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Wavelength conversion through plasmon-coupled
surface states

Deniz Turan!, Ping Keng Lu', Nezih T. Yardimci® ', Zhaoyu Liu?, Liang Luo?, Joong-Mok Park?, Uttam Nandi?,
Jigang Wang?, Sascha Preu® 3 & Mona Jarrahi® '™

Surface states generally degrade semiconductor device performance by raising the charge
injection barrier height, introducing localized trap states, inducing surface leakage current,
and altering the electric potential. We show that the giant built-in electric field created by the
surface states can be harnessed to enable passive wavelength conversion without utilizing
any nonlinear optical phenomena. Photo-excited surface plasmons are coupled to the surface
states to generate an electron gas, which is routed to a nanoantenna array through the giant
electric field created by the surface states. The induced current on the nanoantennas, which
contains mixing product of different optical frequency components, generates radiation at the
beat frequencies of the incident photons. We utilize the functionalities of plasmon-coupled
surface states to demonstrate passive wavelength conversion of nanojoule optical pulses at a
1550 nm center wavelength to terahertz regime with efficiencies that exceed nonlinear
optical methods by 4-orders of magnitude.
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hen a semiconductor lattice is terminated on the
W surface, the periodicity of the lattice is broken since the

surface atoms do not have sufficient number of atoms
that they can bond to, leaving behind incomplete chemical bonds.
These so-called dangling bonds produce localized surface states
with energy levels that are located within the bandgap of the
semiconductor!~#. The Fermi energy level at the surface of a
semiconductor is pinned to the energy level at which the surface
state density peaks, while the Fermi energy level away from the
semiconductor surface is determined by the semiconductor
doping. Therefore, the presence of the surface states takes away a
very important degree of freedom for engineering semiconductor
devices by altering the electric potential profile and is generally a
major source of degradation in semiconductor devices.

Despite the endless efforts to suppress the surface semiconductor
states®?, they have unique electrochemical properties that are not
provided by bulk semiconductors and could enable unprecedented
device functionalities. Figure la illustrates how the presence of
surface states induces a giant built-in electric field at the surface of a
p-doped InAs semiconductor, which exceeds the breakdown field of
bulk InAs. The energy level at which the surface state density of
InAs peaks is located above its direct bandgap because there is a
large difference between the direct and indirect bandgap energies of
InAs?3. Since the electrons that occupy the surface states have an
average total energy higher than the bulk InAs, they migrate from
the surface states to the bulk InAs to reach equilibrium, leaving
behind the immobile charge of uncompensated donor ions, which
produces a giant built-in electric field. Ideally, wavelength conver-
sion can be achieved by accelerating photoabsorbed charges
through this giant built-in electric field with a very high mobility.
However, efficient wavelength conversion was not possible before
due to the very shallow band bending at the surface of the semi-
conductor, which severely limits the interaction between the giant
built-in electric field and the optical beam. Instead, photo-Dember
effect and nonlinear optical processes were the dominant
mechanisms for passive wavelength conversion!0-13,

In this work, we harness this shallow built-in electric field in
InAs to perform optical wavelength conversion. To effectively
utilize this built-in electric field, optical photons excite a
nanoantenna array to couple photo-excited surface plasmons to
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the surface states (Fig. 1b). Excitation of surface plasmons
enhances the optical intensity and photoabsorption near the InAs
surface!4-26, where the strength of the built-in electric field is
maximized. The absorbed photons generate a tightly confined
electron gas under the nanoantenna contacts with an electron
concentration that resonates at the mixing product of different
optical frequency components. This electron gas swiftly drifts to
the nanoantennas through the built-in electric field. The induced
current on the nanoantennas generates radiation at the beat
frequencies of the optical photons.

Results

Passive optical-to-terahertz conversion. Figure 2a shows a
nanoantenna array designed to couple photo-excited surface
plasmons to the InAs surface states where a built-in electric field
drifts the photo-induced electron gas to the nanoantennas to
generate radiation at the optical beat frequencies. Unlike the
bulky and complex nonlinear optical setups that require high-
energy lasers, tight optical focus, and/or tilted beam to provide
high optical pump intensity and phase matching for efficient
wavelength conversion, wavelength conversion through plasmon-
coupled surface states does not require a complex optical setup
and is not sensitive to optical focus and alignment (Supplemen-
tary Fig. 1). Figure 2b shows a fabricated nanoantenna array on
InAs that is simply glued at the tip of an optical fiber without
using any intermediate optical component and can be pumped by
a compact fiber laser.

We experimentally demonstrate the conversion of 3.68 nJ
optical pulses with a 150 fs pulsewidth coupled to the fiber at a
1550 nm center wavelength to 1.78 p]J terahertz pulses radiated
from the nanoantenna array (Supplementary Fig. 2) with more
than a 4 THz bandwidth and 105dB dynamic range (Fig. 2c¢).
Broader radiation bandwidths exceeding 6 THz and higher
dynamic ranges exceeding 110 dB are achieved when using the
optical pulses with shorter pulsewidth and higher power
(Supplementary Fig. 3). The measured terahertz pulse energy/
power from the fabricated nanoantenna array as a function of the
optical pulse energy/power (Fig. 2d inset) is compared with other
passive optical-to-terahertz converters reported in the literature,
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Fig. 1 Energy band bending caused by the InAs surface states. a Energy band diagram of a highly p-doped InAs substrate in contact with Ti/Au. The
energy level at which the surface state density of the InAs peaks is located above its direct bandgap because there is a large difference between the direct
(0.36 V) and indirect bandgap energies (1.21eV) of InAs. Electrons in these surface states recombine with the holes in the valence band and occupy a part
of the conduction band to minimize their total energy. As a result, the Fermi energy level (Er) is pinned above the conduction band minimum (E.). Free
electrons in the conduction band then migrate to the p-doped InAs layer to minimize their energy further, resulting in a steep band bending and a giant
built-in electric field induced at the InAs surface. b Schematic of the InAs lattice in contact with a nanoantenna that couples photo-excited surface

plasmons to the surface states.
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Fig. 2 Wavelength conversion through plasmon-coupled surface states. a Schematic of a nanoantenna array on an InAs semiconductor substrate, which
is designed to couple photo-excited surface plasmons to the surface states where a built-in electric field drifts the photo-induced electron gas to the
nanoantennas to generate radiation at the optical beat frequencies. The nanoantenna geometry and semiconductor structure are chosen to maximize the

spatial overlap between the built-in electric field and photoabsorption profiles. Three-dimensional computer aided design (CAD) drawing of the fiber
connector (item no: 30125D2) provided as compliments by Thorlabs, Inc. b Photograph, microscopy, and scanning electron microscopy images of a
fabricated nanoantenna array on a substrate consisting of a 100-nm-thick undoped InAs layer grown on a 500-nm-thick InAs epilayer with a p-type doping
of 10! cm—3 grown on a semi-insulating GaAs substrate. ¢ Measured terahertz radiation (in blue) and noise (in red) spectra generated from the
nanoantenna array when pumped by 3.68 nJ optical pulses at a 1550 nm center wavelength. The time-domain radiated terahertz pulse is shown in the
inset. A total of 3200 time-domain traces are captured and averaged to resolve this spectrum. d Measured terahertz pulse energy/power from the
fabricated nanoantenna array as a function of the optical pulse energy/power (inset) in comparison with other passive optical-to-terahertz converters
reported in the literature. The optical pulse energy/power range of the available laser for these measurements was ~10 nJ/1W. A linear dependence
between the terahertz and optical pulse energy/power levels is expected at higher pulse energy/power levels (Supplementary Fig. 4). A comparison with
active optical-to-terahertz converters reported in the literature is provided in Supplementary Fig. 5.

which utilize nonlinear optical processes?’~47, spintronics48->1,
and the photo-Dember effect®>=>>. The comparison indicates a
record-high efficiency of the plasmon-coupled surface states in
passive wavelength conversion of nanojoule optical pulses to
terahertz regime with efficiencies that exceed nonlinear optical
methods by the 4 orders of magnitude (Fig. 2d).

Engineering the semiconductor band bending. In order to
achieve high wavelength conversion efficiencies, the semi-
conductor structure and nanoantenna geometry are chosen to

maximize the spatial overlap between the built-in electric field
and photoabsorption profiles. The strength and extent of the
built-in electric field below the InAs surface can be controlled by
the doping profile of the InAs substrate. As illustrated in Fig. 3a,
since the Fermi energy level at the surface of InAs is pinned above
the conduction band minimum, increasing the p-type doping of
the bulk results in a steeper band bending and, therefore, a
stronger built-in electric field near the InAs surface. To better
show the impact of the substrate doping, identical nanoantenna
arrays are fabricated on three InAs substrates with p-type doping
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Fig. 3 Built-in electric field profile and its impact on the wavelength conversion efficiency. a Band diagram of the p-doped InAs layer below the Ti/Au
nanoantenna contact at different p-type doping concentrations are shown in white. The color map shows the strength of the built-in electric field. A
Sentaurus device simulator is used to generate the band diagram and built-in electric field plots. The built-in electric field drifts the high-mobility photo-
generated electrons to the Ti/Au contact without any barrier height and sweeps away the low-mobility photo-generated holes from the Ti/Au contact.
b The measured terahertz radiation spectra from identical nanoantenna arrays fabricated on three InAs substrates with the p-type doping concentrations of
10"7, 108, and 10'® cm~3 in response to the same optical pump beam. The radiation spectra are shown in a linear scale to clearly show the wavelength
conversion efficiency variations. ¢ Band diagram and the built-in electric field profiles; when an undoped InAs layer is incorporated between the p-doped
InAs epilayer and the Ti/Au contact. d The measured terahertz radiation spectra from identical nanoantenna arrays fabricated on four InAs substrates with
undoped InAs layer thicknesses of 0, 100, 200, and 350 nm grown on an InAs epilayer with a p-type doping of 1019 cm~3,
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concentrations of 1017, 1018, and 10!° cm—3 and their optical-to-
terahertz conversion performance is characterized under the same
optical pump beam. As predicted by the energy band diagrams
illustrated in Fig. 3a, the nanoantenna array fabricated on the
InAs substrate with a p-type doping concentration of 10!° cm—3
offers the highest wavelength conversion efficiency among the
three as it benefits from the highest built-in electric field near the
InAs surface (Fig. 3b).

However, increasing the p-type doping reduces the extent of
the built-in electric field below the InAs surface and lowers the
spatial overlap between the built-in electric field and photo-
absorption profiles. One way to extend the built-in electric field
below the InAs surface is by incorporating an undoped InAs layer
between the p-doped InAs epilayer and the nanoantenna contact.
As illustrated in Fig. 3¢, increasing the thickness of the undoped
InAs layer further extends the band bending below the InAs
surface while reducing the band bending slope, indicating a trade-
off between the strength and extent of the built-in electric field in
the substrate. To better show the impact of this trade-off, identical
nanoantenna arrays are fabricated on four InAs substrates with
undoped InAs layer thicknesses of 0, 100, 200, and 350 nm grown
on an InAs epilayer with a p-type doping of 1019 cm~3 and their
optical-to-terahertz conversion performance is characterized
under the same optical pump beam. As demonstrated in Fig. 3d,
the use of a 100-nm-thick undoped InAs layer increases the
wavelength conversion efficiency by extending the built-in electric
field in the semiconductor and increasing its spatial overlap with
the photoabsorption profile. However, further increase in the
thickness of the undoped InAs layer lowers the wavelength
conversion efficiency due to the reduction in the built-in electric
field strength. Because of its high wavelength conversion
efficiency, the nanoantenna array fabricated on a 100-nm-thick
undoped InAs layer grown on an InAs epilayer with a p-type
doping of 101° cm~3 is used to demonstrate the results shown in
Fig. 2.

Design of the plasmonic nanoantenna array. The periodicity of
the nanoantennas in the y-direction is chosen as 440 nm to
provide the necessary momentum to couple the photo-excited
surface plasmon waves to the interface between the metal contact
and InAs substrate when excited by a TM-polarized optical beam
at 1550 nm wavelength (Supplementary Fig. 6). A 240-nm-thick
SizNy anti-reflection coating, a 360-nm-thick nanoantenna width,
and a 3/97-nm-thick Ti/Au nanoantenna height are used to
increase the coupling efficiency of surface plasmon waves. The
geometry of the nanoantenna array is chosen to provide high-
efficiency radiation over a broad terahertz frequency range when
fed with the injected electrons from the InAs substrate. Radiation
power is calculated from the induced current on the
nanoantennas®®. A finite-element-method-based electromagnetic
solver (ANSYS-HFSS) is used to compute the induced current on
nanoantennas for various geometrical parameters as a function of
frequency. Figure 4a—f (top) shows the induced current on the
nanoantennas for different nanoantenna lengths (L,) varying
between 1 and 9um as a function of frequency. The steady
reduction in the current amplitudes at higher frequencies is due
to the non-zero transit time of the photogenerated electrons in
InAs to the nanoantennas, which determines the photocurrent
impulse response (Supplementary Fig. 8). Figure 4a—f (bottom)
shows the decomposition of the total induced current on the
nanoantennas (teal lines) to the individual contributions of the
injected currents from different positions of the nanoantennas
(white lines) at 0.2 THz. The background color maps show the
electron generation profiles computed using a finite-difference
time-domain electromagnetic solver (Lumerical), averaged over

the nanoantenna width. As expected, the induced current at a
different nanoantenna location is proportional to the electron
generation rate, which causes the ripples observed in the total
induced currents. The current that is injected near the nanoan-
tenna tip and the nanoantenna-ground line intersection has the
highest contribution to the total induced current on the
nanoantennas. As the injection point is moved from these mar-
gins, the induced current splits into two near-equal current
components that are 180° out-of-phase from one another,
resulting in a destructive radiation from these out-of-phase cur-
rent components (Supplementary Fig. 10). As the nanoantenna
length is decreased from 9 (Fig. 4f) to 2 um (Fig. 4b), the regions
on the nanoantenna that do not contribute to the radiation are
eliminated and the current density on the nanoantennas is
increased, resulting in higher radiation powers. When the
antenna length is reduced below 2 um, the injected current to the
nanoantenna is reduced because the ground lines shadow a major
fraction of the optical beam, reducing the number of the photo-
generated electrons in InAs (Fig. 4a). Apart from the nanoan-
tenna length, the ground line width (L) and the gap between the
nanoantenna array rows (Lg) also have a significant impact on the
radiation efficiency (Supplementary Figs. 11 and 12). Increasing
the width of the ground lines provides a lower impedance ground
path for the current flow through the nanoantennas, resulting in
an increase in the induced current. However, increasing the
ground line width beyond 2 um reduces the injected current to
the nanoantenna because the ground lines shadow a major
fraction of the optical beam, reducing the number of the photo-
generated electrons in InA. Additionally, since the photo-
generated electrons inside the gap between the nanoantenna array
rows do not contribute to the radiation, this gap should be kept
very small to maximize the fill factor of the radiating elements. To
better show the impact of the nanoantenna geometry, nanoan-
tenna arrays with different nanoantenna lengths, ground line
widths, and gap sizes between the nanoantenna rows are fabri-
cated with a total area of 1 x 1 mm? and their radiation power is
characterized under the same femtosecond optical pulse illumi-
nation. As illustrated in Fig. 4h-j, the measured terahertz radia-
tion powers are in agreement with the theoretical predictions
based on the induced current profiles on the nanoantennas.

Discussion

Nonlinear optical materials have been the best known means for
passive wavelength conversion, serving as the key enabler in
many breakthrough technologies such as optical sources, pro-
cessors, sensors, imaging, and quantum optical systems. This
work introduces a fundamentally different paradigm for passive
wavelength conversion with orders of magnitude higher effi-
ciencies compared to nonlinear optical processes by utilizing the
naturally induced built-in electric field in semiconductor surface
states, which was not possible before due to the extremely shallow
nature of these states. The significant enhancement in wavelength
conversion efficiency combined with the physical attributes of
plasmon-coupled surface states enable new functionalities that
cannot be offered by nonlinear optical processes. Unlike non-
linear optical processes, wavelength conversion through plasmon-
coupled surface states is not restricted by the Manley—Rowe
limit, enabling access to new parts of the electromagnetic spec-
trum (e.g., millimeter-wave, microwave, and radio frequencies)
that were not accessible before through nonlinear optical pro-
cesses. In addition, plasmon-coupled surface states allow passive
wavelength conversion through materials that do not support
many of the nonlinear optical processes. For example, semi-
conductor lattices that possess axial symmetry (e.g. silicon and
germanium) cannot provide second-order nonlinearity. However,
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Fig. 4 Impact of the nanoantenna geometry on the wavelength conversion efficiency. a-f Top: The induced current on the nanoantennas as a function of
frequency when the nanoantenna length (L,) is varied from 1to 9 pm. The ground line width (L,) and the gap between the nanoantenna array rows (L) are
chosen as 2 and 0.5 pm. The ground line is located between —2 pm and O positions and the nanoantenna is located between O and 1-9 pm positions along
the z-axis. a-f Bottom: Decomposition of the total induced current on the nanoantennas (teal lines) to the individual contributions of the injected currents
from different positions of the nanoantennas (white lines) at 0.2 THz. The background color maps show the electron generation profiles averaged over the
nanoantenna width. Predicted and measured terahertz radiation power from fabricated nanoantenna arrays with different nanoantenna lengths, ground line
widths, and gap sizes between the nanoantenna rows are shown in h, i, and j respectively. All the fabricated nanoantenna arrays have a 1x 1mm? area and
are characterized using the same optical pulses with 120 fs pulse width, 2.63 nJ pulse energy, and 76 MHz repetition rate.
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wavelength conversion in these materials is possible by the use of
plasmon-coupled surface states, opening up opportunities for
new sensing, imaging, communication, and computation plat-
forms compatible with standard integrated circuit technologies.
The enhancement in wavelength conversion efficiency offered by
the plasmon-coupled surface states significantly reduces the
required optical power budget, enabling operation in compact
and miniaturized system platforms that are not possible for the
nonlinear optical systems. As an example, the demonstrated fiber-
coupled nanoantenna chip sitting at a tip of a fiber (Fig. 2) can be
easily integrated with an endoscopy probe for in vivo terahertz
imaging and spectroscopy. To achieve the same terahertz power
levels through nonlinear optical processes, 4-orders of magnitude
higher optical power is required, which cannot be supported by
optical fibers. Moreover, unlike the bulky and complex nonlinear
optical setups that require high-energy lasers, tight optical focus,
and/or tilted beam to provide high optical pump intensity and
phase matching for efficient wavelength conversion, wavelength
conversion through plasmon-coupled surface states does not
require a complex optical setup and is not sensitive to optical
focus and alignment, extending the scope of its potential use for
many practical applications. Furthermore, plasmon-coupled sur-
face states allow passive wavelength conversion using nanoan-
tenna arrays, which can manipulate the spatial, spectral, and
polarization state of the generated electromagnetic waves, which
are not possible by other passive wavelength conversion techni-
ques (nonlinear optical processes, spintronics, photo-Dember
effect).

The presented wavelength conversion scheme based on
plasmon-coupled surface states can be used for optical wave-
length conversion to different parts of the electromagnetic spec-
trum ranging from microwave to far-infrared regimes in both
pulsed and continuous wave operation (Supplementary Fig. 13).
The wavelength conversion efficiency can be further enhanced by
boosting the built-in electric field at the semiconductor surface
and increasing the spatial overlap between the built-in electric
field and photoabsorption profiles. Using alternative semi-
conductors with a larger number of surface states above the
conduction band, introducing higher p-type doping levels, and
incorporating a gradient composition semiconductor (In; ,Ga,As
with x increasing as a function of depth in the substrate) would
introduce a steeper band bending at the semiconductor surface
and, therefore, would further enhance the built-in electric field. In
addition, by growing the semiconductor active layer on a dis-
tributed Bragg reflector and further optimization of the
nanoantenna geometry, most of the excited surface plasmons
would be trapped in the semiconductor active layer and, there-
fore, a much stronger spatial overlap between the built-in electric
field and photoabsorption profiles can be achieved (Supplemen-
tary Figs. 14 and 15).

Methods

Semiconductor growth. InAs layers are grown by molecular beam epitaxy (Veeco
GEN-930) on semi-insulating GaAs (001) substrates. The growth is performed in
an As-rich chamber at 400 °C. Be is used to dope the InAs to achieve a p-type
doping concentration of 1012 cm—3.

Device fabrication. The nanoantenna arrays are first defined using electron-beam
lithography (Vistec EBPG 5000+ES) followed by 3/97 nm Ti/Au evaporation
(CHA solution electron-beam evaporator) and lift-off. Ground lines are defined by
electron-beam lithography followed by a 40/360 nm Ti/Au evaporation and lift-off.
Finally, a 240-nm-thick Si;N, anti-reflection coating is deposited using plasma-
enhanced chemical vapor deposition (STS Multiplex CVD).

Radiation measurements. An optical parametric oscillator (OPO) pumped by a
Ti:sapphire laser (Coherent Mira-HP) is used to pump the fabricated nanoantenna
arrays. It provides optical pulses at a 1550 nm central wavelength, 76 MHz repe-
tition rate, and 120 fs pulsewidth. To demonstrate the fiber-coupled wavelength

conversion performance shown in Fig. 2, the optical beam from the OPO is cou-
pled to a polarization maintaining optical fiber (Thorlabs PM1550-XP) and the
nanoantenna array is glued at the tip of the fiber. The optical pulsewidth incident
on the nanoantenna array is increased to 150 fs due to the fiber dispersion. Ter-
ahertz radiation power measurements are performed using a calibrated pyroelectric
detector (Sensors und Lasertechnik THz-30 detector calibrated by Physikalisch-
Technische Bundesanstalt, Germany). Terahertz radiation spectrum measurements
are performed using a terahertz time-domain spectroscopy setup with an ErAs:
InGaAs-based photoconductive dipole antenna used as the terahertz detector>’.
The detector current is fed to a transimpedance amplifier (FEMTO DHPCA
amplifier with an amplifier gain of 106 V/A and a bandwidth of 1.8 MHz) followed
by a lock-in amplifier (Zurich Instruments MFLI). Up to a 110 dB dynamic range
and radiation up to 5 THz is achieved at a 900 mW optical power when using 1550
nm optical pulses with a 120 fs pulsewidth and a 76 MHz repetition rate (Sup-
plementary Fig. 1). The terahertz radiation bandwidth can be further extended by
using optical pulses with narrower pulsewidths. As shown in Supplementary Fig. 2,
a terahertz radiation bandwidth exceeding 6.5 THz is measured when using 1560
nm optical pulses with a 23 fs pulsewidth, 100 mW average power, and a 40 MHz
repetition rate (Er-doped fiber laser amplifier, TOPTICA Photonics FemtoFiber
pro IRS-II).
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