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Abstract: Silicon photonics has emerged as the most promising technology for next-
generation compact optoelectronic systems, but further development is still required to
achieve efficient and reliable on-chip light sources. Direct epitaxial growth of antimonide-
based compound semiconductor materials on silicon provides a pathway toward the mono-
lithic integration of new, mid-infrared solid-state light sources and comprehensive photonic
circuits on silicon platforms. Such devices have wide-ranging applications in environmental
monitoring and medical diagnostics. This paper reports on the realization of a mid-infrared
InAsSb light emitting diode directly integrated onto silicon using molecular beam epitaxy.
The heteroepitaxial integration of the INAsSb p-i-n device onto silicon was achieved with the
use of a novel, antiphase domain-free, GaSb-on-silicon buffer layer. The device exhibited
efficient light emission at room temperature, peaking at around 4.5 xm, which corresponds
well to the CO, atmospheric absorption band. An output power of 6 W and an external
quantum efficiency of 0.011% was measured at 300 K. These results demonstrate mid-
infrared I1I-V light emitting diodes can be directly grown on silicon, which is an essential step
towards the realization of the next generation, on-chip integrated light sources.

Index Terms: InAsSb, light emitting diode, mid-infrared, molecular beam epitaxy, silicon
photonics.

1. Introduction

The Mid-Infrared (MIR) spectral region from 3 to 5 um is of immense scientific and technologi-
cal interest since it contains the fundamental fingerprint absorption bands of several molecules.
This affords a wide range of applications including chemical sensing, environmental monitoring
and medical diagnostics. MIR silicon (Si) photonics holds the most potential for the realization of
highly integrated electronic circuits, benefiting from existing, mature CMOS industrial technologies
[1]. Most previous silicon-based research efforts have been targeted at devices operating in the
near-infrared for datacoms and telecommunications applications, with the aim of overcoming the
interconnect bottleneck [2]. In recent years, there has been increased interest in extending the op-
erational wavelength range of Si photonics towards the mid-infrared, resulting in the development
of waveguides, modulators and directional coupler devices operating at the MIR spectral region
[3]. However, the indirect bandgap of Si significantly limits light emission and absorption, making
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it an unsuitable material for emitter or detector applications. GeSn alloys are promising as the
incorporation of tin (Sn) primarily reduces the conduction band energy at the I'-point, resulting in
a direct-bandgap semiconductor. This allows tuning of the operation wavelength across the MIR
wavelength range by adjusting the Sn concentration. Short-wavelength infrared GeSn quantum well
photodetectors integrated on Si have demonstrated an extended photoresponse up to 2.4 um and
a responsivity of 0.1 A/W at 2.2 um [4]. GeSn p-n light emitting diodes grown on Ge have also
been reported exhibiting an output power of 17 uW at 2.15 um under 250 mA current [5]. However,
the characteristic Sn surface segregation for alloys with high Sn content raises concerns for the
suitability of the material in MIR optoelectronic systems [6]. Alternatively, integration of antimonide
(Sb)-based IlI-V compound semiconductors on a Si platform will potentially enable on-chip realiza-
tion of MIR photonic components. Such components would benefit from the advantages provided
by Si substrates, including low manufacturing costs and the availability of large area wafers com-
pared to compound semiconductor substrates such as GaSb. This is a significant advantage for
fabricating focal plane arrays since the Si substrate is thermally matched to the readout integrated
circuit [7]. Conventionally, off-chip integration of 1lI-V material on Si has been realised using hybrid
bonding techniques [8], [9]. However, these methods usually involve growing the 11l-V device sepa-
rately on native substrates, and several steps of substrate thinning, material bonding and alignment
are required, resulting in high fabrication costs and limited large-scale manufacturing potential.
Heterogeneous integration of 11I-V semiconductor MIR photonic devices onto Si is thus an attractive
pathway towards enabling Si platform photonics. Nevertheless, fundamental material dissimilarities
have proven problematic to the direct epitaxy of IlI-Vs on Si: The large lattice mismatch, the polar-
nonpolar character of the IlI-V/Si interface and differences in thermal expansion coefficient lead
to the formation of various defects, such as threading dislocations (TDs) and antiphase domains
(APDs) [10], which are detrimental to the device performance. However, Sb-based semiconductors
have recently been grown on Si substrates by molecular beam epitaxy (MBE) using a novel strain
relief technique based on interfacial misfit arrays (IMFs) formed at the I1l-V/Si interface. IMF arrays
consist of uniformly distributed misfit dislocations and allow the immediate accommodation of misfit
strain [11]. Furthermore, the use of AISb as a surfactant on Si has also been reported to significantly
improve the material quality of the epilayer as it promotes planar growth [12]. These techniques
allowed the integration of IlI-Sb quantum cascade lasers on Si [13]. Superlattice (SL) light emitting
diodes (LEDs) grown on Si have also been reported, exhibiting increased radiance compared with
devices grown on GaSb as a result of improved thermal management [14]. Recently, we demon-
strated a high-performance, MIR InAs/InAsSb SL photodetector on Si using an APD-free GaSb
buffer layer. The novel GaSb-on-Si buffer layer was developed using an AISb IMF growth technique
and a two-temperature GaSb growth procedure, resulting in the successful confinement of most
of the TDs. The use of an offcut Si wafer alongside the high temperature treatment eliminated
the APDs formation. The detector demonstrated a maximum detectivity of 3.65 x 10'° Jones at
160 K, presenting high temperature performance with specific detectivity only an order of magni-
tude lower than state-of-the-art photodetectors integrated on native substrates [15]. These results,
alongside the realization of efficient light sources, would be a large step towards the realisation
of next-generation fully integrated MIR Si photonic circuits. Here, we report on the heteroepitaxial
integration of a MIR InAsSb LED directly on Si using the same GaSb-on-silicon buffer layer growth
approach. The room temperature peak emission wavelength was ~4.5 um with an output power of
6 uW, making these hybridised LEDs promising for the fabrication of high sensitivity CO, detection
systems.

2. Experimental Details

The samples were grown directly on an n-type Si substrate with 4° miscut towards the [0-11]
direction using a solid source Veeco GENxplor MBE system. Valved arsenic (As) and antimony
(Sb) cracker cells were used to supply the group V material fluxes. An in situ, high temperature
(~1000 °C) thermal cleaning procedure was employed to prepare the Si wafer surface for Ill-V
deposition. A thin (17 ML) AISb layer was deposited on Si leading to the formation of hemispherical,
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Fig. 1. (a) Schematic diagram of the InAsSb LED structure grown on Si. (b) Optical microscope image
of the processed device with an 800 um wide mesa. (c) InAsSb p-i-n band structure under zero bias
conditions calculated using Nextnano [16], showing the high conduction band offset provided by the
barrier layer.

non-coalesced nucleation islands. A 2 um thick GaSb layer was then grown using a two-step growth
temperature procedure (490 °C and 515 °C) resulting in a GaSb surface dislocation density of 2 x
10® cm~2 as measured using electron channeling contrast imaging (ECCI). Details of the Si wafer
cleaning and the integration of the GaSb buffer have been described previously [15]. After the
growth of the GaSb buffer layer, the wafer was cooled to 447 °C for growth of the InAsSb layers
using a growth rate of 1.4 um/hr. Two samples were grown on Si; a 3 um thick nominally undoped
InAsSb photoluminescence (PL) sample and an InAsSb p-i-n LED. A bulk, 3 xm thick, InAsSb PL
reference sample on GaSb substrate was also grown. An Sb content of approximately 9% was used
which is lattice matched to the underlying GaSb materials. The LED consists of a 2 um thick n-type
InAsSb layer, a 1 um undoped InAsSb emission layer, an undoped 50 nm AlAsg 06Sbo.g4. €lectron
blocking barrier and a 500 nm thick p-type InAsSb contact layer, as shown in Fig. 1(a). The AIAsSb
barrier layer provides strong electron confinement inside the intrinsic InAsSb region due to the high
conduction band barrier at the InAsSb/AlAsSb heterointerface, as shown in Fig. 1(c). The n- and
p-type layers were doped with Te: 6 x 107 cm~3 and Be: 2 x 10'® cm~2 respectively. The resulting
p-i-n structure was processed into LEDs with a mesa diameter of 800 um employing standard
photolithography and wet chemical etching using phosphoric acid (HzPO4 (1): H2O2 (1): H2O (1))
and hydrochloric acid (HCL (1): H,O» (1): H2O (5)) solutions. Ring-shaped metallic contacts were
formed (Fig. 1(b)) by thermal evaporation of Ti (20 nm) and Au (200 nm). Finally, the processed
chips were mounted onto TO headers for testing.

High-resolution X-ray diffraction measurements were carried out using a Bede QC200 diffrac-
tometer. Photoluminescence measurements were performed on the bulk INAsSb samples using
a 785 nm diode laser with 2.5 Wem~2 excitation power density and a continuous flow He cryo-
stat. Temperature dependent electroluminescence (EL) characterization of the devices was also
carried using a 50% duty cycle and 1 kHz current source. A Bruker Vertex 70 Fourier Transform
Infrared (FTIR) spectrometer, a 77 K InSb photodiode detector and an OptistatDN-V2 cryostat were
employed for the PL and EL characterization. Electrical characterization was performed using a
Lakeshore TTPX probe station, equipped with a radiation shield and a Keithley 2450 Sourcemeter.
Finally, room temperature output power measurements were performed using an integrating sphere
and a calibrated PbSe detector.
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Fig. 2. Room temperature photoluminescence emission from the undoped InAsSb epitaxial layers
integrated on Si and on native GaSb substrate. The dotted lines represent bi-Gaussian fitting of the
spectra.
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Fig. 3. Experimental and simulated high-resolution X-ray diffraction spectra of (a) the InAsSb LED
(FWHM = 480 arcsec) and (b) the control InAsSb/GaSb PL sample (260 arcsec).

3. Results

Fig. 2 shows the room temperature (RT) PL emission spectra of the undoped InAsSb layers grown
on GaSb and Si substrates. Both samples exhibit a high-energy tail, which is due to band filling
of the low energy states and thermalisation of carriers into higher energy states, resulting in the
asymmetric shape of the spectra. In this case, bi-Gaussian fits were used to determine the transition
energies. The InAsSb/GaSb sample exhibited strong room temperature emission at 284 meV, in
excellent agreement to the theoretically predicted bandgap energy (286.2 meV) according to Wieder
and Clawson [17]. The RT PL emission signal of the InAsSb/GaSb/Si sample peaked at 275 meV
and was only 2.5 times less intense than the sample grown on the GaSb substrate. These results
compare favourably to previous reports of the RT PL of InAs/GaAs quantum dot structures grown
on Si [18], [19], which confirms the high crystalline quality of the buffer layer. The total width of the
PL peaks was also similar; 30 and 40 meV for the samples grown on GaSb and Si respectively. It
is also interesting to observe that the sample grown on Si exhibited a small red shift in the PL peak
position of 9 meV with respect to the one grown on GaSb. This shift can be attributed to the residual
strain in the InAsSb/GaSb/Si structure as will be explained later. Furthermore, the sharp dip in the
signal present in the spectra corresponds to the CO, atmospheric absorption in the optical path of
the external light beam.

The w-26 high-resolution X-ray diffraction (XRD) pattern of the InAsSb p-i-n (Fig. 3(a)) indicates
that the InAsSb structure is lattice matched to the GaSb buffer layer. The full width at half maximum
(FWHM) of the InAsSb/GaSb peak was 480 arcsec, almost two times broader compared to the
InAsSb sample grown on GaSb (Fig. 3(b)). This can be attributed to the threading dislocations in
agreement with previous reports for GaSb grown on Si [20]. The small peak on the left side of the
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InAsSb LED peak is attributed to the AlIAsSb barrier. Simulation of the p-i-n structure XRD pattern
obtained using Mercury RADS software denoted a residual tensile strain of 0.13% in the GaSb layer
introduced during the post-growth cooling. The thermal expansion coefficient difference between
the Si substrate and IlI-V structure introduces additional strain into the epilayers, resulting in lattice
deformation of the GaSb [21]. The residual strain will also affect the band-gap energy of the lattice
matched InAsSb, which can be modelled using the equations [22]:

AECZBC(28”+8L) (1)
and
AE, = ay, (28” + SL) (2)

for the conduction and valence band respectively. «; and o, are the hydrostatic deformation potential
for the conduction and valence band. The biaxial and uniaxial strain is given by ¢, and ¢, respectively,
which is derived from the XRD using:

L/l rel
a’' —a
eL/| = % 3)
sin (0s)
gt =——"——-1)-a;+a 4
’ <sin(05+A9) > st @
- (a,L (v—1)— 2va}')
a’ = (5)

14+v

where aj- and a}' is the perpendicular and parallel lattice constant of the layer, a/® the relaxed
lattice constant, as the substrate lattice constant, 6 the xray reflection angle and v the Poisson
ration. Using equations (1) and (2) it is calculated that the bandgap and emission peak energy
shift by approximately 9.2 meV due to the thermally induced strain, which matches the shift in the
PL emission energy (9 meV) observed earlier in Fig. 2. Similar PL behaviour has been reported
previously for InP layers integrated onto Si [21].

The normalized EL emission spectra measured from one of the LEDs at various temperatures with
a 190 mA drive current is presented in Fig. 4(a). The EL peak exhibits a characteristic red shift due to
bandgap narrowing from 325 meV at 6 K to 278 meV at room temperature, which also broadens with
increasing temperature. The peak is attributed to band-to-band recombination of carriers strongly
localized in the intrinsic region of the p-i-n structure due to the high conduction band offset provided
by the barrier layer. A second peak (Peak IlI) due to band-to-acceptor recombination is seen at
lower energy at low temperatures peaking around 290 meV. As the temperature increases these
levels depopulate and at temperatures higher than 120 K only the band-to-band recombination is
observed. Furthermore, at room temperature the LED emission spectrum shows excellent overlap
with the atmospheric CO, absorption at around 290 meV. The CO, atmospheric absorption occurred
within the optical path between the cryostat and the FTIR and hence is evident in all the spectra.

The temperature dependence of the EL peak energy is shown in Fig. 4(b). The data were fitted
using the Varshni equation [23]:

Eg(T) = Eo —aT?/(B+T) (6)

where Ej (eV) is the band gap at 0 K, « and g are material dependent constants and T is the
temperature in Kelvin. The values obtained for the Varshni fitting parameters were Eg (6 K) =
326.5 meV, o« = 0.308 meV/K and B = 246 K which are in good agreement with the results
previously reported for INAsSb lattice matched on a GaSb substrate [24]. Furthermore, the slight
deviation of the data points from the Varshni fit in the 0 to 30 K temperature range suggests a weak,
1.3 meV, carrier localization at low temperatures, which can be attributed to a small degree of alloy
disorder.

Fig. 4(c) shows the integrated EL intensity quenching of the InAsSb LED with increasing temper-
ature and constant input current of 190 mA. With increasing temperature from 6 K to 300 K the EL
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Fig. 4. (a) The temperature dependent normalized EL emission spectra obtained using 190 mA, 1 kHz
and 50% duty cycle. (b) Temperature dependence of the EL emission peak and data fit using the Varshni
equation. (c) Arrhenius plot of the integrated EL intensity resulting in an activation energy of 25 meV.

intensity decreased by approximately six times. The temperature dependence of the EL intensity
can be described by the Arrhenius equation [24]:

lo

~ 14+ Aexp (—Ei/KT) )
where A, is the non-radiative recombination process coefficient and E; is the corresponding activa-
tion energy of the process. The solid line represents the fitting of the experimental data indicating
an activation energy of 25 meV. In general, the dominant non-radiative recombination processes
are Shockley-Read-Hall (SRH) and Auger recombination. However, SRH recombination dominates
only at low temperatures when the Fermi level lies close to the conduction band, above the trap
levels. In contrast, Auger recombination processes, namely the CHCC process, presents a strong
temperature dependence (increasing as ~ T2). The activation energy of CHCC Auger recombination
is given by the equation:

gorce _ _ MeEq ®)

mg + Mg,
where mg* and mpp* are the conduction and valence band carrier effective masses and Eg is the
bandgap energy [25]. Using linear interpolation for the carrier effective masses, the activation en-
ergy was calculated as ECHCC = 22 meV. This value is in excellent agreement with the experimental
activation energy of the device, as calculated earlier, indicating that CHCC is the dominant quench-
ing factor in the high temperature regime. Additionally, the CHCC Auger rate is proportional to the
square of electron density [26] and it is therefore unsurprising that it dominates in the LED where
the carrier concentration is high.
To investigate the room temperature output power of the device, quasi-continuous drive current

conditions (1 kHz, 50% duty cycle, 190 mA) were used, resulting in a measured output power of
6 uW. The internal quantum efficiency of the device is given by the equation:

Pe
hvi Tlopt

where nopt = 1/n(n + 1)? is the light extraction efficiency, n = ~3.52 is the refractive index of InAsSb
at the device LED emission wavelength, P is the measured output power, e the electron charge,

)

Nint =
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i the drive current and hv the photon energy. Using this equation, the internal quantum efficiency
was found to be 0.82%. The external quantum efficiency can be estimated using the equation:

Next = inj * Mint - Topt (10)

where 7y is the injection efficiency which can be estimated as ~100%. The external quantum
efficiency of the LED was found to be e = 0.011%. These results are comparable to InAsSb [27]
light emitting diode grown on native GaSb. However, the internal quantum efficiency is about two
times lower to that reported for AlinSb diodes grown on GaAs emitting at ~4.2 um [28]. This confirms
the usability of the GaSb/Si buffer for device integration and the excellent epitaxial crystalline quality
of the lattice matched InAsSb p-i-n. The performance of the device could be improved with further
optimization of the GaSb buffer layer using dislocation filters to reduce the number of threading
dislocations, which currently limits the device performance. Further improvements could also be
expected by using low dimensional Sb-based structures such as quantum wells and quantum dots
[29] to suppress Auger recombination.

4. Conclusion

In conclusion, a MIR InAsSb p-i-n light emitting diode was heteroepitaxially integrated onto a silicon
wafer using a GaSb buffer layer and exhibited bright electroluminescence at room temperature.
The buffer layer confined most of the threading dislocations allowing the epitaxial growth of high
crystalline quality InAsSb layers. Despite the presence of the remaining defects, the LED exhibited
an external quantum efficiency of 0.011% and an output power of 6 uW under 190 mA drive
current at room temperature. The electroluminescence spectrum was dominated by emission from
band-to-band transitions and was coincident with the CO, absorption wavelength. These results
demonstrate that Ill-V LEDs integrated onto silicon, operating in the technologically important 3 to
5 um MIR spectral range, could enable the realization of next-generation, cost-effective light sources
for sensing and monitoring systems.
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