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Impact of Slot Width on Performance
of Symmetrical-Slot-Antenna

Resonant-Tunneling-Diode Oscillators
Dinh Tuan Nguyen , Gabriele Picco , Petr Ourednik , Christian Spudat , and Michael Feiginov

Abstract—In this article, we show that the output power of
symmetrical-slot-antenna resonant-tunneling-diode (RTD) oscilla-
tors depends on the slot width. The dependence could be used as a
fine-tuning degree of freedom to increase the output power of the
oscillators. The fine-tuning mechanism is related to maximizing
the RTD-oscillation amplitude by a proper balance between the
slot-antenna radiation and ohmic losses, and the slot susceptance.
The presented simulation results are in agreement with the exper-
imental data in the frequency range of 150–400 GHz. We report
the output powers of 283 µW at 184 GHz and 82 µW at 368 GHz,
which are very close to the state-of-the-art literature data for the
given type of RTD oscillators.

Index Terms—Oscillators, output power, resonant-tunneling
diodes (RTDs), slot antenna, THz sources.

I. INTRODUCTION

THz frequency range is expected to be important for many
applications [1], but the lack of sufficiently-simple solid-

state room-temperature radiation sources hinders its practical
use. Among available technologies, resonant-tunneling-diode
(RTD) oscillators stand out as one of the most promising for
practical use since sub-THz and THz RTD oscillators are very
simple [2], [3], compact [4], they work at room temperature,
cover the frequencies up to almost 2 THz [5], [6], can provide
relatively high output power radiated into free space (several
hundred μW by stand-alone oscillators and up to ≈ 10 mW at
0.45 THz in coherent-array configuration) [7], [8], [9], [10],
have high DC-to-RF conversion efficiency of up to 1%–5%
[7], [9], [11], etc. A number of potential applications were
also demonstrated with RTDs: wireless communication [12],
[13], imaging [14], spectrometer [15], radars [16], [17], etc.
We have to mention that transistor technology is a strong
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competitor to RTD oscillators (see [18]). The performance of
both technologies could be comparable at sub-THz frequencies,
although transistor oscillators radiate at higher harmonics in
many instances. Fundamental-frequency transistor oscillators
operate only at frequencies significantly below 1 THz so far.

Although different types (slot- and patch-antenna, composite,
membrane, waveguide-based, etc.) [2], [3], [4], [8], [9], [19],
[20], [21] of RTD oscillators were developed, the state-of-the-art
performance with regard to high operating frequencies and high
output power (from a single oscillator) has been achieved with
slot-antenna RTD oscillators so far [5], [6], [7]; even better
performance in the terms of the output power was demonstrated
with double-RTD oscillator configurations (which could also
be deemed as single oscillators) and with coherent arrays [8],
[9], [10]. On-chip slot-antenna RTD oscillators are also the
simplest and most studied type of RTD oscillators [2], [3].
Two basic variants of such oscillators exist: with symmetric
and asymmetric slots [2], [7]. A higher output power can be
achieved with the latter ones, although they have a tilted radiation
pattern [7], [10], complicating their practical use. The former
ones exhibit lower output power, but their radiation pattern
is symmetrical (due to the symmetry of the structure), which
simplifies coupling of such oscillators with the Gaussian optics
of free-space THz systems, dielectric waveguides, and that is
also of advantage for power combining in array configurations
of oscillators [10], [22]. Therefore, our focus in this work is on
symmetrical slot-antenna RTD oscillators.

The radiation of a simple on-chip slot-antenna oscillator is
predominantly emitted into the substrate (InP). Such oscillators
need to be mounted on a Si lens to outcouple their radiation into
free space. The Si lens makes these oscillators relatively bulky. In
this respect, other types of oscillators (e.g., patch-antenna RTD
oscillators) are more compact since they emit radiation directly
into free space upwards, from the ground plane of the chip. In
terms of their output power, both the slot- and patch-antenna
oscillators perform, in principle, similarly [11].

A symmetrical slot antenna with an RTD in the slot center
(both arms of the slot have equal length and width) is defined by
two parameters: slot length (l) and width (w). The slot length is
chosen according to the target oscillator frequency: the higher
the frequency, the shorter the slot. On the other hand, the slot
width is typically chosen to be equal to 4 μm in the sub-THz and
THz RTD oscillators [5], [11], [23], [24], [25], [26]. Usually, the
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Fig. 1. Schematic of a slot-antenna RTD oscillator.

slot width is not used as a degree of freedom in the optimization
of the oscillators. There is just one publication [27] where the
impact of the variation of the slot width on the characteristics of
on-chip symmetrical-slot-antenna RTD oscillators was studied;
it should be noted that the impact of the radiator width on
the performance of asymmetrical-slot RTD oscillators (where
RTD is shifted toward one end of the slot) was studied in more
details (see [28]). In [27], it was indicated that the oscillation
frequency increases with the decrease in the slot width. This
tendency was confirmed by experimental data with 2 and 4 μm
wide slot antennas at ≈ 350 GHz. In the same work, it was
expected that the output power of RTD oscillators should be
almost independent of the slot width.

In this work, we show that the output power of symmetrical-
slot-antenna RTD oscillators depends on the slot width. Al-
though the dependence is not very strong for wider slots, it is
essential for fine tuning the oscillator performance. Essentially,
the mechanism of the influence of the slot width on the oscillator
performance is related to maximizing the amplitude of the
AC voltage swing on the RTD by finding an intricate balance
between the slot ohmic and radiation losses, slot inductance,
and RTD area. In this work, we present a detailed analysis of the
impact of the slot width on the oscillator characteristics along
with experimental data, which are in a good agreement with the
theory.

II. DESIGN OF SLOT-ANTENNA RTD OSCILLATORS AND THEIR

OUTPUT POWER

A schematic of a slot-antenna RTD oscillator we investigate
in this article is shown in Fig. 1. It is a rather common design of
RTD oscillators in the sub-THz frequency range [23]. The slot
antenna is formed by a rectangular hole in the lower electrode
metallization layer and by removing the conducting doped semi-
conductor layers in the hole. An RTD is positioned on one side
of the slot, and an air bridge connects it to the upper electrode of
a large metal-insulator-metal (MIM) capacitor on the other side
of the slot. The upper and lower electrodes form two contacts to
the RTD to supply its DC bias. In addition, a shunt resistor [e.g.,
made of indium-tin-oxide (ITO)] is fabricated between the upper

Fig. 2. AC equivalent circuit of an RTD oscillator.

and lower electrodes parallel to the RTD to suppress parasitic
RTD oscillations at low frequencies.

An AC equivalent circuit of an RTD oscillator could be
represented in the form shown in Fig. 2. Ya stands for the ad-
mittance of the oscillator antenna/resonator (slot antenna in our
case) with the susceptance Ba and conductance Ga. The latter
has two contributions Ga = Gl +Gr, where Gr is the antenna
radiation conductance, and Gl represents the ohmic antenna
losses. The RTD admittance also has both real (AgRTD) and
imaginary (ωAcRTD) parts, where ω is the angular frequency,
A is the RTD-mesa area, gRTD and cRTD are the specific (per
unit area) RTD conductance and capacitance, respectively. That
is a general RTD-admittance model, since gRTD and cRTD are
frequency dependent [29], [30], [31], [32]. The model can also
take into account the nonlinearity of the RTD characteristics
by considering the dependence of gRTD and cRTD on the AC
amplitude (VAC) [33]. We represent a time-dependent RTD bias
(V (t)) as a DC bias (VDC) with a sinusoidal AC voltage

V (t) = VDC + VAC cos(ωt). (1)

To simplify further analysis and discussion, and since the
generation of higher harmonics usually has little influence on
the oscillation characteristics of the fundamental RTD oscillators
(the higher harmonics are effectively short-circuited by the RTD
capacitance), we limit ourselves to the first-harmonic-zone anal-
ysis and understand under gRTD ≈ g(1)(ω, VAC, VDC) the ratio
of the amplitude of the first-harmonic current RTD response
to VAC. Also, for simplicity, we assume in the further analysis
that in the negative-differential-conductance (NDC) region of
the RTD I–V curve, the RTD capacitance (cRTD) is a constant
independent of ω, VAC, and VDC. The other elements in the
circuit in Fig. 2 represent RTD parasitics: RTD contact resistance
(Rc) and capacitance (Cc), parasitic RTD stray capacitance
(Cpar), and the RTD spreading resistance (Rspr). We include the
contribution of Cpar as a part of antenna susceptance (Ba). At
sub-THz frequencies, the RTD-contact capacitive reactance is
negligible compared to its resistance, therefore, we describe the
RTD parasitics as real-valued parasitic conductance (Gp).

In the steady-state oscillation regime, the subsequent equa-
tions have to be satisfied at the fundamental oscillation frequency
(see notations in Fig. 2)

Im(Ycirc) = −Aω cRTD (2)
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Re(Ycirc) = −Ag(1)(VAC). (3)

Equation (2) defines the fundamental oscillation frequency and
(3) determines the steady-oscillation amplitude (VAC). Once
(2) and (3) are solved, and a steady-oscillation amplitude VAC

is found, the output power (P ) of an RTD oscillator can be
calculated with the equation [23]

P =
1

2

∣∣∣∣Ycirc

Ya

∣∣∣∣
2

GrV
2

AC. (4)

III. SIMPLIFIED ANALYSIS

We discuss a simplified oscillator model to elucidate the inter-
dependencies between different parameters of the slot-antenna
RTD oscillators and the mechanism of how the slot width affects
the output power. The model is based on two essential simplifica-
tions: (i) we neglect the RTD contact and stray parasitics (Gp and
Cpar) in the equivalent model in Fig. 2; (ii) we use a narrow-slot
approximation, i.e., we assume that the slot-antenna radiation
conductance and antenna loss resistance are independent of the
slot width and determined only by the slot length; we also neglect
the air-bridge inductance compared to that of the slot antenna.
At the lower side of the sub-THz frequency range, those are
often accurate approximations [11]; in the middle of the sub-THz
frequency range, these approximations have a semiquantitative
character; at THz frequencies, the model is useful for a qualita-
tive discussion, since parasitics become important, and the slot
usually becomes quite short, i.e., it cannot be seen as a narrow
one anymore.

First, we apply the simplification (i). When Gp is neglected,
the factor |Ycirc/Ya| is equal to 1, and it disappears in (4). Then,
the output power of an RTD oscillator (4) can be represented [11]
as

P =
1

2
Gr ΔV 2 (1− γ)α(γ) (5)

where we substituted V 2
AC = ΔV 2(1− γ)α(γ) and defined

γ =
g(1)

g0
= −Gr +Gl

g0 A
. (6)

g0 is the maximum of the differential RTD NDC (g0 < 0),
ΔV is the voltage separation between the peak and valley
points of the RTD I–V curve. In the regime of the onset of
oscillations, when VAC is very small, (3) should be replaced by
an inequality Re(Ycirc) < −Ag0, and VAC is growing with time.
|g(1)| is decreasing with the growth of VAC and the growth of
VAC stops when (3) is satisfied, i.e., A|g(1)| is exactly equal
(in the framework of the first-harmonic-zone analysis) to the
antenna/circuit losses in the stationary-oscillation regime. The
parameter γ defined by (6) describes how much the RTD NDC
is reduced in the steady-oscillation regime compared to its
differential (maximum) value g0; in such a way, the parameter γ
is related to the oscillation amplitude VAC. The second identity
in (6) follows from (3) if one neglects Gp. For a third-order
polynomial approximation of the RTD I–V curve, |g(1)| is a
monotonously decreasing function of VAC. Correspondingly,
γ → 1whenVAC → 0 andγ → 0 at the maximum ofVAC (where
g(1) is still negative). For an RTD I–V curve approximated by a

third-order polynomial, the coefficient α is equal to 1, and it can
be disregarded. In the general case (for a real I–V curve that can-
not be approximated by a third-order polynomial), g(1) could be
a nonmonotonous function ofVAC for a givenVDC. However, one
can define an envelope function describing a maximal (negative)
g(1)(VAC) achievable for a given VAC at different VDC [11]. This
envelope function recovers a monotonous dependence on VAC

and, in the following, we will understand this envelope function
under g(1)(VAC) in (6) for real RTD I–V curves. The parameter
α(γ) is then a correction coefficient for the output power of an
RTD oscillator for a real RTD I–V curve. For a typical RTD
I–V curve, α(γ) is decreasing monotonously with the increase
of γ from α ≈ 2 at γ ≈ 0 to α � 1, when γ → 1 (see details
in [11]).

Equation (5) indicates two considerations important for opti-
mization of the parameters of RTD oscillators to increase their
output power. On the one hand, one can increase the output
power by increasing Gr, if the slot antenna is made longer
and operates closer to its eigenfrequency. On the other hand,
one should reduce the parameter γ: essentially, that leads to
the increase of the AC amplitude (VAC). However, these two
approaches are not quite compatible: operating the slot antenna
close to its eigenfrequency will require a small RTD-mesa area
(A) and, according to (6), will increase γ. Therefore, there is
a certain optimum in the choice of the slot-antenna parameters
and RTD area. Here, we give qualitative considerations on how
to adjust the slot-antenna parameters to increase the oscillator
output power.

In the beginning, we exclude A from (6). In the framework of
the simplified model, where Gp is neglected, one gets from (2)

A = − Ba

ω cRTD
. (7)

Then, we can rewrite the second identity in (6) as

γ = ωτRTD
Gr +Gl

Ba
(8)

where τRTD is the RTD RC time constant equal to cRTD/g0. τRTD

has a fixed value for a given RTD wafer, defined by the epitaxial
RTD layers.

As a next step, we fix the frequency ω and the slot-antenna
length (l) and try to adjust the other parameters of a slot-antenna
RTD oscillator to maximize its output power (5). By fixing l,
we assume the radiation conductance (Gr) of the antenna to be
also fixed since Gr of a narrow slot antenna is predominantly
determined by its length and its dependence on the slot width (w)
is weak [34]. Then, the oscillator output power, see (5), could
be influenced and increased only by minimizing the parameter
γ. According to (8), γ can be influenced only by the variations
of Gl and Ba with the variation of the slot width w since Gr is
fixed for given l. We note that the total slot-antenna conductance
Ga = Gr +Gl is usually small compared to the antenna suscep-
tance |Ba|. In this case, we can express the antenna parallel (see
Fig. 2) loss conductance as Gl ≈ RlB

2
a via the loss resistance

Rl, connected in series with Ba and Gr. This transformation
is helpful since the slot-antenna ohmic losses originate from
the antenna-surface currents flowing around the circumference
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of the antenna. For a narrow slot, the antenna circumference is
nearly constant for a fixed l. Therefore,Rl is also nearly constant
in this case; it is predominantly determined by the antenna length
(for a fixed ω). Then, the only free parameter in the definition of
γ influenced by the slot width is Ba, and we can rewrite (8) as

γ = ωτRTD

(
Gr

Ba
+RlBa

)
. (9)

Equation (9) has a minimum and P in (5) a maximum, when

Ba = −
√

Gr

Rl
. (10)

This condition corresponds to the equation

Gr = Gl (11)

i.e., if the antenna losses are dominated by the radiation (Gr),
then we can reduce γ by increasing Ba, see (9); on the other
hand, if the antenna losses are dominated by the ohmic losses
(Gl), then we can reduce γ by reducingBa; γ is minimized when
the radiation and ohmic losses of a slot antenna are equal (in the
framework of the described simple model).

For a short slot antenna, when its length is small compared to
the wavelength, i.e., the antenna is operated significantly below
its eigenfrequency, the slot antenna behaves as an inductance
(L), and Ba could be expressed as Ba = −1/ωL (we disregard
Cpar in the simplified model). Qualitatively, one can think of the
slot antenna in this regime as a current loop around a slot-shaped
hole in a metal plane. When the slot length is fixed, the area of the
loop (and its inductance L) is determined by the slot width. The
larger the width w, the larger the inductance L and the smaller
|Ba|. In such a way, we can adjust Ba by changing the slot width
to take an optimum value given by (10) or (11). For each slot
length l, there should exist an optimum value of the slot width
w. The required RTD-mesa area for the chosen slot parameters
is defined by (7).

It is important to notice, the relations (10) and (11) determin-
ing an optimum slot width are independent of RTD parameters.
Essentially, these are universal relations for a slot antenna in an
RTD oscillator; they define an optimum slot geometry, i.e., for
every slot length (l), (10) and (11) define a matching optimum
slot width (w) to minimize γ and to give a “conditional” maxi-
mum to P (for a fixed l). However, an optimum slot geometry
is different for different frequencies since Gr and Gl (or Rl)
are dependent on frequency. Rl (or Gl) and an optimum slot
geometry are also dependent on the material slot composition
since Rl originates from the skin-effect ohmic losses.

On the other hand, an optimum slot length for a given fre-
quency is RTD specific since τRTD in γ in (8) and α(γ) in (5) are
RTD parameters. Thus, to find an optimum l, one needs to find
a maximum of (5). However, in the framework of the simplified
model above, one can find an optimum l and the maximum
output power rather easily. To this end, we substitute Gl and
(10) and (11) for the optimized Ba into (8) and get the following
expression for the optimum γ:

γ = −2ωτRTD

√
GrRl. (12)

Note, Gr and Rl are functions solely of l in this model, specifi-
cally,Gr ∝ l2 andRl ∝ l. Having defined an optimumγ for each
l with (12), we substitute it into (5) and can calculate the output
power at a given frequency as a function of l. This dependence
goes to zero at l → 0, since Gr in (5) goes to zero in this limit.
On the other hand, (5) goes to zero when γ → 1. In between,
there is a (“global”) maximum of the oscillator output power at
a certain value of l, which defines an optimum slot length.

In the foregoing analysis, we relied on certain simplifying
assumptions concerning the dependence of the slot-antenna
admittance on the slot geometry. To justify these assumptions,
we provide approximate analytic equations for Gr and Ba of a
slot antenna, which are derived using the Babinet principle and
approximate equations for a small (Hertz) dipole [34]

Gr =
2π

3Zeff

(
l

λeff

)2

(13)

Ba = − 4

πZeff

ln (l/w)− 1

tan (πl/λeff)
(14)

where Zeff = Z0/
√
εeff is an effective impedance, Z0 is the

free-space impedance, εeff = (εs + 1)/2 is an effective dielec-
tric constant at the interface between the air and substrate (InP
in our case, with the dielectric constant εs), λeff = λ0/

√
εeff is

an effective wavelength, λ0 is the radiation wavelength in free
space. Equations (13) and (14) are asymptotically valid for small
(λeff � l) slots formed by an infinitely-thin ideally conducting
metal layer on a dielectric substrate. These equations support
the asymptotic relations and simplifications, we used in the
foregoing analysis (although we did not use these equations
explicitly in our analysis): Gr ∝ l2, and Gr is independent of
w; Ba is only weakly (logarithmically) changing with w.

IV. NUMERICAL SIMULATIONS

The foregoing discussion is semiquantitative in nature. It
relies on several simplifying assumptions, as described above.
To give an accurate picture and to compare it with the simplified
model above, we present numerical simulation results for the de-
pendence of the output power on the geometrical slot parameters.
As a first step, we keep the RTD contact parasitics neglected but
use accurate simulation data for the antenna characteristics, i.e.,
we keep the simplifying assumption (i) and relax the second one
(ii). As a second step, we also include RTD contact parasitics in
the numerical simulations, i.e., relax the assumption (i) as well.

To be specific, we make the simulations for an RTD wafer
with the layer parameters shown in Fig. 3. This RTD wafer has
1.6 nm AlAs barriers and exhibits the peak current density of
5.8 mA/μm2 with a peak-to-valley current ratio of 9 (see Fig. 4).
Those are typical parameters for RTDs used in the sub-THz
frequency range. In the past, we have used this wafer in the RTD
oscillators, working at frequencies of≈ 100–500 GHz [11], [35].
We also use this RTD wafer in the experimental part of this work.

For the simulation of the antenna characteristics (admittance,
radiation, and loss conductances, etc.), we used a commer-
cial electromagnetic simulator (ANSYS HFSS). For given slot-
antenna dimensions, the simulated antenna admittance is substi-
tuted into (2) and (3), the equations are then solved for different



NGUYEN et al.: IMPACT OF SLOT WIDTH ON PERFORMANCE OF SYMMETRICAL-SLOT-ANTENNA RESONANT-TUNNELING-DIODE OSCILLATORS 33

Fig. 3. RTD-wafer parameters.

Fig. 4. I–V curves of a 2.0 µm2 RTD integrated with a slot antenna with
150 µm length. The measured I–V curve is shown in green, the simulated one
in red, and the I–V curve of a free-standing RTD is shown in blue. The inset
shows the dependence of the oscillator output power on the bias voltage.

RTD areas (A), giving the corresponding oscillation frequencies
and the steady-oscillation amplitude (VAC). Afterward, in the
general case, the oscillator output power is calculated with (4).

In the case when the RTD parasitics are neglected, the simu-
lation procedure becomes more simple. Im(Ycirc) in (2) becomes
equal to Ba. Substituted into (2), it defines the oscillation fre-
quency, or (7) defines the RTD area A for an oscillator working
at a given frequency. For calculation of the output power, one
can use then directly (5) and (6). Example simulation results are
shown in Fig. 5.

Fig. 5 shows that without the contribution of the RTD contact
parasitics, the slot-antenna RTD oscillators at 375 GHz should
achieve the maximum output power of around 138 μW for the
given RTD wafer when the slot width is 4–5 μm and the slot
length is 80–90 μm. The figure shows a clear global maximum
for certain values of the slot width and length, in accord with
the qualitative explanations in the previous chapter: there is a
“conditional” maximum of the output power at a certain slot

Fig. 5. Map of the output power for different slot-antenna length and width for
an RTD oscillator operating at 375 GHz, RTD parasitics are neglected. The blue
line shows the optimal dimensions from the condition Gr = Gl, the purple line
corresponds to maxima along w axis according to the numerical simulations.
The green contour lines show the required RTD area in µm2. The dashed
black contour line shows 10% deviation from the maximum output power of
the plot. The inset shows the maximum powers resulting from the condition
Gr = Gl (blue), the numerical maxima (purple), and (12) (red) for Gr and
Rl calculated for the slot width of 1 µm. The points in both figures show the
maximum power for the corresponding conditions. The values in the round
brackets give the corresponding RTD area and the output power according to
numerical simulations, respectively; the value in the square brackets corresponds
to the maximum (red point) in the inset.

width for every slot length; then, when we change l and follow
the “conditional” maxima, we find a “global” maximum at a
certain antenna length.

In Fig. 5, we show with a purple line the positions of the
“conditional” output-power maxima along w axis for each slot
length. For a comparison, we also show a blue line withGr = Gl

in Fig. 5, where the output power should get maximum with the
variation of w, according to (11) in the framework of the simpli-
fied analysis. The curves are somewhat deviating from each other
(due to a weak dependence of the slot-antenna characteristics
on w for shorter antennas). Nevertheless, the blue curve passes
very close to the global output-power maximum. An inset in
Fig. 5 shows the variation of the oscillator output power along
the purple and blue lines with the variation of the slot length.
Both maxima are quite close to each other. The maximum along
the blue line is at ≈ 129 μW, when the slot length is ≈ 90 μm,
and the slot width is ≈ 7 μm, which is indeed quite close to the
global maximum. For a comparison, we also plot in the inset of
Fig. 5, the output power calculated with (12) substituted into (5),
where Gr and Rl are calculated for a narrow slot with a width
of 1 μm. This maximum is at ≈ 138.5 μW, when the slot length
is ≈ 75 μm and the slot width is ≈ 10 μm, the latter corresponds
to Ba given by (10). This slot width might look somewhat far
off the global maximum. Yet, it is within the yellow region in
Fig. 5, i.e., within the parameter space of the slot dimensions just
≈ 10%–15% below the global output power maximum, which is
a reasonably-good range of the parameter space. The deviations
of the approximate curves (red and blue) from the accurate one
(purple) are because Gr and Gl were considered independent of
w in the simplified analysis.
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Fig. 6. Color map of the output power of slot-antenna RTD oscillators at
375 GHz. The green contour lines show the design RTD-mesa area in µm2 to
achieve the target oscillation frequency. The color dots represent the experimen-
tal data for RTD oscillators working in the frequency range of 375 ± 10 GHz.
The first number next to each dot shows the RTD-mesa area, and the second one
gives the output power (also indicated by the dot color) for each oscillator.

Fig. 7. Color map of the output power of slot-antenna RTD oscillators at
185 GHz. The color-dots represent the experimental data for RTD oscillators
working in the frequency range 185 ± 10 GHz. See other notations in Fig. 6.

As a next step, we include the RTD parasitics in the analysis.
We assume the RTD contact resistance of ρc = 2 Ωμm2. The
simulation results in this case for the output power at 375 GHz
are shown in Fig. 6. The maximum output power does decrease
due to the RTD contact resistance; it is ≈ 90 μW now. However,
an optimal slot geometry to achieve the global power maximum
remains almost the same as in Fig. 5: slot length is ≈ 80–90 μm
and the slot width is ≈ 5 μm. Fig. 7 shows similar simulation
data for approximately twice lower frequency of 185 GHz. The
global maximum of ≈ 300 μW should be achieved for the slot
length of ≈ 200–210 μm and the slot width of ≈ 5–6 μm.

Figs. 6 and 7 also include contour lines for the RTD-mesa area
required for each combination of the slot length and width to
make the oscillator work at the chosen frequencies. The contour

lines indicate that the RTD-mesa areas decrease with the increase
of w, since the absolute value of the antenna susceptance Ba

drops and that needs to be compensated by the reduction of
the RTD-mesa area, according to (7). This behavior also aligns
with the observation made in [27] that the oscillation frequency
increases with the decrease of the slot width. Indeed, one can
see the increase of RTD-mesa area with the decrease of w as a
means to reduce the oscillation frequency: if the RTD-mesa area
would be kept fixed with the decrease of w, then the oscillation
frequency would increase. However, decreasing the slot width
is not an optimal design strategy: as Figs. 6 and 7 show, if the
slot width is made too narrow, then the output power will reduce;
there is an optimal parameter range for the slot antennas to get the
highest output power at a given frequency. Specifically, for our
RTD wafer and for the given frequencies, an optimal slot width
is in the range of ≈ 4–8 μm. If the slot width were reduced to
2 μm that should have led to a certain output-power reduction.

V. SAMPLE FABRICATION AND MEASUREMENTS

To verify the simulation predictions, we fabricated several
batches of samples with different slot-antenna and RTD-mesa
dimensions. The oscillator parameters in one batch were chosen
to make them operate at 375 GHz. In the second batch, we chose
185 GHz as the target frequency. In the third batch for output
power analysis, we fixed the slot width at 4 μm and varied the
slot length and RTD-mesa area, resulting in RTD oscillators
working at different frequencies. The fabrication process of all
these samples was identical.

The fabrication process is based on optical lithography, except
for one step. The process started with the deposition of the upper
RTD-mesa electrodes: 20/20/160 nm Ti/Pd/Au. The electrodes
were then used as a mask and whole areas around RTDs were
wet etched ≈ 180 nm down to the n++ bottom layer, forming
the RTD mesas. Then, the lower RTD-electrode metallization
(20/20/60 nm Ti/Pd/Au) was deposited covering the RTD, but
with an opened window for the slot antenna (see schematics in
Figs. 1 and 3). The offset of the RTD from the edge of the slot
antenna is 3 μm in all our samples. The n++ layers in the slot
and the isolation trenches surrounding the lower electrode were
later removed by dry etching. As a next step, a 200 nm Si3N4

layer was deposited on the entire sample surface. It serves as a
passivation layer and as a dielectric in the MIM capacitor (see
Fig. 1). As a next step, the Si3N4 layer was opened at the tops of
the RTD mesas using E-beam lithography. After, a photoresist
layer was deposited in the slot-antenna trench next to the RTD as
a support layer for the air bridge and then the last metallization
layer was deposited (20/280 nm Ti/Au), forming the air bridge
across the slot to the RTD and the upper metallization of the
MIM capacitor, see an SEM image of a fabricated sample in
Fig. 8. As a final step, an ITO shunt resistor was deposited.

The emission spectra of RTD oscillators were measured with a
Martin–Puplett interferometer, which has a frequency resolution
of ≈ 1 GHz and continues frequency coverage from ≈ 50 GHz
to ≈ 5 THz. A Golay cell has been used as a THz detector in the
interferometer. Typical measured spectra of several oscillators
are shown in Fig. 9. All spectra are clean and do not show any
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Fig. 8. SEM image of a slot-antenna RTD oscillator with a slot length of
200 µm and width of 4 µm, the RTD mesa was 2.2 µm2.

Fig. 9. Measured frequency spectra for oscillators with antenna lengths be-
tween 50 and 200 µm, the slot width is 4 µm, and the RTD mesas for these
devices were in the range 2.0–2.3 µm2.

parasitic lower frequency lines, proving that the oscillators were
working at the fundamental frequency.

For the output power measurements, as well as during the
spectrum measurements above, the oscillator chips were placed
on top of a hemispherical Si lens. During the output-power
measurements, a calibrated pyroelectric detector was placed
directly underneath the Si lens. On the way from the oscillator
to the detector, 30% of the radiation is back-reflected at the
Si/air interface and further only a fraction of the radiation in the
air is collected by the detector. This fraction is determined by
the overlap of the slot-antenna radiation pattern and the input
aperture of the detector. Our estimates based on the simulations
of the antenna radiation pattern show that only ≈ 25% of
the total antenna radiation reaches the detector. Therefore, the
emitted oscillator power throughout this article corresponds to
the measured detector power multiplied by a factor of 4.

VI. EXPERIMENTAL DATA ON SYMMETRICAL SLOT-ANTENNA

RTD OSCILLATORS

In the first batch of samples, the RTD oscillators were working
at the frequencies 375 ± 10 GHz. The slot antennas had a length
in the range of 30–90 μm and a width in the range of 3–8 μm.
The RTD-mesa area was adjusted accordingly to match the target
frequency of 375 GHz. The measurement and simulation data
for the output power of the oscillators are shown in Fig. 6. An
oscillation frequency of 368 GHz with an output power of 82μW
was measured for a slot-antenna length and width of 90 μm and
4 μm, respectively, and an RTD area of 0.82 μm2.

Fig. 7 shows similar measurement and simulation data for
the second batch of samples at 185 ± 10 GHz. The length
of the slot antennas was in the range 85–225 μm and the
width in the range 4–12 μm. Maximum power of 283 μW was
obtained at a frequency of 184 GHz with an antenna length
and width of 200 μm and 4 μm, respectively, and an RTD area
of 2.2 μm2.

Several experimental points in Fig. 6 are close to the theo-
retically expected global maximum of the output power (slot
length of ≈ 80–90 μm and the slot width of ≈ 4–6 μm). The
measured output power is the highest at these points. The other
experimental points are either outside the global-maximum re-
gion or close to its edge; the output power is lower at these
points. A similar picture can be seen in Fig. 7. The points
for the slot length of ≈ 170–200 μm and the slot width of
≈ 4–7 μm are close to the global maximum, and the output
power is the highest for those samples. The other samples have
slot dimensions closer to the edge of the global maximum and
the output power is somewhat lower for those samples. However,
the experimental data indicate that their maximum is shifted
to slightly shorter slots compared to numerical-simulation data.
Overall, the experimental data are in reasonably good agreement
with the theoretical predictions. We attribute the deviations and
certain scattering of the experimental data to the uncontrollable
variations of the fabricated samples due to the limitations of the
optical lithography used in this study.

The foregoing analysis indicates that an optimum slot-antenna
width in the 150–400 GHz frequency range is close to 4 μm.
Therefore, as a next step, we fabricated a third batch of RTD
oscillators with a slot width of 4 μm and slot lengths of 50 μm,
100 μm, 150 μm, and 200 μm with different RTD-mesa areas,
chosen to be close to optima for the highest output power.
The output power of these samples is shown in Fig. 10. For
each given antenna length, when the RTD area is small, the
oscillation frequency is the highest, but the output power is not
at the maximum since the RTD current is small. When the RTD
area is large, then the frequency is the lowest; still, the output
power is getting low again since the radiation conductance of
the slot antenna is getting low when the slot antenna is operated
much below its eigenfrequency. In between, for some middle
values of the RTD area, the oscillator’s output power reaches a
maximum at certain intermediate frequencies. The experimental
data and the theoretical output-power curves in Fig. 10 follow
this qualitative behavior. The figure includes additionally several
data points corresponding to the samples with the highest output
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Fig. 10. Radiated power versus oscillation frequency of the fabricated slot
antenna RTD oscillators. In this device batch, the slot antenna length was set to
50µm, 100µm, 150µm, and 200µm, with a constant width of 4µm. The RTD
areas ranged from 2.0 µm2 to 5.0 µm2. The solid lines show simulated output
power, and the star points indicate the measured ones. In addition, several data
points with a high level of output power from the other two batches of samples
(see Figs. 6 and 7) are also shown. For comparison, we show the literature data
on symmetrical-slot-antenna RTD oscillators and a few characteristic data points
for the other types of RTD oscillators.

TABLE I
OUTPUT POWER FOR DIFFERENT TYPES OF RTD OSCILLATORS

power from the first two batches of devices with frequencies near
185 GHz and 375 GHz.

The output power of our RTD oscillators in Fig. 10 is very
close to the best symmetrical-slot-antenna RTD oscillators re-
ported in the literature. A set of representative literature data
for the symmetrical-slot-antenna RTD oscillators is shown in
Fig. 10 and in Table I. High output power in our oscillators was
achieved due to two reasons. First, the slot-antenna parameters

are close to the optimum in our oscillators. Second, due to a
small value of τRTD in our RTDs, which allows one to reduce
γ [see (8)], and since our RTDs have a sufficiently large value
of the nonlinearity parameter α(γ) at small γ. As a result, that
leads to large values of the output power, given by (5).

We should stress, that this study is limited to symmetrical-slot-
antenna RTD oscillators: RTD oscillators with asymmetrical
slot antennas [7] and other types of RTD oscillators do provide
even higher output powers. For comparison, Table I shows
representative literature data for diverse RTD oscillators: with
coplanar-waveguide (CPW) resonators, patch and slot-ring an-
tennas, additional radiators (e.g., Vivaldi or Yagi–Uda antennas),
coherent arrays, etc. Different RTD-oscillator types have their
advantages and disadvantages, but symmetrical-slot-antenna
RTD oscillators stand out due to their simplicity and symmet-
rical radiation pattern. As such, they still keep their niche in
the ongoing investigation and development of RTD oscillators,
particularly as a building block in the more complicated and
array designs of RTD oscillators [10], [22].

VII. CONCLUSION

In this article, we show that the output power of symmetrical-
slot-antenna RTD oscillators depends on the slot width and that
the slot width is an important degree of freedom for fine tuning
the slot geometry in the RTD oscillators. Our data also indicate
that the commonly used 4 μm slot width is close to an optimal
slot-parameter range, corresponding to the global output-power
maximum, at least in the sub-THz frequency range. This is
confirmed both by our theoretical and experimental data.

In the framework of a simplified slot-antenna RTD-oscillator
model, we show that there is a universal (independent of the RTD
properties) optimal slot width for each slot length. This optimal
width is frequency and, in general, slot-material dependent. The
existence of such an optimal width is related to an intricate
balance between the slot radiation and ohmic losses and slot
susceptance resulting in a maximum of the RTD oscillation am-
plitude. The global output-power maximum of an RTD oscillator
is further achieved by a proper choice of slot length, which is
already RTD-specific. The optimal slot-geometry predictions of
the simplified model are quite close to a global optimum ac-
cording to an accurate oscillator analysis. This simplified model
is useful for semiquantitative or at least qualitative analysis of
RTD oscillators.

We also present an extensive set of experimental data on
RTD oscillators with different slot widths. The data reasonably
agree with the theoretical analysis and support its validity. Some
oscillators exhibit an output-power level close to the state-of-the-
art for fundamental-frequency symmetrical-slot-antenna RTD
oscillators in the frequency range of 150–400 GHz. Specifically,
we report 283 μW at 184 GHz and 82 μW at 368 GHz.
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