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ABSTRACT:

In this work we demonstrated a mid-infrared resonant cavity light emitting diode (RCLED)
operating near 4.2 um at room temperature, grown lattice-matched on a GaSb substrate by
molecular beam epitaxy, suitable for CO> gas detection. The device consists of a 14 -thick
micro-cavity containing an InAso.90Sbo.1 active region sandwiched between two high contrast,
lattice—-matched AlAso.08Sbo.9o2/GaSb distributed Bragg reflector (DBR) mirrors. The
electroluminescence emission spectra of the RCLED were measured over the temperature
range from 20 to 300 K and compared with a reference LED without DBR mirrors. The
RCLED exhibits a strong emission enhancement due to resonant cavity effects. At room
temperature, the peak emission and the integrated peak emission were found to be increased
by a factor of ~70 and ~11, respectively, while the total integrated emission enhancement was
~ x33. This is the highest resonant cavity enhancement ever reported for a mid-infrared LED
operating at this wavelength. Furthermore, the RCLED also exhibits superior temperature
stability ~0.35 nm/K and a significantly narrower (10x) spectral linewidth. High spectral
brightness and temperature stable emission entirely within the fundamental absorption band
are attractive characteristics for the development of next generation CO2 gas sensor

instrumentation.
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Greenhouse gases such as CH4, CO2 and CO have strong fingerprint absorptions in the mid-
infrared 3-5 um spectral region, enabling gas specific detection and remote sensing. For many
applications, mid-infrared LEDs are a far more attractive, cost-effective alternative to lasers,
especially for widespread distributed sensing applications requiring many point sensors'™.
Various LED structures have been developed for CO, monitoring at 4.2 um °*'2, including bulk
heterostructures of InAsSbP/InAsSb*®, AlInSb'*, InAsSb®®, as well as InSb/InAs quantum
dots®®, InAs/InAsSb quantum wells and superlattices®>"8, These devices typically exhibit
300 K output powers of a few microwatts, with an emittance of ~1-14 mW/cm, but with
broadband emission spectra resulting in low available power at the target wavelength.
Furthermore, optical extraction efficiency is limited to a few per cent by the large refractive
index mismatch between the semiconductor and the air.!®?* One solution to this problem
involves the use of a resonant cavity to enhance the light emission. This has been achieved at
shorter wavelengths by locating the active region inside a Fabry—Perot micro-cavity consisting
of two distributed Bragg reflectors (DBRs) to form a resonant cavity light emitting diode
(RCLED) structure. RCLEDs offer many advantages including; higher brightness than their
conventional LED counterparts, improved directionality, increased spectral purity and power
efficiency.?!”* Consequently, some research effort has been devoted towards developing
RCLEDs and vertical cavity surface emitting laser (VCSELs) for longer wavelength mid-IR
applications.”>?* There has been a demonstration of a promising mid-IR VCSEL emitting at
4.0 um with single-mode cw operation up to -7 °C.* However, there are only a limited number
of reports of RCLEDs that emit at a wavelength of ~4.2 um and these have shown a relatively

low resonant cavity emission enhancement.*3

In this work, we present a mid-infrared RCLED tailored for CO> detection at 4.2 pm using
high contrast AIAsSb/GaSb DBR mirrors and InAsSb as the active region. We report the results

of numerical modelling to optimize the design of the structure, followed by systematic



electroluminescence spectroscopy measurements of our RCLED and an InAsSb bulk reference
LED at different temperatures to demonstrate the enhancement achieved as a result of using a

resonant cavity.

The structure of the RCLED is illustrated in Fig. 1(a) and consists of a 14-thick cavity
sandwiched between two distributed Bragg reflectors (DBRs). The active region (bulk
InAso.90Sbo.10 ) is placed at the antinode of the electric field intensity in order to obtain
maximum enhancement. Growth was carried out using a Veeco GenXplor molecular beam
epitaxy (MBE) reactor with SUMO cells for Al, Ga and In, and valved cracker cells for As and
Sb fluxes respectively. The first grown layer was an n-type (1 X 1017 ¢m™) GaSb buffer layer
on (001) n-doped GaSb substrate, followed by a 13.5 pairs lattice-matched un-doped AlAso.0s
Sbo.92/GaSb bottom-DBR mirror, grown at a substrate temperature of Ty, = 505 °C. On the
top of the bottom-DBR, a 1A-thick micro-cavity was grown as follows: an nr-doped
InAso.90Sbo.10 layer; i-InAso.90Sbo.1; p-InAso.0oSbo.10; @ 56 nm-thick p-doped AlAso.08Sbo.o2
barrier layer; and a p-doped InAso.90Sbo.10 layer. The growth temperature of the cavity layers
was fixed at 450 °C, except for the barrier layer which was grown at 530 °C. The top-DBR
mirror comprising 5 pairs of p-doped AlAso.0sSbo.92/GaSb was grown at 505 °C. The n-type
and p-type dopants were Te and Be, respectively. The total thickness of the completed RCLED
structure is around 13 pm. A scanning electron microscope (SEM) image of the grown structure

in cross-section is shown in Fig. 1(b).

Processing was carried out using standard photolithography and wet chemical etching
followed by Ti/Au metallization for the ohmic contacts. In particular, InAsSb layers were
etched using citric acid: H>O> (2: 1). GaSb and AlAsSb were etched using a dilute ammonia
based etchant. A 250 nm thick p-type top metal contact of Ti/Au was deposited on the top p-
type 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
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the structure and stopping within the n-InAsSb layer. Finally, a Ti/Au metal contact was then
deposited on the n-InAsSb layer to provide an ohmic contact for the n-side (see Fig. 1(c)). After
fabrication, optical transmission and electroluminescence (EL) measurements were obtained
using a Bruker Vertex 70 Fourier transform infrared (FTIR) spectrometer. The system is
associated with a temperature-controlled Oxford Instruments continuous flow helium cryostat
to record temperature-dependent EL spectra. A molecular sieve drying column was used to

filter out atmospheric CO; and H>O from the optical path.

In order to realize a practical RCLED, it is necessary to calculate the emission rate
enhancement at the resonance wavelength, G, and the integrated emission enhancement, Gy
which can be derived as:*!

. EETL’(R1R2)1/4(1_R1) Tcav

G, = 1
e 2T (1_ ,RlRZ)Z T ( )
/ Adcay
Gint = Ge tln2 m (2)

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. 74, and 7 are the
lifetime of the cavity and the active region, respectively. The linewidth of the resonant cavity
mode A1, is related to the cavity quality factor Q via the relation:!

A A 1-/R1R,
A cav cav
Acav Q m mi R1Ry (3)

where A, 1s the position of the mode. The cavity order m is related to the cavity thickness
Aegy Y M = 2N000dcav/ Acay, Where Ny, 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.?*3? Therefore, we selected d.q, = 4

corresponding to m = 2.



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 (G;,;) is achieved when R, > 95%, and
50% < R; < R,. Furthermore, in order to obtain a high emission enhancement factor (G,) of
more than 30 times, R, and R; should be greater than 96% and 82%, respectively. The
reflectivity of the DBR mirrors was modelled by a transfer matrix method*?, using 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 optical transmittance
spectrum of the full RCLED structure measured at room temperature is shown in Fig. 2(d). The
peak of the mean resonant optical mode cavity at 4.295 pm is slightly detuned from the center
of the DBR stopband at 4.180 um. The detuning, which is given by the difference between A,
and ApgR 1s considered in Fig. 2(e) and 2(f). It was found that the values of G;,; and G, fall
within the high range - i.e. no less than 6% and 15% of the maximum value compared to the

resonance case, respectively.

The electroluminescence (EL) emission spectra of the InAsSb RCLED and the reference
LED are shown in Fig. 3(a) and 3(b), respectively. Over the measured temperature range (20-
300 K) the main peak intensity of the RCLED and the EL emission peak of the reference LED
decreased with increasing temperature by a factor of ~68 and ~32, respectively. The EL
emission peak of the RCLED also shifts to longer wavelengths with increasing temperature but
much more slowly compared to the reference LED. In the conventional LED the wavelength

shift of the EL spectrum is due to the temperature dependence of the active region bandgap,



whereas, for the RCLED, the EL peak depends on the wavelength of the resonant cavity optical
mode which is determined by the thickness and the refractive index of the materials forming
the cavity. With an increase in temperature, the thickness of the cavity increases according to
the thermal expansion coefficients of the cavity materials. We calculated the variation of the
cavity thickness as ~1.6 nm. This represents < 4% of the total wavelength shift and therefore
the main contribution comes from the temperature variation of the refractive index.’*?’
Consequently, the main EL emission peak of the RCLED shifts only by ~100 nm at a rate of
0.35 nm/K, compared with ~600 nm at a rate of ~2.15 nm/K in the reference LED (see Fig.
3(c)). This represents more than a factor of 6 improvement in the emission wavelength stability
with temperature, which is 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 temperature varies. The far-field intensity profile of the RCLED at 300 K is shown in Fig.

3(c) inset. A single lobe intensity distribution centred at 0° with a half angle of 60° was obtained,

in good agreement with previous work on RCLEDs at shorter wavelengths®®.

The full width at half maximum (FWHM) of the RCLED emission spectra are clearly
narrower than those of the conventional LED. For the RCLED the FWHM of the EL emission
increased from 35 nm at 20 K to 88 nm at 300 K, whereas the reference LED had a linewidth
of 250 nm at 20 K and 900 nm at 300 K. The linewidth of the reference LED is determined
by the joint density of states and the thermal energy of carriers - typically FWHM~1.8 kT.*!
In contrast, for the RCLED, the linewidth depends on the quality factor of the resonant cavity.
At room temperature, the emission spectrum of the RCLED has a linewidth ~10x narrower
than that of the conventional reference LED. Consequently, the RCLED can be designed and
tailored to match the absorption wavelength of the target gas.

In order to evaluate the emission enhancement factor, the measured EL spectrum of the

RCLED and the reference LED spectrum have been plotted together at 300 K, as shown in



Fig. 3(d). A strong emission enhancement at the resonant wavelength is obtained in close
agreement with our resonant cavity design, and in particular due to the reflectivity of the DBR
mirrors and the positioning of the active region at the electric field antinode within the cavity
(¢ = 2). Theresonant peak emission and the integrated peak emission are enhanced by a factor
of ~70 and ~11, respectively. The total integrated emission enhancement was calculated to be
around 33 times. Due to more reflective DBR mirrors and higher cavity O-factor, our results
show greater enhancement values (x10) compared with previous work?**’. The output power
of the RCLED was measured to be 5.5 uW (external efficiency =~ 0.024%) at 300 K rising to
45 pW at 77 K. We note that the electroluminescence of our RCLED lies entirely within the
CO2 absorption band which coupled with the improved directionality provides a higher level

of useful emission intensity compared with previous work™>>13-1%,

In conclusion, we have demonstrated a mid-infrared RCLED operating near 4.2 um at
room temperature, grown on a GaSb substrate by molecular beam epitaxy. The RCLED
structure consists of a 1A-thick microcavity sandwiched between two high contrast DBR
mirrors. Due to the resonant cavity effects, the resonance peak emission and the integrated peak
emission were found to be enhanced by a factor of ~70 and ~11, respectively, while the total
integrated emission enhancement was ~ x33. The cavity mode of the RCLED was observed to
shift with temperature at a rate of only 0.35 nm/K, which is less than that of the reference LED
by a factor of 6. Also, at room temperature, the linewidth of the RCLED emission spectrum is
x10 narrower than that of the reference LED. Owing to the increased brightness, narrower
linewidth and improved temperature dependence our results indicate that this RCLED design
forms an excellent basis for the further development of sources to be used in gas sensor

instruments for the detection of CO> as well in spectroscopy and other applications.
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FIGURE CAPTIONS

Fig. 1. (a) Schematic diagram of the InAsSb resonant cavity structure. (b) SEM cross-section

of the RCLED sample (marker represents 1 um). (¢c) Schematic of the completed RCLED.

Fig. 2. Room temperature simulation results of (a) the resonant emission (G,) and (b) the
integrated emission (G;;,,;) enhancement factor as a function of the top and bottom DBR mirror
reflectivity, R, and R,, respectively. (¢) Simulation results of the DBR reflectivity as a function
of the wavelength for 13.5 pairs (bottom DBR) and 5 pairs (top DBR). (d) Experimentally
measured transmittance spectrum of the RCLED structure. Room temperature simulations of
(e) G, and (f) Gy, as a function of the DBR stopband center and the peak emission of the cavity
mode, respectively. The experimentally determined values of the stopband centre and the
position of the cavity mode are shown as open square points. The white dashed lines in the

color-bar represent the values of G, and G-

Fig. 3. Temperature dependence of the EL spectra for (a) the RCLED and (b) the reference
LED, showing the wavelength of the main EL emission peak at room temperature occurs at
4.295 um, which corresponds to the cavity resonance wavelength shown in Fig. 2(d). (c) The
position of the EL peak as a function of the temperature. The inset is the far-field angular profile
of the RCLED at 300 K, (d) EL emission spectra for the RCLED (solid curve) and reference

LED (dashed curve).
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