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Abstract: We present a bias-free photoconductive emitter that uses an array of nanoantennas on
an InGaAs layer with a linearly graded Indium composition. The graded InGaAs structure creates
a built-in electric field that extends through the entire photoconductive active region, enabling the
efficient drift of the photo-generated electrons to the nanoantennas. The nanoantenna geometry
is chosen so that surface plasmon waves are excited in response to a 1550 nm optical pump
to maximize photo-generated carrier concentration near the nanoantennas, where the built-in
electric field strength is maximized. With the combination of the plasmonic enhancement and
built-in electric field, high-power terahertz pulses are generated without using any external bias
voltage. We demonstrate the generation of terahertz pulses with 860 uW average power at an
average optical pump power of 900 mW, exhibiting the highest radiation power compared to
previously demonstrated telecommunication-compatible terahertz pulse emitters.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photoconductive antennas are one of the most widely used terahertz emitters, enabling the
generation of both broadband and narrowband terahertz radiation through a compact, cost-
effective, and room temperature platform [1-23]. A key design aspect of these terahertz emitters
is to provide a large enough electric field within the photoconductive active region, where
upon optical excitation, the photo-generated charge carriers are accelerated and swept into the
antenna electrodes to radiate terahertz waves. This electric field is usually provided by an
external bias voltage that is applied across the antenna terminals. The requirement for an external
bias voltage leads to serious challenges especially when using photoconductive substrates with
low dark resistivity. For example, to develop telecommunication-compatible photoconductive
terahertz emitters pumped with compact and low-cost fiber lasers at ~1550 nm wavelength range,
photoconductive substrates with small bandgap energy (e.g. InGaAs) are required, which have
low dark resistivity [24—26]. The low dark resistivity results in excessive dark current levels
under an external bias voltage, which ultimately results in early thermal breakdown. During
the past decade, several short-carrier-lifetime semiconductor structures have been developed to
offer ultrafast photoconductive response while maintaining a dark resistivity above 1000 Q.cm
[27-30]. However, the developed telecommunication-compatible photoconductive terahertz
emitters based on these engineered semiconductor structures require fairly high bias voltages (>
120 V) to achieve large enough (> 45 uW) terahertz power levels [28-33].

We recently demonstrated an alternative approach to develop high-efficiency photoconductive
terahertz emitters without requiring any external bias voltage, leading to a complete elimination
of the dark current. Instead of using an external bias voltage, we utilized the naturally-induced
built-in electric field by the Fermi level pinning at the surface of an InAs substrate [34]. In
particular, by growing a 500-nm-thick p+ InAs layer followed by a 100-nm-thick undoped InAs
layer on a semi-insulating GaAs substrate (undoped InAs emitter), a strong band bending was
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created at the surface of the undoped InAs layer for accelerating the photo-generated carriers.
In addition, with a plasmonic nanoantenna array designed to maximize the near field optical
generation at 1550 nm around each nanoantenna element, the carrier transport distances were
greatly reduced to further enhance optical-to-terahertz conversion efficiency [35—47]. Through
this undoped InAs emitter design, passive optical-to-terahertz conversion was demonstrated with
efficiencies exceeding other passive terahertz emitters based on nonlinear optical processes (by 4
orders of magnitude) [48,49], photo-Dember effect [50,51], and spintronics [52,53]. Here we
present a bias-free photoconductive emitter based on an InGaAs photo-absorbing layer with a
linearly graded Indium composition (graded InGaAs emitter). The use of the graded InGaAs
layer extends the built-in electric field through the entire InGaAs layer to drift almost all of
the photo-generated carriers to the terahertz radiating elements, leading to the generation of
terahertz pulses with ~4 times higher total radiation power while introducing a slight reduction in
bandwidth compared to the undoped InAs emitter. A detailed quantitative analysis is performed
to describe and compare the two emitter structures in terms of their carrier dynamics and radiation
properties, which is supported by the experimental results. The high radiation power, broad
bandwidth, telecommunication compatibility, bias-free and reliable operation of the presented
graded InGaAs emitter extend the scope and potential uses of terahertz pulse emitters to practical
imaging and sensing applications.

2. Device design and analysis
2.1.  Device operation principle

Schematic diagram and operation principles of the graded InGaAs emitter are illustrated in Fig. 1.
A nanoantenna array is fabricated on a 500-nm-thick, 1.4x10' cm~3 Be-doped InGaAs layer
grown on a semi-insulating GaAs substrate. The InGaAs layer has a linearly graded Indium
composition varying from 60% at the InGaAs/GaAs interface to 100% at the surface. With the
valence band (VB) flattened out due to the p+ doping, the graded bandgap creates a slope in
the conduction band (CB), which induces a built-in electric field that drifts the photo-generated
electrons toward the nanoantenna electrodes at the surface. The geometry of the nanoantennas
is chosen to enhance optical intensity near the nanoantennas, where the built-in field strength
is maximized, by the excitation of surface plasmon waves. In order to excite surface plasmon
waves at ~1550 nm wavelength range, the nanoantennas are designed in the form of gratings
with a 440 nm periodicity, 80 nm gap, and 80 nm metal height, covered by a 240-nm-thick SizNy
anti-reflection coating.

To examine the impact of the Indium composition gradient on the carrier transport, Fig. 2 shows
the energy band diagrams and CB quasi-electric field profiles of graded InGaAs structures with
different starting compositions at the InGaAs/GaAs interface, calculated using a semiconductor
device simulator (Sentaurus). It should be noted that the electric force in a semiconductor
heterostructure is not only determined by the electric field, but also by the gradient of the electron
affinity y, and bandgap energy E,. Therefore, the quasi-electric fields are defined for the CB and

VB separately as,
dE.  dV dy;

Fe= . Tux * dx 98 M
dE, av d(xs + Ey)

F, = =—-Q— - — = * 2

T ax Tax dx 98, )

where F,, Fj, are the electric forces exerted on electrons and holes, E., E, are the CB and VB
energies, V is the electrostatic potential, and &, &, are the quasi-electric fields for the CB and
VB, respectively. Generally, the quasi-electric fields for the CB and VB can be different. As
clearly shown in Fig. 2, the p+ graded InGaAs structure has a non-zero CB quasi-electric field,
which depends on the starting Indium composition at the InGaAs/GaAs interface, while the VB
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Fig. 1. Schematic diagram and operation principles of the graded InGaAs emitter, illustrating
the electron movement within the epitaxial graded InGaAs layer toward the nanoantenna
array at the surface. Energy band diagram of the graded InGaAs layer is shown on the left,
where the Fermi, conduction band minimum, and valence band maximum energy levels are
marked as Ef, E., and E,, respectively.

quasi-electric field is almost zero except for a ~20 nm depth near the surface. For the starting
Indium composition of 60%, the CB quasi-electric field is ~ 6 kV/cm throughout nearly the entire
epitaxial structure, which leads to a steady-state drift velocity of ~ 1.5x107 cm/s [54-62] (see
Appendix A for more details). Higher composition gradients could potentially lead to stronger
built-in quasi-electric fields, but the material quality could be severely degraded by the additional
dislocation defects caused by the larger strain in the lattice [63—65]. Therefore, the starting
Indium composition of 60% is chosen for the epitaxial growth. As shown in Fig. 2, for the
pure p+ InAs structure without any bandgap gradient, the CB quasi-electric field decays rapidly
into the substrate, and therefore it will accelerate only a small fraction of the photo-generated
electrons within the top 10-20 nm.

To compare the graded InGaAs emitter with the undoped InAs emitter, Fig. 3 shows both
of their energy band diagrams and CB quasi-electric field profiles. In contrast to the graded
InGaAs structure with its CB quasi-electric field extending throughout the entire photo-absorbing
semiconductor region, the undoped InAs structure has a much stronger field (> 30 kV/cm) which
is concentrated within a shallower depth of 100 nm. Importantly, within such a small carrier
transport range with minimal defects under a high accelerating field, where scattering events are
almost negligible, most of the photo-generated electrons would transport quasi-ballistically. To
justify this, we consider the electron mobility in the undoped InAs layer to be 10* cm?/V/s [66]
and the scattering time in bulk InAs to be ~130 fs at room temperature [67]. This scattering time
is larger than the ballistic transit time for electrons over the 100-nm-thick undoped InAs layer
under the uniform field intensity of 30 kV/cm, which is calculated to be 93 fs [68],

T = \2m*L/qE}, 3)

where m* is the effective mass of electron in bulk InAs and L is the transport distance. As a
result, compared to the graded InGaAs structure, the undoped structure is expected to collect less
electrons but with a much higher velocity than the electron saturation velocity, an effect usually
termed ““velocity overshoot” [69,70]. After being accelerated for 7, the final electron ballistic
velocity can be obtained by [68]

Vbal = qathr/m*a 4)

which is the theoretical upper limit of the electron velocity with absolutely no scattering
events. To consider all electrons generated at different depths in the substrate, we calculate the



Research Article Vol. 30, No. 2/17 Jan 2022/ Optics Express 1587 |

Optics EXPRESS :

p* graded In,Ga, ,As

— %=1.0 —E
< 1.0 % =0.8 1| ¢
@ Xo= 0.6 :

&® 05
3 !
c '
w 1
S b-- Er
| i: Ev
10°+ 3
(=] '
E= |} :
o | :
38 :
L= i
§ < 10° ;
T2 i
m = ;
[w] . ;
0.0 0.1 0.2 0.3 0.4 0.5

Depth (um)

Fig. 2. Energy band diagram and CB quasi-electric field of the graded InGaAs semiconductor
structure for different starting Indium compositions at the InGaAs/GaAs interface.

weighted average of ballistic velocities using the simulated optical generation profile under the
nanoantennas, and obtain 1.3x10% cm/s as the theoretical upper limit of the average electron
velocity. In reality, a few scattering events could still occur during the transport in addition to the
carrier screening that could further reduce the CB quasi-electric field, leading to lower electron
velocities. On the other hand, the graded InGaAs structure has much longer carrier transit times
compared with the scattering time in InGaAs due to its deeper CB quasi-electric field extension
and the high p+ doping. This suggests that the electron drift velocity will reach its steady-state
value within a small fraction of the total transit time. Therefore, we assume that the electrons
travel non-ballistically at a steady-state drift velocity of ~ 1.5x107 cm/s [54-62].

2.2. Photoconductive impulse response calculation

An in-depth analysis is performed to calculate the impulse responses of these two substrate
structures under a 1550 nm optical excitation to theoretically investigate radiation characteristics
of the graded InGaAs and undoped InAs emitters. We solve the drift-diffusion equation for
electrons to obtain the transient electron concentrations over the photoconductive active regions
of both semiconductor structures. Since the built-in electric field is normal to the substrate
surface, electron movements parallel to the surface are not considered below. Denoting + y axis
as the direction into the substrate with y =0 at the surface, we have

on  0(ven) Pn n
— = D,— — —, 5
ot dy *n M T )

n(y, 0) = Go(y), (6)

where n = n(y, 1) is the electron concentration as a function of position y and time #, v, is
the electron drift velocity, D, is the electron diffusion constant, 7, is the electron minority
carrier lifetime, and Gy (y) is the optical generation profile, obtained by numerical simulations
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Fig. 3. (a) Energy band diagram and (b) CB quasi-electric field of the undoped InAs and
graded InGaAs semiconductor structures, where the undoped InAs structure is composed of
a 500-nm-thick, 1.4x10'° cm™3 Be-doped InAs layer followed by a 100-nm-thick undoped
InAs layer on a semi-insulating GaAs substrate and the graded InGaAs structure is composed
of a 500-nm-thick, 1.4x10!% cm=3 Be-doped InGaAs layer on a semi-insulating GaAs
substrate.

(Fig. 4(a)). The electron recombination lifetime of the 1.4x10'” cm™ Be-doped InAs substrate
is experimentally measured to be ~5 ps [34]. Considering the electron diffusion coefficient of
D, =13x1073 m? /s [66,71], the diffusion term is estimated to be much smaller than the drift
term in the undoped InAs region and recombination terms in the p+ regions of both devices (see
more detail in Appendix B). Therefore, the diffusion term is ignored and the transient electron
concentration values are calculated analytically.

For the graded InGaAs structure, considering v, = 1.5 x 107 ¢m/s and 7, = 5 ps, the transient
electron concentration values are calculated as,

n(y, 1) = Go(y + vet)e ™. @)

This solution is in the form of a decaying traveling wave in the -y direction toward the electrodes
with a speed of v,. This traveling wave form of solution describes the electron drift under a
uniform electric field with an exponential decay due to the electron recombination occurring at
the same time.

For the undoped InAs structure, the electron velocity is modeled as a logistic function of y
to take into account the sharp change in velocity between the undoped and doped regions. By
considering 7, = 5 ps, the solution is

Go (f‘1 (y + Vpait + %ek(}'_w))) Ve (f‘l (y + Vpait + %ek(y_w))) et
ve(y) |

n(y, 1) = ®)
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Fig. 4. (a) Peak photocarrier concentration generated within the photoconductive active
region at an average optical power of 900 mW (assuming a 120 fs pulsewidth and a 76 MHz
repetition rate) calculated using a finite-difference-time-domain-based electromagnetic
solver (Lumerical). Cross-sections perpendicular to (left) and in parallel with (right) the
nanoantenna orientation are shown, where the dashed monitor lines show the position with the
highest photocarrier concentration. (b) Calculated impulse response of electron concentration
for the undoped InAs emitter with a 50 fs time resolution, assuming vp,; = 1.3 X 108 cml/s.
(c) Calculated impulse response of electron concentration for the graded InGaAs emitter
with a 50 fs time resolution. (d) Calculated transient photocurrents injected to a single
nanoantenna element for the undoped InAs emitter (under various ballistic velocities) and
graded InGaAs emitter for a laser pulsewidth of 120 fs. (e) Calculated power spectra
generated by the entire nanoantenna arrays of the undoped InAs and graded InGaAs emitters.
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where vy, is the average ballistic velocity in the undoped region, w = 100 nm is the depth of the
undoped region, k is the factor that controls the sharpness of the velocity drop, which is taken to
be 0.1 nm™L, v, (y) = vpar/(1 + €07, and f(y) = y + e07) /k. The solution converges to the
same form as for the graded InGaAs structure when y is within the undoped region far enough
from the undoped/p+ interface,

n(y, 1) ~ Go(y + vpat)e™ /™, fory < w. ©9)

Figures 4(b) and 4(c) show the time evolution of the electron concentration solutions under
the same incident optical intensities for the undoped InAs (assuming vpy = 1.3 X 108 cm/s) and
graded InGaAs semiconductor structures with a time resolution of 50 fs at the depth cross section
with the highest optical generation (monitor lines shown in Fig. 4(a)). Under higher quasi-electric
field and ballistic transport, the electrons in the undoped region of the undoped InAs structure are
rapidly swept out to the nanoantenna electrodes, leaving the rest of the electrons in the p+ region
to be recombined with a lifetime of 5 ps. The dramatic behavior changes from undoped to p+
doped region is clearly observed in Fig. 4(b). In contrast, the graded InGaAs structure (Fig. 4(c))
shows a smooth reduction of electron concentration caused by both the drift current and carrier
recombination. Moreover, it can be seen that the deeper electrons are collected more effectively
compared to the undoped InAs structure due to the CB quasi-electric field extending over almost
the entire InGaAs layer, suggesting an increase in the low frequency radiation components.

Using the calculated impulse response of electron concentration, the impulse response of
the injected photocurrent to the nanoantennas fabricated on the undoped InAs and graded
InGaAs semiconductor structures is calculated. Since both structures are terminated with a
high-conductivity InAs layer (with surface Fermi level pinning above the conduction band),
the nanoantenna metal - InAs junctions are expected to have very low contact resistance and
negligible energy barrier for electrons (Ohmic contact). An important difference between the
undoped InAs and graded InGaAs emitters is their experimentally observed optimal optical
beam sizes (1/e> beam diameter of 330 um and 100 um for the undoped InAs emitter and graded
InGaAs emitter, respectively) at which they provide the highest radiation power. This difference
is attributed to weaker carrier screening in the graded InGaAs emitter due to its flat valence
band, leading to negligible hole accumulation within the active region. Carrier screening of
the electric field originates from the presence of high carrier concentrations, which create an
opposing electric field that consequently reduces the acceleration of the carriers and the radiation
power. Different optical beam sizes translate to different incident optical intensity levels under
the same optical power. Figure 4(d) shows the transient photocurrents injected to a single antenna
element at the optimum optical intensity for both emitters calculated by convolving the impulse
response photocurrents with the temporal profile of a 120 fs sech?-shaped laser pulse used for
the experimental characterization. The calculated transient photocurrents for the undoped InAs
structure are plotted for different ballistic velocities because screening of the built-in electric field
as a result of the photocarrier drift as well as a small number of scattering events could lower the
actual electron velocity in the undoped InAs structure. Higher ballistic velocity in the undoped
InAs structure leads to sharper transient response, which in the frequency-domain translates to a
slower frequency roll-off (Fig. 4(e)). Figure 4(e) shows the estimated power spectra generated by
the two emitters obtained by calculating the emitted radiation from the entire nanoantenna array
(see more detail in Appendix C). Compared to the undoped InAs structure, the large photocurrent
decay time of the graded InGaAs structure provides stronger sub-terahertz radiation power at a
cost of slightly faster frequency roll-off since electrons generated deeper in the InGaAs layer
drift to the nanoantennas. The results of this quantitative analysis agree very well with the
experimental results discussed in the next section.
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3. Experimental results and discussion

Emitters with the same nanoantenna geometry as described in [34] and a total active area of 1 X
1 mm? are fabricated on the graded InGaAs semiconductor structures grown through molecular
beam epitaxy. Each nanoantenna element has a length of 2 pym to maintain a high-efficiency
and broadband radiation performance [34]. The ground stripes have a 2 um width and a 0.5 um
gap size from the adjacent nanoantenna tips. Fabrication of the emitter prototypes starts with
electron beam lithography and Ti/Au deposition to form the nanoantenna array as well as the
ground stripes sequentially. The 240-nm-thick SizNy anti-reflection coating is deposited next
through plasma-enhanced chemical vapor deposition. Figure 5(a) shows the optical and scanning
electron microscopy images of a graded InGaAs emitter prototype.
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Fig. 5. (a) Optical and scanning electron microscopy images of a fabricated graded InGaAs
emitter prototype. (b) The measured terahertz time-domain electric field, (c) radiated power
spectrum, and (d) total radiated power of the graded InGaAs emitter prototype. (b) and (c)
are measured under an average optical power of 450 mW.

A graded InGaAs emitter prototype is mounted on a hyper-hemispherical silicon lens to
better collimate the generated terahertz radiation. The radiated power spectrum of the emitter is
characterized using a terahertz time-domain spectroscopy system, where an optical parametric
oscillator pumped by a Ti:Sapphire laser (Coherent Mira HP) generates femtosecond pulses
at a 76 MHz repetition rate, with a 120 fs pulse-width and a center wavelength of ~ 1550 nm.
A beam splitter separates the optical beam into two branches for the excitation of the emitter
and an H-dipole-based PCA detector fabricated on an ErAs:InGaAs substrate [23]. While
changing the time delay between the two branches, the detector output photocurrent is amplified
using a transimpedance amplifier FEMTO DHPCA at 10° V/A gain) and recorded, signifying
the time-domain terahertz waveform, as shown in Fig. 5(b). Since the radiated electric field
is proportional to the time derivative of the transient photocurrent, the negative cycle of the
sub-picosecond terahertz pulses radiated by the graded InGaAs emitter is significantly lower than
the positive cycle due to the long photocurrent decay time predicted in Fig. 4(d). Through Fourier
transform of the time-domain waveform, the radiated power spectrum is obtained (Fig. 5(c)),
showing a radiation bandwidth larger than 3 THz when capturing and averaging only 10 traces
over a 5 second data acquisition time. It should be noted that the H-dipole-based PCA detector
used for our measurements exhibits a resonant behavior at low frequencies, which results in
ringing in the detected spectrum. The low frequency resonances are also observed in the
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measured time-domain electric field. The broad bandwidth of the generated radiation is due to
the sub-picosecond rising edge of the generated pulses, which provides high frequency radiation
components.

The total radiated power from the emitter is measured using a calibrated pyroelectric detector
(Sensors und Lasertechnik THz-30 detector calibrated by Physikalisch-Technische Bundesanstalt,
Germany). Terahertz pulses with 860 uW average power are generated at an average optical pump
power of 900 mW, exhibiting ~4 times higher radiation power compared to the undoped InAs
emitter [34], which is in agreement with the theoretical predictions shown in Fig. 4(e). This is the
highest reported radiation power compared with the previously demonstrated telecommunication-
compatible photoconductive terahertz pulse emitters [28—33]. The radiation power of the graded
InGaAs emitter increases super-linearly as a function of the optical pump power with no signs
of saturation, suggesting even higher radiation power and efficiency at higher optical pump
powers. While the dominant radiation mechanism relies on the electron drift current feeding
the nanoantennas, there could be other secondary mechanisms such as photo-Dember effect and
nonlinear optical processes contributing to the generated terahertz power.

As mentioned earlier, the optimal diameter of the optical beam incident on the graded InGaAs
emitter under pulsed operation is experimentally determined to be ~100 um. To further investigate
the impact of the optical beam size, we characterize the emitter when generating quasi-continuous
wave (CW) terahertz radiation at different frequencies as a function of the optical excitation
intensity. The optical beam from two C-band CW lasers (Santec 510 and QPhotonics QDFBLD-
1550-10) are combined in a fiber and pulse-modulated at a 1 MHz frequency with a 10% duty
cycle using an acousto-optic modulator (Gooch & Housego R15200-.2-1.55-GaP-FO-GH). The
modulated beam is then amplified to an average optical power of 300 mW using an Erbium-
doped fiber amplifier (HPFA-C-33-IA). Photomixing of the two beams induces an oscillating
photocurrent on the nanoantennas at the difference frequency of the two beams, which is tunable
by varying the wavelength of one of the CW seed lasers. The radiated power is measured using
a superconducting bolometer (QMC Instruments Ltd. Model QNbB/PTC). At the same total
optical power level, the optical beam size incident on the nanoantenna array is adjusted to vary
the optical excitation intensity. Figure 6 shows the measured radiation power at different terahertz
frequencies as a function of the 1/e” optical beam diameter. An optimal optical beam size that
maximizes the radiated power is clearly observed at each terahertz frequency. At very small
beam sizes, the carrier screening becomes too strong, creating an opposing electric field that
consequently reduces the acceleration of the carriers and the radiation power. On the other hand,
at very large beam sizes, the destructive interference of the radiation from the nanoantennas
decreases the total radiated power. This is clearly revealed by the fact that the optimal beam
diameter decreases as the terahertz frequency increases, where the destructive interference gets
stronger at shorter wavelengths. Finally, it should be noted that the optimal beam diameter values
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Fig. 6. Measured quasi-CW radiation power from the graded InGaAs emitter as a function
of the 1/e? incident optical beam diameter at various terahertz frequencies.
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shown in Fig. 6 support the optimal value of ~ 100 um under pulsed operation, which contains
the contribution from all of the radiated frequency components.

4. Conclusion

In summary, we demonstrate high-power terahertz pulse generation from bias-free nanoantennas
on a graded composition InGaAs structure with a linearly graded Indium composition. Such a
semiconductor heterostructure creates a deep built-in quasi-electric field that extends throughout
the entire thickness of the InGaAs layer while maintaining a field strength that is high enough
to drift the photo-generated electrons at high velocities. As a result, the number of the
collected electrons by the nanoantennas that contribute to terahertz pulse generation is increased.
Furthermore, by the excitation of surface plasmon waves along the nanoantennas at ~1550 nm
wavelength range, the optical generation is significantly enhanced within a few hundred nanometers
beneath each nanoantenna element, where the built-in electric field strength is maximized, greatly
reducing the transit time of the photo-generated electrons to the radiating nanoantennas. Using
a fabricated graded InGaAs emitter, we demonstrate the generation of terahertz pulses with a
record-high 860 uW average power at an average optical pump power of 900 mW. It should
be pointed out that further optimization of the layer thicknesses, composition gradient, and
doping levels could provide even faster carrier dynamics to increase the radiation power and
bandwidth of the bias-free photoconductive emitters beyond the prototypes explored in this work.
In addition, a distributed Bragg reflector at the bottom of the photoconductive structure could
form an optical cavity to further enhance the power efficiencies [43]. The high radiation power
and high reliability of the presented terahertz emitter, without requiring any external bias voltage
or special optical focus and alignment requirements, would be very attractive for real-world
terahertz imaging and spectroscopy systems. As previously demonstrated [34], the emitter chip
can be simply mounted at the tip of an optical fiber to provide a flexible platform for diverse
application scenarios.

Appendix A: Steady-state electron drift velocity in the graded InGaAs structure

The electron drift velocity is quantified by the following empirical formula [56],

vo= —HeE (10)

1+ (“—8)2
where v, is the electron drift velocity, u, is the low-field electron mobility, & is the electric
field, and vyo; = \/2Epnonon/m* is the approximated saturation velocity determined by the optical
phonon energy Epponon and effective mass m*. The low-field mobility values, effective masses, and
optical phonon energies for highly doped Ing 53Gag47As and InAs are found from the literature
[57-62]. Using these parameters, for an electric field of 6 kV/cm in the graded InGaAs emitter,
similar velocities of ~ 1.5x107 cm/s are obtained for both Ing 53Gag.47As and InAs. This justifies

that the approximation of a constant steady-state drift velocity of 1.5x107 cm/s throughout the
entire graded InGaAs structure is valid.

Appendix B: Estimation of the diffusion term for impulse response calculation

To see why the diffusion current can be ignored in the closed form calculations, it should be noted
that the initial carrier concentration is determined by the plasmonic-enhanced optical generation
profile, which follows an exponential decay into the substrate due to the evanescent nature of the
surface plasmon waves. In other words, the initial carrier concentration can be approximated
as noe_y/ Lo where ng denotes the initial electron concentration at the surface and Ly ~ 210 nm
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characterizes the decay rate of the electron concentration into the substrate. Therefore, the
diffusion current is approximately

D
Jaigr = —5noe™", (11)
LO

while the drift term J4; and recombination term R are

V _
Jaript = ﬁnoe yito, (12)
-1 ~y/Lo
R = T—noe . (13)
e

Comparing the constant factors of the three terms with Ly = 210 nm, D,, = 1.3 X 1073 m? /s,
Ve = 1.5% 107 em/s and 7, = 5 ps, we have

D, e Dy 1
— < v—, - <. (14)
LO Lo LO Te

This justifies the negligible impact of the diffusion current. Similar arguments apply to the
undoped InAs emitter due to its high quasi-ballistic velocity in the undoped region and 5 ps
carrier lifetime in the p+ doped region. To further support this claim, the electron drift-diffusion
equation is numerically solved for the graded InGaAs emitter with and without the diffusion term,
showing a negligible difference between the two results that are shown in Fig. 7.
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Fig. 7. Photocurrent impulse response obtained by numerically solving the electron
drift-diffusion equation with and without the diffusion term.

Appendix C: Estimation of the radiated terahertz power spectrum

Due to the high conductivity of the substrates, a fraction of the injected currents (Fig. 4(d)) is
directed to flow on the nanoantennas. The induced current on the nanoantennas is calculated by
considering the antenna and substrate impedance levels. Next, the transient current induced on
the nanoantennas is converted to the frequency domain, Z;,g,c.4(f), to obtain the radiated electric



Research Article Vol. 30, No. 2/17 Jan 2022/ Optics Express 1595

Optics EXPRESS \ 3 N

field E;(r, 6, ¢, f) from a single nanoantenna element

o e—jkr
Ei(r, 0, ¢’ f) ~ JkSlngTIinduced(f)’ (15)

where k = 27fn/c is the wavevector, with n = 3.6 as the refractive index of GaAs. (r, 0, ¢) are
the spherical coordinates with their orientations relative to the nanoantenna array illustrated in
Fig. 8.

Fig. 8. Nanoantenna array orientation and the definition of the spherical coordinates.

Then, the far-field radiated power spectrum from the two-dimensional nanoantenna array
excited by the incident optical beam is calculated using the nanoantenna array factors.

Earray(r7 o, ¢7f) = E[(}", o, ¢7f)AFy(99 ¢’f)AFZ(9’f)’ (16)

where AF), and AF;, are the array factors of the nanoantenna array in the y and z directions:

sin (%)
————, ¥y = pyksingsing, 17)
sin (%)

7 lel
sin (22

where py =440 nm and p, = 4.5 um are the periodicity of the nanoantennas in the y and z directions,
respectively, and N, and N, are the number of nanoantennas in the y and z directions, respectively,
determined by the incident optical beam size. Then, the total radiated power is obtained from the
integral below.

AF}’(G’ ¢»f) =

AF(0,f) = s Y. = p:kcoso, (18)

<

71'/2 T
1 .
Prad(f) = 2_770 / / |Earray(9’ ¢»f)|2r2s"19d9d¢: (19)
-2 0
where 7 is the vacuum wave impedance.
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