
measured using a 1% duty cycle to minimise Joule heating; as our device does not yet have the
benefit of optimised ohmic contacts, epi-side down mounting, or a heat spreader. Recent results
from a 16-stage 4.5 um ICLED at 0.1% duty cycle (Muhowski et al. [23]) together with a 5-
stage ICLED at 1% duty cycle, made in our laboratory [21] are also shown in Fig. 4 for
comparison, where the spectral intensity of the RCLED performs favourably well, reaching > 2
mWcem?nm™! for the 400 pm-diameter-RCLED. The spectral intensity of the 800 um-diameter-
RCLED is lower due to higher current density in the 400 um-diameter-RCLED.
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Fig. 4. The spectral intensity of two RCLEDs of different diameter vs current density, measured at room temperature
using a 1 kHz injection current with 1% duty cycle. The MQW reference LED is also shown (x30) together with other
results from the literature measured under similar conditions, including a 16-stage 4.5 pm ICLED at 0.1% duty cycle
(adapted from Muhowski et al.[23]) and an ICLED at 1% duty cycle made in our laboratory (400 pm x 400 pm) [21].
The conventional 4.6 pm LED spectral intensity was estimated from the peak power given in the data sheet [39].



All the devices exhibit some rollover at high injection, due to the build-up of non-radiative
Auger recombination. The 400 pm dia. RCLED exhibits more linear performance, which we
attribute to increased ohmic loss due to the higher current drawn in larger area devices. This is
also evident in the ICLEDs.

Normalized power [a.u.]

Fig. 5. Far field angular profile of the RCLED emission, which shows a half power solid angle of 45°.

The far-field technique was used to measure the angular emission profile of the RCLED, where
the distance between the emitter and the detector was 1 cm. Using this method, the emission
intensity was measured from the top surface and the vertical facets. At room temperature, the
results exhibited a single-lobe emission profile with a half power solid angle of 45° as illustrated
in Fig. 5, showing a better directionality compared with that of our previous work [35].

4.2 Temperature dependence of the emission

The electroluminescence emission spectra of the RCLED and reference LED measured at
different temperatures in the range 20 K - 300 K, using 100 mA injection current at 30% duty
cycle and 1 kHz, are shown in Figs. 6(a) and 6(b), respectively. Over this temperature range the
intensity of the RCLED decreased by only a factor of 4 whereas the reference LED decreased
by a factor of ~500. As shown in Fig. 6(c), over the temperature range from 20 K to 200 K, the
RCLED peak emission intensity remains approximately constant. Then above 200 K the
intensity decreases more gradually. Consequently, the relative intensity increases with
temperature until T=240 K and then slightly decreases. This is consistent with spectral detuning
between the emission of the AllnAs/InAsSb MQWs in the active region and the cavity mode.
In addition, the electroluminescence emission peak of the RCLED red shifts to longer
wavelengths with increasing temperature but much more slowly compared to the reference
LED. This behaviour arises because in the reference LED the wavelength shift of the
electroluminescence spectrum is due to the narrowing of the active region bandgap with
temperature. However, for the RCLED, the electroluminescence peak position also depends on
the microcavity resonant optical mode, which is determined by the thickness and the refractive
index of the materials forming the cavity. Based on our previous work [35], the thickness
variation of the cavity was calculated as a function of temperature and accounts for less than
4% of the total wavelength shift, so that the main contribution originates from the temperature
variation of the refractive index [44,45]. Consequently, the main electroluminescence emission
peak of the RCLED shifts by only ~102 nm at a rate of 0.36 nm/K, while the peak of the
reference LED shifts by ~600 nm at a rate of ~2.45 nm/K. This represents a factor of 7
improvement in the emission wavelength stability with temperature, which is particularly useful
in applications such as gas detection where wavelength stability is required to ensure the
emission peak remains within the gas absorption envelope as the sensor temperature varies.



@) (b)

100 mA

30% Duty Cycle 300 K
a0 X503

e 33 260 K

X162 220 K
200 K
X66 180 K

3 El
& = 160 K
= z
iz Z X0 140K
5 |xLo 5
E : E 120 K
. X6~ \ 100 K
M x1.0 100 K d
80 K
x1.1 60 K |)Q 60 K |
40 K
x1.1 20K X1 /\ 20K
32 3.7 4.2 4.7 3.2 3.7 4.2 4.7 52
Wavelength [um] Wavelength [pum]
© b @
T¢— = = —Relative intensity :

,_|50 E :;‘.,....G.O.....‘,..' . - < _=p)] ;‘ 45 _8 ¢
A Piheod * 9. o _ 4 o8
g ] - "-.* e ."0-.. E 40 é § 0_0.9-0-9--0-0-9-0—0"9"2 FC-9

— 53 -, 7 == 4.3 3
= 3 70 = = P4
2 ] . "o L 2 41 °
5 p ‘e 4z B2 s °
20.5 3 . 9, S @ o © o RCLED (Exp.)
& ] /e RCED e, 5 A 39 10° ¢ LED(Exp)

4 - R N = [ R PR
0.05 | o ‘. . ITED | | 'I‘ 04 37 RCLED (Theo.)

0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature [K] Temperature [K]
© ®
2 T R 0.16 1o
- Relative 1nten51ty-A'AﬂA_A o 0ro0ona,

El i~ s 012 5 2100 R
S D RS S 8w o,
= A A ‘'~ 2 Q 90 @,
< ‘o L 0.08< Q9 <,
o veeGeeee RCLED =~ - — r 4 £ 80 3,
E cecepeses LED O-O'G'o F 0.04 ‘? b 0..
R= 0.0.0. 0 .0: 0.0 000" T =00 a.
— < = B b
0.02 0 g O 60

0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature [K] Temperature [K]

Fig. 6. Temperature dependence of the electroluminescence emission for (a) the RCLED and (b) the reference LED
without DBR, both measured using 100 mA, 30% duty cycle at 1 kHz. The shaded area in (a) represents the DBR stop
band (c) Peak intensity values of the electroluminescence from the RCLED and reference LED. The dashed-dotted line
represents the relative intensity. (d) The red shift in wavelength of the electroluminescence peaks as a function of
temperature. The dashed line represents the theoretical values for the RCLED peak wavelength. (e) Linewidth of the
electroluminescence spectra of the RCLED and reference LED as a function of temperature. The dashed-dotted line
represents the relative linewidth (AAcavie/ Adseference)- (f) Quality factor of the RCLED as a function of temperature.



Good agreement between the experimentally observed spectral shift and the theoretically
calculated dependence was achieved as shown in Fig. 6(d) based on the relation given in
equations (6) - (9). The parameters, A.,y, Neay, and dg,, are functions of temperature. The
temperature-dependent refractive index of the cavity (n,,(T)) was determined by interpolation
for the alloy constituents using the temperature coefficient of the refractive index for AlIn;.<As
[46-48]

. B _ _
1(S8) = [12 X 107*x + 4.6 x 1075(1 = WK o
and similarly for InAs,Sb x given by, [47,49]
. ) B _
1(38) = [12 x 107*x + 690 x 1075(1 — 9)]K ™! ®)

where the temperature dependence of the refractive index of the InAs is calculated from [49],

2n (j—;) =218 x 1073K"1 9)
From Fig. 6(e), over the temperature range from 20 K to 100 K, it was found that there is no
noticeable change in the RCLED linewidth, which is measured to be 41 nm. As the temperature
increases above 100 K, the FWHM increases to 70 nm at 300 K. However, the linewidth of the
reference LED rapidly becomes broader (FWHM ~300 nm at 20 K and ~1140 nm at 300 K),
since it is determined by the joint density of states in the bands and the thermal energy of carriers
[24]. In contrast, the RCLED linewidth depends on the quality factor (Q) of the resonant cavity,
which is shown in Fig. 6(f) —obtained by inverting equation (4). It can be seen that the quality
factor decreases with increasing temperature, as the reflectivity of the DBR mirrors decreases
as the temperature increases. Furthermore, the RCLED can be tailored to match the absorption
spectrum of the target gas by adjusting the cavity and DBR properties.

In order to evaluate the intensity enhancement factor, the ratio of the peak electroluminescence
intensity of the RCLED to that of the reference LED is shown in Fig. 7(a) over the range 140
K-300 K. The power (integrated) enhancement factor (G;,,;), defined as the output power ratio
of the RCLED to the reference LED, is related to the intensity enhancement factor (G,) by the
relation: [36]

Gy = GoTing —2eavity )

A}Lrefe‘rem:e

The intensity enhancement factor of the RCLED decreases with increasing temperature due to
the decrease in the cavity Q-factor. Figure 7(b) shows that both the output power of the RCLED
and reference LED decrease as a function of temperature. As mentioned earlier, when T<260
K, the quantity AAdcqyity/AAreference and the intensity enhancement factor decrease as
temperature increases. Consequently, the integrated enhancement factor should also decrease
as the temperature increases. However, because the cavity resonance implicit in equation (9) is
not satisfied at all temperatures (Fig. 7(c)), the integrated enhancement increases with
temperature, as shown in Fig. 7(b). The emission spectrum of the RCLED shifts to longer
wavelengths more slowly compared to that of the reference LED —see Figs. 7(d) — (g).
Consequently, the difference between the peak wavelengths (spectral detuning) decreases
gradually with increasing temperature and becomes zero at around T=260 K, as shown in Fig.
7(c). Therefore, the power enhancement in Fig. 7(b) levels off above 260 K due to broadening
of the QWs emission. Our results also show a greater intensity enhancement factor compared
to previous work [28,34,35].
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Fig. 7. (a) Temperature dependence of the peak emission intensity of the RCLED and the reference LED, both measured
using 100 mA, 30% duty cycle at 1 kHz. (b) Temperature dependence of the output power for the RCLED and reference
LED. (c) The temperature dependence of the spectral detuning of the cavity mode and the reference peak emission. The
dashed lines are a guide to the eye. (d)-(g) Electroluminescence spectra of the RCLED (solid) and reference LED
(dashed) at different temperatures, 140 K, 200 K, 240 and 300 K respectively, using the same drive conditions.

5. DISCUSSION

Resonant cavity enhancements are due to constructive interference of light in the cavity, which
increases the amount of light emitted towards the surface within the escape angle from the high-
index semiconductor material into air. The cavity enhances the propagation of optical modes,
which match the optical length of the cavity, whereas the other modes are suppressed [45] (i.e.
the optical mode density is strongly enhanced for on-resonance wavelengths). We also note that
the associated decrease in spontaneous lifetime makes non-radiative Shockley-Read processes
less important. The main difference compared to a VCSEL is the criterion that (1-Rou)>>0dactive
,where dacive 1S the thickness and a is the absorption coefficient of the active region and Ry is
the reflectivity of the out-coupling mirror. This ensures that more light escapes the cavity than
gets re-absorbed in the active region because the device emits only spontaneous emission. By
carefully combining InAsSb strained MQW with high contrast AlIAsSb/GaSb DBR mirrors our
design enables an RCLED with high spectral brightness within a narrow linewidth which is well
suited to selective gas detection and optical spectroscopy. The emission wavelength is
determined by the Sb content in the MQW but also by the construction of the resonant cavity.
The emission enhancement, linewidth and Q-factor are strongly dependent on the DBR mirror
reflectivity. The high refractive index contrast (An = 0.6) between AlAsSb and GaSb means
that relatively few pairs of layers are needed to achieve sufficiently high reflectivity.
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Fig. 8. The calculated variation in RCLED wavelength and emission intensity dependence on cavity thickness or DBR
period thickness. Also shown are the absorption spectra of key greenhouse gases to illustrate the accessible tuning
range, which encompasses CO,, N,O and CO.

Figure 8 shows the accessible spectral range for our RCLED extends from 3.9 um to 4.9 pm —
maintaining 70% of the peak emission intensity. We estimated the effect on the emission
intensity keeping the same MQWs in the active region and changing the thickness of the cavity
(red line) and the DBR layers (green line). The results show that if the thickness of the DBR
layers and the cavity are both reduced by 4.5%, then the emission peak readily tunes down in
wavelength to 4.25 um, which is well matched to CO, detection. Meanwhile, the emission
intensity is decreased by only 3% from that of our MQW RCLED at 4.5 pm. Similarly, for CO
detection at 4.6 um, the thickness of the DBR layers and the cavity simply needs to be increased
by 3%, where the emission intensity is again reduced only slightly by 3%. This is possible
because of the relatively broadband emission of the AllnAs/InAsSb MQWs in the active region.
Consequently, our RCLED design is readily able to address three important greenhouse gases.

The emission wavelength of the RCLED can be tuned further out to longer wavelengths by
adjusting the Sb content in the MQW — although this requires a corresponding redesign of the
DBRs and cavity (- see also supplementary information). However, due to lattice mismatch and
strain considerations, with 15% Sb the QW are type I with a conduction band offset of 30 meV.
This means that the emission wavelength cannot be significantly increased without the structure
becoming type II, resulting in a likely reduction in output power. On the other hand reducing
the Sb content would provide larger conduction band offset with deeper confinement and enable
RCLED emission down to ~4.0 pm. However, tensile strain limitations on the critical thickness
prevents the realization of RCLEDs at shorter wavelengths. Increasing the number of periods
in the upper/lower DBR would have the effect of increasing the cavity finesse and Q-factor
which would result in a narrower spectral linewidth and higher optical output at the resonance
wavelength but lower overall output power. However, output power could be increased by using
anumber of RCLED chips in a small array - as implemented by GSS Ltd. in their COZIR sensor
[42] which employs 9 LED elements. The resonant cavity concept can also be applied to
enhance detector performance and recently we demonstrated a resonant cavity detector
operating at around 4.41 um with peak responsivity of 3.0 AW, corresponding to quantum
efficiency of 84%. [50] Clearly, it is also possible to implement a resonant cavity LED - resonant
detector pair to obtain even higher sensitivity although care is needed to maintain effective
matching of the resonance peaks.
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6. CONCLUSION

In conclusion, we have demonstrated a novel mid-infrared resonant cavity LED operating near
4.5 pm at room temperature, which is well matched to the N,O gas absorption. The RCLED
exhibits (85x) higher peak intensity, (13x) higher integrated output power, (16x) narrower
spectral linewidth and (7x) superior temperature stability compared to a reference LED without
a resonant cavity. Our RCLED structure design uses a 14-thick microcavity formed from high
refractive index contrast AIAsSb/GaSb DBR mirrors to enhance light extraction from the
AllnAs/InAsSb QWs located at the central antinode, while an AISb blocking barrier prevents
electrons escaping from the active region. Because the emission wavelength of the cavity mode
is determined mainly by the temperature coefficient of the refractive index of the cavity
materials, the emission peak of the RCLED shifts toward longer wavelengths as temperature
increases at a rate of only 0.362 nm/K. Our results are in excellent agreement with numerical
modelling based on an optimized RCLED structure containing 4 Al 2Ino ssAs/InAsgssSbo.is
QWs in the active region, with 13.5 lattice—matched AlAso.03Sbo.o2/GaSb (1/4) pairs for the
bottom DBR and 5 pairs for the top DBR of the microcavity. Owing to the increased brightness,
narrower linewidth and improved temperature dependence, our results show that this RCLED
design forms an excellent basis for the further development of compact sources for gas sensor
instruments as well as spectroscopy. The RCLED is superior to conventional mid-infrared
LEDs, having higher spectral intensity and providing significantly more useable photons at the
required target wavelength. Meanwhile, it is less complex and more cost-effective than a
quantum cascade laser and so leads the way for practical implementation in applications such
as local N,O detection in silage making, car exhaust emissions monitoring etc. Furthermore,
carefully adjusting the cavity dimensions enables the emission wavelength to be readily tailored
over a wider spectral range to target other greenhouse gases.
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