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ABSTRACT

Optoelectronic devices in the mid-infrared have attracted significant interest due to numerous potential applications in communications and
sensing. Molecular beam epitaxial (MBE) growth of highly doped InAs has emerged as a promising “designer metal” platform for the plas-
monic enhancement of mid-infrared devices. However, while typical plasmonic materials can be patterned to engineer strong localized reso-
nances, the lack of lateral control in conventional MBE growth makes it challenging to create similar structures compatible with
monolithically grown plasmonic InAs. To this end, we report the growth of highly doped InAs plasmonic ridges for the localized resonant
enhancement of mid-IR emitters and absorbers. Furthermore, we demonstrate a method for regaining a planar surface above plasmonic cor-
rugations, creating a pathway to epitaxially integrate these structures into active devices that leverage conventional growth and fabrication

techniques.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094677

The mid-infrared wavelength range encompasses atmospheric
absorption windows, molecular fingerprints, and blackbody emission,
generating significant research interest in mid-infrared devices with
wide-ranging applications in free-space communication," medicine,””’
and thermal imaging." However, the inherent inefficiencies caused by
Auger and Shockley-Read-Hall recombination in semiconductor
materials at mid-infrared wavelengths severely degrade optoelectronic
device performance. As a result, plasmonic enhancement has emerged
as a potential solution for improving the performance of mid-IR
optoelectronics.”

Plasmonics are ideal for overcoming the size and bandwidth limi-
tations of semiconductor optoelectronics due to strong optical field
enhancement at the interface of metallic nanostructures that allows for
increased light-matter interaction in absorbers and emitters. While
plasmonic structures based on noble metals, such as Au and Ag, have
shown tremendous promise in enhancing the performance of opto-
electronics in the near-IR and visible spectrum,’u) noble metals have
large negative real permittivity in the mid-IR resulting in weak optical
mode confinement.'’ Highly doped semiconductors have emerged as
a promising candidate for mid-IR plasmonic materials by acting as
“designer metals.”''""* The small effective mass and high doping level
limit of InAs allow for the growth of layers with plasma wavelengths

as low as 4.64 um.">'* By adjusting the doping concentration, the
plasma wavelength of molecular beam epitaxy (MBE)-grown InAs can
be tailored to a target mid-IR wavelength.'”"” Furthermore, the low
lattice mismatch between InAs and GaSb also allows for the coupling
of plasmonic semiconductors with a variety of GaSb-based mid-IR
optoelectronic devices. '

While typical plasmonic materials can be patterned to engineer
localized resonances, the lack of lateral control in conventional molec-
ular beam epitaxy makes it challenging to create bottom-up epitaxial
plasmonic structures supporting localized plasmonic resonances.
Although ex-situ patterning of mid-IR plasmonic semiconductors
shows great promise in local field enhancement,'” etched surfaces
have proven to be significant sources of carrier recombination in
InAs-based optoelectronic devices. Undoped and p-doped InAs inter-
faces with air experience an accumulation of a charge layer at the sur-
face due to Fermi level pinning.'®'? This can limit device performance
unless steps are taken to passivate the surface.”’ ** A method for pro-
ducing high-quality laterally structured plasmonic InAs without creat-
ing these surface states could allow for higher performance devices
and novel device geometries. High field concentrations supported by
plasmonic materials have previously been demonstrated to enhance
the luminescence and absorption in long-wave infrared ITI-V emitters
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and detectors, respectively.'”'® By monolithically integrating a semi-
conductor active region with a highly localized electric field structure,
high-efficiency ultrathin devices in traditionally inefficient spectral
regions, such as the long-wave infrared, could be developed.

To this end, we have developed an all-MBE process for the
growth of embedded mid-IR plasmonic structures for localized field
enhancement. We report a three-step growth process that leverages
the natural faceting of lateral epitaxial overgrowth techniques to pro-
duce corrugated plasmonic InAs nanoridges that can be embedded
below a crystalline (001) surface, characterized by structural and opti-
cal studies, and confirmed by full wave electromagnetic simulations.

Periodic supply epitaxy (PSE) is a lateral epitaxial overgrowth
method that can be tailored to produce {011}-oriented crystal facets
above a dielectric mask. PSE was initially developed to enable selective
area growth of III-V semiconductors with dielectric masks in
MBE”" > and was recently utilized in a two-step process to encapsu-
late amorphous dielectrics in crystalline III-V semiconductor materi-
als through lateral epitaxial overgrowth.”® Conventional MBE growth
conditions were found to be insufficient for selective area epitaxy and
lateral epitaxial overgrowth due the formation of polycrystalline depo-
sition on the mask surface.”” PSE growth suppresses the formation of
this polycrystalline deposition by enhancing the desorption and diffu-
sion of group III adatoms on the mask surface. This is primarily
achieved by periodically interrupting the group III flux and using ele-
vated growth temperatures to prevent the formation of polycrystalline
defects on the SiO, surface and encourage faceting. Reducing the V/IIT
flux ratio will favorably increase adatom mobility; however, the sub-
strate temperature during PSE growth tends to be the dominant factor
with increasing temperature resulting in lower (or even negligible)
polycrystalline nucleation. The crystal facet orientation of PSE growth
is highly dependent upon the orientation of the underlying dielectric
mask. By aligning the dielectric mask with the [010] direction of the
semiconductor substrate, PSE produces smooth {011}-oriented lateral
growth, which forms a sharp point well-suited for supporting localized
resonances. Furthermore, this crystal facet structure can regain a pla-
nar (001) crystal surface through an additional continuous growth
process.””

However, the growth of highly doped InAs requires kinetically
limited growth conditions,"” making it challenging to integrate with
the PSE growth process that utilizes high substrate temperatures and
low growth rates. To investigate whether faceted plasmonic InAs could
be produced by PSE, we performed InAs PSE growth at a substrate
temperature of 520 °C, an As,/In flux ratio of 20, and a growth rate of
0.25 um/h on [010]-aligned SiO, templates with and without a Si dop-
ant flux. As seen in Fig. 1, addition of Si during InAs PSE growth
results in the formation of polycrystalline deposition on SiO, and
roughening of the lateral overgrowth facets. This is likely caused by a
reduction in the group III adatom surface mobility caused by the pres-
ence of Si on the surface that has also previously been observed in
doped GaAs.”” Since these defects can act as non-radiative recombina-
tion centers that reduce the performance of optoelectronic devices, an
alternative approach is needed to produce all-epitaxial localized reso-
nances supported by the plasmonic material.

To address this issue, we developed the three-stage growth pro-
cess shown schematically in Fig. 2 that uses undoped PSE growth as a
template for the growth of corrugated plasmonic InAs. Periodic supply
epitaxy of undoped InAs was initiated at a substrate temperature of
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FIG. 1. Plan view scanning electron microscope images of PSE-grown InAs (a)
without and (b) with high Si doping.

520°C, an As,/In flux ratio of 20, and a growth rate of 0.25 um/h on
25 nm thick [010]-aligned SiO, templates. As, is the favored As species
for this growth step due its enhanced Ga desorption in comparison to
Asy”%* This results in the formation of {011}-faceted ridges of
undoped InAs seeded from the windows in the SiO, mask. Since InAs
ridges form above the windows, the pitch of the corrugated InAs is set
by the pitch of the windows in SiO,. Once the InAs facets meet and
completely cover the SiO, mask, PSE is no longer necessary and the
growth conditions can be changed to facilitate the growth of highly n-
doped InAs. 500 nm of Si n-doped InAs was grown with conventional
continuous MBE at a substrate temperature of 380 °C, an As,/In flux
ratio of 1.5, and a growth rate of 0.66 um/h. In addition, a Bi flux with
an In/Bi flux ratio of 20 was also applied to promote Si dopant incor-
poration and inhibit surface roughening as described by Wei et al.”’
This results in a highly doped plasmonic InAs layer that conforms to
the faceted PSE-grown ridges. 2 um of undoped InAs was then grown
at a substrate temperature of 480 °C, an As,/In flux ratio of 4, and a
growth rate of 0.50 um/h to embed the plasmonic InAs ridges and
return the surface to a planar (001) crystal plane. All samples were
grown in an EPI Mod Gen II solid-source molecular beam epitaxy
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FIG. 2. Cross section illustration of the growth process for embedded plasmonic
InAs corrugations. (a) SiO, gratings were patterned along the [010] crystal plane
direction of a (001) InAs substrate. (b) Lateral overgrowth of undoped InAs was
seeded between the gratings using periodic supply epitaxy. (c) Highly n-type doped
InAs was then grown on the faceted undoped InAs features. (d) Finally, undoped
InAs was grown to retun to a planar (001) surface above the plasmonic
corrugations.

system with a Veeco SUMO effusion cell for In, Veeco Mark IV valved
As cracker, and an MBE Komponenten silicon sublimation source for
Si doping. Switching the arsenic source between As, and As, was per-
formed by adjusting the temperature of the arsenic source’s cracking
zone to 650 and 850 °C, respectively.

Fourier transform infrared spectroscopy (FTIR) and scanning
electron microscope (SEM) measurements were performed on the
plasmonic InAs corrugations prior to planarization as seen in Fig. 3.
FTIR reflection spectra demonstrate that corrugated InAs exhibits a
sharp Drude edge similar to planar doped-InAs grown under the same
conditions, suggesting that non-planar growth does not compromise
plasmonic effects or the suitability of doped-InAs for mid-IR plas-
monics. Fitting the reflection data gives a plasma wavelength of 5.2 um

scitation.org/journal/apl
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2um
—

FIG. 3. (a) Fourier transform infrared (FTIR) spectroscopy (solid lines) and Drude
model fitting (dashed) TE and TM reflection spectra comparing planar plasmonic
InAs and 3.0 um pitch plasmonic InAs nanoridges. (b) Cross-sectional scanning
electron microscope (SEM) images of the InAs corrugations.

and a scattering rate of 2 x 10'* Hz. Cross-sectional SEM images con-
firm that the highly doped InAs converges to a sharp point suitable for
high field localization.

The structure of the planar coalescence of the undoped InAs layer
above the highly doped corrugations was investigated using atomic force
microscopy (AFM) and scanning electron microscopy (SEM). AFM
images show a surface roughness as low as 3.8 nm root mean square
(RMS), demonstrating that micrometer-scale corrugations of doped
InAs can be returned to a planar (001) surface after 2 um of undoped
InAs growth. This is comparable to the minimum roughness of 3.2 nm
RMS observed by Ironside et al.”® after a two-step PSE and planarization
and growth process with undoped materials. This suggests that addition
of the highly doped InAs layer does not adversely affect the ability to
restore a planar surface. Cross-sectional SEM images show a clear con-
trast between the highly doped and undoped InAs. The angle and thick-
ness of these layers can be used to simulate and design structures for use
with active devices. The planar encapsulation of the plasmonic InAs cor-
rugations ensures compatibility with conventional growth and fabrica-
tion techniques performed on (001) substrates.

The optical response of our structured plasmonic materials was
simulated using the wave optics module in COMSOL Multiphysics
finite element method software. The doped semiconductor was mod-
eled using the Drude approximation with permittivity

? Ne?
e(w) = ex (1 —F ) = ¢

W? + iyw P egom*’
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FIG. 4. (a) Atomic force microscope (AFM) image of the planarized plasmonic InAs
corrugations showing that the (001) crystal surface has been recovered to a rough-
ness of 4 nm RMS over a 10 x 10 um? area. (b) Cross-sectional scanning electron
microscope (SEM) image of the planarized plasmonic InAs corrugations.
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where &, is the dielectric background permittivity of InAs
(€00 = 12.3), 7 is the free carrier scattering time, and w,, is the plasma
frequency (corresponding to the frequency associated with epsilon-
near-zero response). The reflection spectra from the un-patterned, pla-
nar, and portion of each wafer are collected and then modeled in
COMSOL with fitting parameters of the plasma wavelength (4, = %T’;‘)
and scattering time (7). For highly doped semiconductors, the plasma
wavelength effectively tunes the spectral position of the sharp rise of
reflectivity, while the scattering time controls the slope of the rising
edge in reflectivity. The relative independence of the two fitting
parameters allows for a unique combination of (4,,7) for each of the
films investigated. Using this approach, we extract 4, = 5.2 um and
7 =4 x 102 Hz for the n™ layer in the unplanarized growth and
Jp = 5.75 um and y = 2x10'? Hz for the n™ layer in the planarized
growth. The simulated reflection for each of the samples uses the
extracted permittivity for the n™* layers and the permittivity of the
undoped InAs’' and SiO,”* layers from the literature. The n-type InAs
substrate is treated as a more lightly doped version of the epitaxially
grown n* " InAs with /4, = 40 um and y < 10'° Hz (which has mini-
mal effect on the simulated optical response). The simulated geome-
tries of the two samples are extracted from the cross-sectional SEMs
shown in Figs. 3(b) and 4(b). In order to accurately model the incident
light in our experimental mid-IR microscope setup, the simulated

(c)

1.0 —————
09+ 1 Experimental TE (e)_
I
0.8 | Simulated TE
|

0.7
0.6
0.5
04
0.3
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0.1
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FIG. 5. Finite element model of the electric field intensity with 6.5 um TM light incident on (a) 2.8 um pitch planarized InAs corrugations and (b) planar highly doped InAs. This
demonstrates localized electric field enhancement at the tips of the corrugations.(c) Finite element model of the magnetic field intensity with 5.5 um TM light incident on 2.8 um
pitch planarized InAs corrugations. Experimental and simulated reflectance spectra of the same structure under (d) TM and (e) TE illumination.
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reflectance data were the average of light from two incident directions
using a 3D model. The elevation angle of incidence in both cases was
set to 18°, while the azimuth angles of incidence were set to 0°
and 90°.

Finite element modeling of the fully planarized structure demon-
strates the strong electric field localization effects of the corrugated
plasmonic InAs. As seen in Fig. 5(a), under TM illumination at
6.5 um, the electric field exhibits the maximum intensity at the peak of
the triangular highly doped InAs corrugations. The interface between
the metal-like doped InAs and dielectric-like undoped InAs leads to
plasmonic enhancement of the electric field that is strongly localized
to the tapered point of the faceted material. This stands in sharp con-
trast to the planar highly doped InAs material modeled in Fig. 5(b).
While the electric field intensity is enhanced near the interface
between planar doped InAs and undoped InAs, there is no localized
resonant enhancement due to the lack of a defined sub-wavelength
geometric feature.

The addition of a planarizing layer of undoped InAs above the
plasmonic corrugations complicates the reflection spectrum due to
cavity resonances between the faceted highly doped corrugations and
the planar top surface. As seen in Fig. 5(c), optical modes at wave-
lengths shorter than the plasma wavelength of the n™" InAs can be
confined in the valleys of the undoped overgrown InAs corrugations
above the SiO, mask, a result of the index contrast between the dielec-
tric and doped semiconductor material. The red shift of the plasma
wavelength from the unplanarized structure to the planarized
structure is likely due to annealing of the highly doped layer during
the higher temperature growth of the undoped planarization layer.
Simulated reflection spectra match well to experimental spectra
measured using FTIR. This suggests that embedded highly doped
InAs structures can be engineered to exploit resonances in the val-
leys of the corrugations in addition to the peaks. While this local-
ized field enhancement is not plasmonic, it shows great promise
for the enhancement of site selective quantum emitters. Patterned
trenches and holes have previously been used to control the nucle-
ation sites of III-V quantum dots.”””* By using the trenches
formed from the lateral overgrowth process to localize quantum
dots into positions of the high field intensity, individual quantum
emitters could see strong efficiency enhancements.

In conclusion, we have demonstrated an all-epitaxial method for
the growth of plasmonic materials supporting localized resonance in the
mid-IR. By combining lateral epitaxial overgrowth techniques with recent
advances in highly Si-doped InAs, we developed a three-stage growth
approach that results in the planar encapsulation of corrugated metallic
InAs. Optical characterization and modeling demonstrate the potential of
these structures for plasmonic enhancement of mid-IR optoelectronics
due their strong localized field enhancement effects. The ability to incor-
porate corrugated structures below a planar surface enables integration
with conventional planar growth and processing techniques. The use of
highly doped InAs as a designer metal enables the tuning of the plasma
wavelength, allowing these structures to be engineered for the desired
mid-IR wavelength. Looking forward, these structures can be integrated
with site-controlled quantum dots or ultra-thin type II superlattices to
create high-efficiency mid-IR optoelectronic devices. The monolithic
integration of these localized field enhancement structures represents a
major step toward addressing the long-standing challenges of enhancing
optoelectronic device performance in the mid-IR.
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