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Demonstration of Sub-THz Traveling-Wave
Resonant-Tunneling-Diode Oscillators

Zoltan Jéhn

Abstract—As a proof of principle, operation of traveling-wave
resonant-tunneling-diodes (RTDs) oscillators has been demon-
strated experimentally in the frequency range 100-400 GHz. A
theoretical model describing a realistic coupled system, consisting
of a traveling-wave RTD and a patch antenna, has been developed.
The model describes the eigen resonances and the eigen modes,
which have a mixed character of both subsystems. The model
and the experimental results are in agreement with each other.
We also demonstrate that some oscillators were switching between
different resonant modes of the system with the change of bias. The
phenomenon could be used for an extended frequency control of
the RTD oscillators.

Index Terms—Measurement, modeling, oscillators, resonant-
tunneling diodes (RTDs), resonators.

NOMENCLATURE
Symbol Description and unit
w, f Angular frequency and frequency [s!].
k Propagation constant in the waveguide [1/m].
A Wave impedance of the waveguide [(2].
L Line inductance of the waveguide [H m~'].
Roetal Line resistance of the metal layer [2 m~'].

CrrD,CRTD
GRTD,9RTD

RTD line and areal capacitance [F/m, F/m?].
RTD line and areal conductance [S/m, S/m?2].

Te Areal contact resistance [ m?].

o Conductivity of the metal [S m~].

Onit Conductivity of the n++ layer [S m~].

w Width of the waveguide [m].

l Length of the waveguide [m].

lant Length of the antenna [m].

duwg Spacing between the metal waveguide plates
[m].

7 —— Thickness of the n++ layer [m].

€ Dielectric constant [F m™!].

1o Vacuum permeability [H m~—!].

ds Skin depth [m].
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dpar RTD barrier thickness [m].

Gyt Line conductance of the n++ layer [S m~!].

Chi+ Line capacitance of the n++ layer [F m—].

Geont Line conductance of the contact layer [S m~!].

Coont Line capacitance of the contact layer [F m~ .

P, P Power emitted from the waveguide at its ends
[W].

Proa Radiated power from the antenna [W].

Abbreviations

RTD Resonant tunneling diode.

TLM Transmission line method.

MIM Metal-insulator-metal.

n++ Heavily doped semiconductor semiconductor layer.

CPW Coplanar waveguide.

PP Parallel plate.

1. INTRODUCTION

HE terahertz frequency range remains an intensive re-
T search area in the last decades. Nowadays, a number of
different devices and systems exist, that can operate in this
frequency range, expanding from the microwave to infrared
frequencies. The most prominent examples of the semiconductor
structures that can operate in the higher bounds of this frequency
range are the quantum cascade structures (QCLs) [1], [2], and
in the lower bounds are the resonant-tunneling-diodes (RTDs)
oscillators [3], [4], [5], [6], [7], HEMT (high-electron-mobility
transistor) amplifiers [8], Gunn diodes [9], (impact avalanche
transit time diodes) IMPATT diodes [10] and Schottky diodes
as detectors and multipliers [11].

The operation at room temperature and relative simplicity
gives advantages to RTD oscillators compared to the other types
of THz sources [4], [5]. In fact, RTDs are the highest-frequency
active semiconductor devices nowadays, their operating fre-
quency has reached almost 2 THz [6], [7]. However, the output
power of RTD oscillators remains rather low so far, it is in the
range of few tens of uW at THz frequencies and above [4],
[5], [12]. For this reason and also in view of limited tunability
of RTD oscillators [13], the investigation of different config-
urations and concepts of RTD oscillators remains an active
research field. The RTDs oscillators are usually based on a
lumped-element oscillator concept. However, some time ago a
concept of traveling-wave (TW) RTD oscillator has been put
forward and it was shown to be (theoretically) feasible [14]. In
the present paper, we investigate a practical realization of TW
RTD oscillators: a TW RTD needs to be coupled to an external
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(passive) emitting antenna, which basically together with the
TW part creates a system of two coupled resonators. The analysis
of the oscillation conditions of such coupled systems is one of the
objectives of the paper. The second objective is the experimental
proof-of-principle demonstration of such TW RTD oscillators.
Additionally, we have found out that our TW RTD oscillators
could be switched between different oscillation modes by chang-
ing the RTD bias; that gives additional degrees of freedom to con-
trol the oscillation frequency of RTD oscillators or to modulate
them.

II. DEVICE STRUCTURE

A TW oscillator can be constructed from a waveguide in-
tegrated with negative differential conductance (NDC) layers
along it [15]. The gain of the NDC layers, RTD layers in our case,
should be sufficiently high to compensate for the waveguide
losses. If the waveguide is long compared to the wavelength of
the waveguide modes, then the modes will be bouncing back and
forth between the end facets of the waveguide, such an oscillator
will work similar to a laser. In a realistic situation, however,
there are two essential differences. First, the waveguide is not
much longer than the wavelength of the waveguide modes. Its
length is either smaller or, in the best case, comparable to the
wavelength. Second, the waveguide is coupled to the emitting
antenna, which has its own resonant properties. Therefore, the
resonant cavity of the oscillator includes not only the TW part,
but also the antenna resonator. That is a system with coupled
resonators. Such coupled system can have different operation
modes. In some cases, the system operates closer to a TW
oscillator regime (the wavelength is comparable to the length
of the TW part). In other cases, the wavelength is smaller and
can be even much smaller than the length of the TW part, then
the system works closer to a lumped-element oscillator with a
homogeneous or only slightly inhomogeneous distribution of the
voltage along the TW part of the structure. We are investigating
the details of the operation of such coupled system in this
paper.

Two straightforward configurations of the TW waveguides
with RTD layers are shown in Fig. 1. In the parallel plate (PP)
structure, the bottom metal electrode is fully underneath the RTD
layers, whereas for the coplanar waveguide (CPW) structure, a
semiconductor heavily-doped (n++) layer stretches underneath
the RTD layers, two bottom metal electrodes are placed on both
sides of the RTD mesa stripe. These two different structures
require different fabrication techniques, since the RTD epilayers
are grown on semiconductor substrates. The fabrication of PP
structures require a substrate-transfer process [16], which is a
more complicated task, compared to top processing needed for
CPW structures. The two structures have different characteris-
tics in the terms of waveguide losses and mode properties and
that leads to their different frequency limitations, although the
overheating problems also impose restrictions on the structure
dimensions. Our analysis in the rest of the paper is focused on
the structures with PP waveguides.
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Fig. 1. Two different waveguide geometries. On the left side, the parallel-plate
(PP) structure is depicted, where the RTD layers (together with the contact n++
layers) are sandwiched between two metal stripes. On the right side, the coplanar
waveguide (CPW) geometry is shown, where the side metal stripes are contacting
the bottom n++ layers of RTD.

| bottom contact

III. THEORY

The TW RTD oscillators are analyzed in three steps. First,
the eigen modes of the TW part of the oscillator are analyzed,
assuming an infinitely-long waveguide. The objective is to find
out, under which conditions the RTD layers provide enough
amplification to guarantee a mode gain in the TW waveguide.
As the second step, we terminate a finite-length section of the
TW waveguide by lumped-element impedances and analyze the
eigen resonances of such system in several limiting cases. In
the third step, a complete TW RTD oscillator is analyzed, when
we take into account, that the termination impedances describe
the external part of the system (in particular, an antenna) with
additional eigen resonances. The interplay between the internal
(TW part) and external (antenna part) resonances is analyzed.
Note, the lumped-element RTD oscillators are included in this
analysis as a limiting case, when the mode wavelength is large
compared to the length of the TW part.

A. Transmission Line Method

Transmission-line method can be used for the analysis of the
TW waveguide, assuming that all lateral dimensions of the wave-
guide are small compared to the eigen-mode wavelength. The
TW waveguide can be described by the equivalent circuit [14]
shown in Fig. 2. The specific inductance and resistance per
unit length of the waveguide are L, and R4, both of them
depend on the operating frequency due to the skin effect. The
RTD contact impedance and that of the n++ layers could be
described with simple frequency-independent RC parameters.
Here one assumes that the skin penetration depth in the n++ layer
is much larger than its thickness. Otherwise, one needs to take
into account an additional inductive and resistive longitudinal
contributions of the n++ layers [17]. The impedance of the
RTD layers has a complicated frequency dependence; however,
it could be also represented as an RC circuit, although with
frequency-depended parameters. For example, one can use the
following linear (small-signal) RTD models [18], [19], [20] or a
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Fig. 2. Equivalent circuit of the TW waveguide.

high-frequency non-linear model [21] for the description of the
impedance of the RTD layers.

With the above approximations, the propagation constant k
and the wave impedance Z of the TW waveguide mode are:

X
=Xy Zz2?== 1
v (1)

where:

X = Rmetal + iwlL

1 1 1

= =- + -

Y  iwCrrp +Grrp  wChit + Gpyy
1

e
chcont + Gcont

2

The contributions of the n++ layer and the contact resistance
could be combined together as a parasitic impedance Yp’1 =
(iwo7z++ + Gn++)71 + (iwccont + Gcont)il-

If one assumes that the operating frequency ( f,) lies between
100-500 GHz, the parameters for the contact conductance and
capacitance are (Gcont = Yeont * W, Jeont = 1/7¢, Where r. &
1.5 Qum? [22], Ceont = Ceont - W, Ceont = 14 fF/um?, where
w is the width of the waveguide) [23]. The imaginary part of
the contact resistance can be neglected at lower frequencies. At
higher frequencies (from ~ 2 THz), the imaginary partis going to
be the leading term. Similarly, at lower frequencies and thicker
n++ layers, the imaginary part of the admittance of the n++
layer can be neglected compared to the real part. The parasitic
admittance can be then approximated at low frequencies as:

Yp_l = Ggolnt + GT_l'l'r"l‘ (3)

Substituting the approximation into (2), we get a low-frequency
approximation for the propagation constant:

Y,
k*= (Rmetar+iwl) | iwC —Pr ) +G .
( tal +iw )(W RTD (Yp+GRTD> + RTD)

Y,
~ (Yp+GRTD). @

Here it was assumed, that |Y},| is much larger than the conduc-
tance of the RTD layers.

The specific resistance (per unit length along the waveguide)
of the metal and the specific inductance of the PP waveguide

can be written as:
2
w\ 20
2
L:“O(dwgm-,/ ) (6)
w wo o

where w = 27 f,,, and o as the conductance of the metal wave-
guide plates.

We can approximate the specific conductance of the n++
layers as:

Rmetal =

w

(N

Gyt = 0n++d ]
n++

where d,, 1 is the thickness of the n++ layers, if we neglect the
fringing fields around the PP waveguide. An extension of this
model to the CPWs (we are not covering that in this paper) can
be not straightforward due to more complicated current paths,
which are depending on the CPW geometry, conductances of
the layers and contact resistances; stray capacitance can also be
giving a significant contribution and it might have a complicated
frequency dependence.

The maximum operating frequency of the active TW wave-

guide could be defined as the frequency where the gain (the real
part of the propagation constant) disappears:
Yy
Y, + Grro + LGRrrp. (8)
Since both expressions for L and G, 4+ include the spacing
between the waveguide plates, the two values are coupled.
For higher inductance of the waveguide plates, the maximum
frequency gets higher, but for lower G, 1 the losses increase
in the structure, decreasing the maximum frequency. According
to these considerations, an optimum d,,, should exist for the
maximum operating frequency. CPW can have advantages over
the PP waveguide geometry for certain epilayer structures, since
the d,,4 is not defined by the thickness of the epilayer stack and
G+ + 1s defined by different parameters than those in (7).

0= Im(k*) = CrrpRmetar -

B. Finite-Length Waveguide

In arealistic geometry, the active waveguide has a finite length
and it is coupled to the external environment through the end
facets, which we can represent with termination impedances,
see Fig. 3. The resonance condition for the system is then:

2kl

eryr_ =1 )
A4 AR
_ = = —. 10
“TZ vz ""TZ 4z (10)
Where:
l length of the waveguide
r_  reflection coefficient on the left side

ry  reflection coefficient on the right side
Z_  termination impedance on the left side
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Fig. 3. Finite length (/) waveguide enclosed between Z_ and Z_ termination
impedances.

Z4  termination impedance on the right side.

We further use the wave-propagation (1)—(7) to find the eigen
solutions of (9): Ggrrp is adjusted to give a real-valued eigen
frequencies w. The voltage distribution between the waveguide
plates (U(x, t)) corresponds to a standing wave with the ampli-
tude «v and could be written in the form:

Ulz,t) = o(x)cos (wt), @(x) = alef +r_e ). (11)
The voltage drop across the RTD layers along the waveguide
can be expressed as:

Yy

) i R— 12
o( )YRTD+Yp (12)

orrD(T) =

where Y), is the specific parasitic admittance and Yr7rp =
iwCgrrp + GRrrp is the specific admittance of the RTD layers.

In order to find the unknown amplitude («) in (11), one needs
to take into account the non-linearity of the RTD I-V curve,
since the oscillation amplitudes in RTD oscillators are eventually
limited by the RTD non-linearity. In the following analysis, we
use a 3rd-order non-linear approximation for the RTD I-V curve,
which gives the following equation for the RTD conductance
(per unit area): g(u) = a + 3bu?, where a and b are the linear
and non-linear parameters of the RTD layers. An effective RTD
conductance G g1 p, see the equivalent circuit in Fig. 2, at the
oscillation frequency (w) will be a function of the oscillation
amplitude (o). We define G rpp based on the power balance
considerations: the power generated in the waveguide due to
an effective linear G g p (first harmonic) must be equal to the
power generated in RTD layers with account of the RTD non-
linearity, i.e.,

T
/ / lorTD(2) \2 cos? (wt) Grrp dxdt
o Jo
T
= / / lorTD ()] cos? (wt) aw dadt
o Jo

T
+ / / lorrp (z)|* cos® (wt) 3bw dxdt,  (13)
o Jo

where 7' = 27 /w is one oscillation period. Then the power
delivered by the system to the terminal impedances Z, Z_ will

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 22, 2023

Py /Pia

Fig. 4. The relative power output for short-circuit terminated and open-ended
waveguides compared to an lumped element oscillator.
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P = e (57 ) le@)le-ol.

To simplify the further analysis, we assume Z_ to be {0, co},
which corresponds to a short-circuit or open termination of the
TW waveguide at x = 0. With given parameters, the power
out-coupled from the system at the Z termination impedance,
if it is adjusted to fulfill the resonance condition of (9), is
plotted in Fig. 4. P;; corresponds to such output power where
the voltage distribution on the RTD stripe is homogeneous,
that is a limit of a lumped-element RTD oscillator. The two
curves represent the short-circuit terminated and open-ended
waveguide at the Z_ terminal. The wavelength is defined as
A =27 /Im(k). It is important to point out that the negative
power corresponds to such structures, which can not be brought
to steady-state oscillations by the NDC of the RTD in the device.
Hence additional power should flow into the device to match the
resonance conditions. It corresponds to termination impedances
where the real part of the impedance of the external system is
negative (see (14)). If one neglects the parasitics in series with the
RTD layers (Y, > Yrrp), one ends up with simple relations:

® The open-ended waveguide is equivalent to the lumped ele-

ment oscillator, G prpl = Re(erl), when the wavelength
is large compared to the waveguide length.

Re(Z ") +a-lw .
Z70).
Pl 2

e [f the waveguide is very long compared to the wavelength,
then the wave amplitude will eventually become saturated.
In this case, the mode gain is zero, i.e., the RTD gain
is exactly compensating for the waveguide losses. This
situation is described by (8), which leads to the condi-
tion Grrp & —Rpmetat Crrp /L. If we then adjust the

(14)

P+:—2

5)
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waveguide length in such a way, that the standing-wave
resonance condition is satisfied, and if we attach a suf-
ficiently large load resistor (R4) to the open end of the
waveguide (R4 > |Z|, so that 74 & 1), then the output
power generated on the load becomes independent of the
waveguide length:

72GRTD—G,U) 1

P .
+ 3 bw R+

(16)
The situation is somewhat similar to lasers with saturated
gain and strong back reflection at the end facets.

From these theoretical considerations, an RTD oscillator
could be treated as a simple lumped-element oscillator, when
the voltage distribution along the RTD mesa is homogeneous
(k -1 < 1). Otherwise, one should consider the voltage inho-
mogeneity in the RTD mesa and treat the mesa as a waveguide.

In a practical system, one wants to make the system oscil-
lating at a target frequency and to have other eigen frequencies
in the system suppressed (attenuated). Particularly critical are
the low-frequency parasitic oscillations. To suppress them, the
load impedance Z needs to be frequency dependent and have
sufficiently low real value at low frequencies. That is usually
achieved with an additional shunt resistor connected to an RTD
oscillator.

When the lateral dimensions of the waveguide getting compa-
rable to the wavelength, the transmission-line methods fails, one
needs to use 2D (in the RTD cross section) simulation methods
in this case.

C. Full System

Now we take into account the details of the termination
impedances, specifically that Z describes an external antenna,
which can behave either as a resonator or predominantly as an
inductance, if the antenna is operated at frequencies much lower
than its eigen frequency. We still consider the situation, when
the waveguide is open-ended at one end (Z_ = o0).

In the beginning, we consider a limiting case, when the wave-
length is large compared to the TW waveguide length (|kl| < 1).
Linearizing (9), (10), we get the following equation describing
the eigen frequencies of a lumped-element RTD oscillator:

Z
A
If the antenna impedance Z can be approximated as that of an

inductance (iwLqpt), the resonance frequency of the lumped-
element oscillator is:

Zy a7)

1
V LantORTDl ’

which behaves as w o< 1/+/1 with the variation of the length of
the TW waveguide, we keep the antenna inductance constant.

In another limiting case of a purely TW oscillator, we assume
Z_ = oo and keep Z as a frequency-independent constant. In
this case, (9) and (10) are reduced to

(18)

w =

Z, = coth(kl)Z. (19)

top contact
. antenna

/

y
_/ waveguide

\
bottom contact

Fig. 5. Geometry of the coupled system with a quarter-wave patch antenna.
The parameters for the numerical calculations can be found in Appendix.

The solution of the equation is kl = const, which leads to the
dependence w o< 1/I, assuming a linear k(w) dispersion. In
practice, the oscillator in the regime |kl| ~ 1 is operating in
a mixed mode, since Z is frequency dependent and the (reso-
nant) properties of the external parts of the system significantly
influence the eigen frequencies of the system.

a) Resonance frequencies of the coupled system:

We construct a model coupled system as shown in Fig. 5. An
open-ended TW waveguide is connected to a patch antenna on
the other end. The opposite side of the patch antenna should be
connected to a MIM. If the wave impedance of the MIM is much
smaller than the wave impedance of the patch antenna, then the
system acts as a quarter-wave patch antenna.

In the low-frequency limit, the (quarter-wave) patch antenna
behaves as an inductance (at frequencies much lower than the
antenna resonance frequency) and the TW part behaves as a
lumped-element RTD (|kl| < 1), then the system is in the
lumped-element oscillator regime, (18). In the general case, we
can write the resonance conditions as:

Ze
7 — tan(kl) tan(kclc)a

(20)
where Z,, k., . describe the wave impedance, the propagation
constant and the length of the patch. The whole system can be
seen as two waveguide subsystems coupled together through
the Z./Z coupling coefficient. One can argue similarly for the
half-wave patch antenna system, if no MIM is connected at the
other end of the patch:
Ze
- = tan(kl) tan (k.l. — 7/2), 21
Qualitatively, the resonance frequencies of the quarter-wave
patch antenna system as the function of the length of the TW
RTD waveguide are plotted in Fig. 6 with the parameters given
in Table I (see Appendix). The continuous and dashed curves
represent the resonant frequencies of the coupled system, while
the dotted lines show the resonant frequencies of the uncoupled
subsystems (Z/Z. = oo or 0). As the two systems get coupled,
the RTD waveguide is not working as a pure (isolated) TW
oscillator anymore, but as an oscillator which is a mixture of
the characteristics of the two systems. The right axis in Fig. 6
shows the required NDC (provided by RTD) to maintain the
stationary oscillation conditions. The quarter-wave resonances
of the decoupled patch antenna and TW RTD are crossing at
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Fig. 6.  Two lowest oscillation modes in a TW RTD coupled to a “quarter-

wave” patch antenna plotted as frequency vs. TW-waveguide length. The RTD
and antenna parameters are given in Table I. The right axis gives the minimal
value of RTD NDC (G g1 p) needed to satisfy the oscillation conditions. The
doted horizontal lines show (with increasing frequency) A/4, A/2, and 13/4
eigen resonances in the stand-alone patch antenna. The 1/1 doted lines show
(with increasing frequency) /4, A/2, A3/4, etc. eigen resonances in the stand-
alone TW RTD. The forbidden regions, where no oscillation are possible, are
plotted in gray.

~ 200 GHz for [ ~ 12 um, therefore the resonance modes of
the coupled system are exhibiting an anti-crossing behavior
around this point. Namely, for shorter TW RTDs (< 12 ym), the
first mode behaves as a lumped-element RTD oscillator with a
quarter-wave patch resonator, whereas the second mode behaves
as a quarter-wave TW RTD resonator ( 1/1). For longer RTD
lengths (2 12 ym), the behavior character of the two modes is
flipped.

One can interpret the properties of the resonant modes of
the coupled system as a resonance of two (patch and TW
RTD) coupled sub-systems: in the resonance, one sub-system
should behave as a capacitance (with positive susceptance),
while the other one as an inductance (negative susceptance).
At frequencies below the quarter-wave resonances of the sub-
systems, the patch antenna behaves as an inductance, whereas
the TW RTD as a capacitance. After crossing the A/4, A/2,
23/4, etc. resonances, the behavior of each of the sub-systems
is sequentially flipped. That leads to the allowed regions for
the resonance modes of the coupled system in the spectrum,
where the resonance modes are lying, that are white areas in
Fig. 6. However, no resonance modes are possible in the regions,
where both sub-systems behave as capacitances or inductances
simultaneously, those forbiden regions are shown in gray color
in Fig. 6.

b) Output power of the coupled system:

The output power of the example system is plotted in Fig. 7.
For small TW waveguides (with approximately [ < 3 um), RTD
NDC is not sufficient to compensate for the losses in the coupled
system, that corresponds to a negative output power, we skip
those points in Fig. 7. On the other hand, the first mode is less
suitable to emit power due to a low voltage amplitude on the Z
termination impedance. In this case, the system is to large extend
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Fig. 7. The output power of two lowest resonant modes of the model coupled

system. The plot also shows the equilibrium (/%) and the radiated powers.

8 nm In70GagpAs 3E19 1/em?
12 nm Ins3GagrAs 3E19 1/em?
20 nm Ins3GagrAs 1.5E18-3E19 1/em?®
20 nm Ins3GagrAs 1.5E18 1/cm?®
1.17 nm In53Ga47As
dpar AlAs
1.17 nm | In53Ga47As |
1.21 nm InAs
1.17 nm | Ins3Gay7As |
dbar AlAs
1.17 nm In53Ga47As
50 nm Ins3GagrAs 1.5E18 1/cm3
20 nm Ins3GagrAs 1.5E18-3E19 1/cm?
500 nm In53Ga47As 3E19 1/cm3

Fig. 8. RTD epilayers, specifying the layer thicknesses and the dopinglevel.
The dp,- represents the thickness of RTD barriers.

dissipating the power in the metallization of the TW waveguide
and in the n++ layers. P, in Fig. 7 represents the total power
generated by the RTD layers, it is defined as the integrals on
both sides in (13).

On the other hand, the second mode has stronger emission for
longer TW stripes with [ ~ 23 um, see Fig. 7. That corresponds
to a quarter-wave resonance (with high radiation efficiency) in
the patch antenna and a half-wave resonance in the TW RTD,
see spectrum in Fig. 6. This resonance is also seen as a smooth
peak for G at I =~ 20 pm in Fig. 6.

The emitted power from the rectangular patch antenna can be
calculated based on [24]. Here, the radiation losses are much
lower than the conduction losses in the system, implying the
radiated power can be calculated simply by multiplying the
power output of the waveguide by the radiation efficiency of
the antenna. However, the width of the antenna used in this
calculation is much smaller than the MIM width (see Fig. 10), the
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Fig. 9. Cross-section of the PP waveguide. The dashed areas are SiN layers,
the areas indicated with brown color are the metallization layers.

Fig.10.  Image of the fabricated PP-waveguide oscillator with MIM as antenna.
In the picture the different parts of the device are labeled: 1 - MIM, 2 - Top
contact, 3 - Shunt resistor, 4- RTD stripe.

MIM capacitor is capable of radiating some power as well, hence
our calculations give a conservative estimate for the radiated
power.

IV. FABRICATION

Several different oscillators were fabricated using both CPW
and PP waveguide structures. The CPW structures proved to
have limitations due to the lack of cooling around RTDs, they
overheated for our RTD-wafer parameters and oscillator geom-
etry. In this work, just the structures with PP waveguides are
presented. For comparison, we fabricated our devices based on
two different RTD wafers (with 1.4 nm and 1.8 nm RTD-barrier
thicknesses). The complete RTD substrate layer stack is shown
in Fig. 8. Detailed information on similar RTDs with 1.6 nm
barriers has been presented in [25]. The PP waveguide cross
section of our devices is shown in Fig. 9.

Wafer bonding: In order to lower the temperature of the RTD
mesa, one needs to have better heat conduction between the RTD
and the substrate. Therefore, the substrate transfer process has
been used and a thick metal heat-conductor layer was introduced
between the epilayers and the substrate [16]. The new substrate
material was undoped GaAs which was slightly larger than the
InP sample (10x10 mm). Prior to the bonding process, the two
surfaces were cleaned (contact cleaning with 10% HCI solution
for 30 s) and the metallization layers with Ti(10 nm)/Au(500 nm)
were sputter deposited on both surfaces. In the bonding process,

the surfaces were pushed together with 450 N for 30 minutes at
330 °C and were let to cool down slowly. The full 500 pm thick
InP substrate was etched away with concentrated HCI solution.
It was important to scratch the surface of the InP substrate since
the polished side is not etched by HCI. The HCI selectively
etched InP with respect to the arsenic layers, hence the well timed
removal of the samples from the enchant was not necessary.

From the formed metal sandwich, the RTD TW waveguides
were fabricated using dry etching in CH, /Hy/Ar plasma, using
a negative photo resist as a mask. For the passivization of the
surface of the RTD and as a dielectric layer for MIM capac-
itor, 200 nm SiN was deposited with PECVD process. In the
fabricated samples, the TW waveguide was directly connected
to the MIM section. The MIM was formed by a thin novolak
(~ 300 nm cross-linked novolak resist [26]) layer on top of
SiN. Further on, an additional thick (1.5 pm) novolak layer
for mechanical stability was fabricated under the contact pad.
The top metallization was thickened by electroplating in order
to increase the heat conduction around the RTD waveguide,
while the shunt resistor is formed by sputter-deposited Ti. It
was important to have large surface area shunt resistors for the
devices since they have to dissipate around a 1 W of power. An
image of the fabricated oscillator is shown in Fig. 10.

V. ANALYSIS OF THE FABRICATED DEVICES

To force the oscillator to be working in the TW regime, we
have excluded the patch antenna from our design, we made the
TW section to be directly connected to the MIM, which should
ideally be functioning as a short-circuit termination for the TW
waveguide (the waveguide remains open on the other end). The
other way to see our design: we tried to shift the resonance
frequencies of the external (patch-antenna) system as high as
possible, by reducing the length of the patch and eventually
eliminating it in order to minimize its influence on the eigen
TW-waveguide resonant modes. In practice, however, the MIM
impedance has a rather complicated frequency dependence with
several eigen resonances. Therefore, the MIM behaves rather as
as a large patch antenna (with a low input impedance though!)
with a small separation between the patch and the ground plane
and with an additional loading by a parallel shunt, see Fig. 10.

A. Numerical Calculation

To analyze the behavior of such TW RTD oscillator quasi-
shortcircuited by the MIM, we have numerically calculated the
impedance of the MIM (Z,) and then calculated the eigen
modes of the oscillator with (19). The input MIM impedance
is low (MIM is also directly connected to a distributed shunt of
1 ) compared to the wave impedance of the TW RTD stripe,
however, it has a complicated frequency dependence: it behaves
as a lossy inductance bellow ~ 180 GHz (dotted horizontal line
in Fig. 11), then as a lossy capacitor up to ~ 300 GHz (the next
dotted horizontal line) and then again as a lossy inductance. That
approximately defines the forbidden and allowed regions in the
spectrum in Fig. 11.

However, contrary to the case of a high-impedance (low-loss)
quarter-wave patch shown in Fig. 6, the mode structure in the
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Fig. 11.  The resonant frequency of the antennaless TW RTD system is plotted

as the function of the TW waveguide length. Grpp (right axis) gives the
minimal NDC values that satisfy the resonance (oscillation) conditions. The
resonant frequencies of the unperturbed systems (two decoupled waveguides) are
plotted as dotted lines. The forbidden regions, where no oscillation are possible,
are plotted (qualitatively) in gray.

TW RTD oscillator loaded by MIM is qualitatively different.
In this case, the anti-crossing behavior (seen in Fig. 6) and the
lumped-element resonance are suppressed due to high attenua-
tion in the MIM. The system behaves now as almost pure TW
RTD resonator perturbed by the (low) MIM load impedance.
The lowest mode in the system corresponds now to the quarter-
wave resonance in the TW RTD (as intended), it approximately
follows the o< 1/1 line. The deviations of the spectrum from this
line are due to the inductive or capacitive character of the MIM
termination impedance: the spectrum shifts, correspondingly, a
bit below or above o 1/I line, see blue line in Fig. 11. The
second mode corresponds to half-wave resonance in the TW
RTD, which is connected to a high-loss MIM resistance. This
mode appears only for longer RTD stripes of more than ~ 20 pm.
In principle, this second mode should not appear, if MIM would
have zero impedance, but it does show up in our system due to
a not sufficiently low MIM impedance.

B. Measurements

The radiation we measure in our devices was generated by the
TW part directly and partly as a parasitic radiation of the open
edges of MIM. The oscillation frequency of our samples was
measured with a Martin—Puplett interferometer with a Golay
cell as a detector; the interferometer covers continuously the
frequency range from ~50 GHz up to =5 THz.

On longer RTD stripes, one can see an additional jump on the
IV curve as it is shown in Fig. 12. These jumps correspond to
a stepwise change in the oscillation frequency of the oscillator
with the bias sweep. The measured radiation spectra to the left
and right from a jump (for the very same device) are shown in
Fig. 13. The different frequencies on both sides of the jumps
(the jumps occur for several devices) are shown as orange and
blue points in Fig. 14.
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Fig. 12. IV curve (with shunt) of a TW oscillator connected directly to MIM

with TW-section length of 22.5 pm, the RTD had the barriers of 1.4 nm.
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Fig. 13.  Output spectra of the device which IV curve is plotted in Fig. 12 for

two different bias points with different oscillation modes.
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Fig. 14.  Frequency vs. RTD-stripe length for a TW RTD oscillator with a
MIM termination, RTD layers are with 1.4 nm barriers. The dotted lines show
the |kl| parameter for the TW waveguide.
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Fig. 15. Frequency vs. RTD-stripe length for a TW RTD oscillator with a

MIM termination, RTD layers are with 1.8 nm barriers. The dotted lines show
the |kl| parameter for the TW waveguide.

Qualitatively, one explains the appearance of the jump in the
following manner: as the RTD voltage is increased, the capaci-
tance of the RTD decreases —leading to a high wave-propagation
speed — effectively resulting in a smaller |kl| parameter, that
needs to be compensated by an increase in frequency, which
at some point results in switching between the 2nd- and the
1st-mode resonances in the system. Another important factor is
the frequency dependence of the termination MIM impedance
(with internal damped eigen resonances), which also could be
making the switching between two resonant modes favorable,
see Fig. 11. The position of 1st and 2nd modes can be estimated
by assuming constant capacitance and weak non-linearity in
the system (see Section III-C). On the other hand, the mode
switching (or mode selection) between these two modes can
not be described with these simple assumptions. Generally, the
phenomenon can be seen as a behavior of coupled non-linear mi-
crowave circuits [27] whereas the changing of the non-linearity
affects the stability of the oscillation modes in the structure;
detailed analysis of the mode selection mechanism goes beyond
the scope of the paper.

The frequency vs. TW-waveguide length relation is plotted in
Fig. 14 for 1.4 nm barrier RTDs. The frequency measurement
points are the averaged frequency points since the oscillation
frequency continuously changes with the bias voltage in each
plateau of the IV curve. One can separate the measured fre-
quency points into two curves which come from the 1st and 2nd
modes of the system. In Fig. 14, the jumps indicate two different
measured operating frequencies of the devices, which have the
I-V curves with jumps, as plotted in Fig. 12. The measured
spectra of a device, which exhibits operating-frequency jumps
as a function of the bias, are plotted in Fig. 13 for two bias points.

A similar argument could be made for the measurement for the
1.8 nm barrier RTD which is plotted in Fig. 15. For devices that
possess lower specific NDC (with 1.8 nm barriers), the frequency
jumps do not occur; the system oscillates just in one or in the
other mode. The probable reason is that these RTDs, due to their
lower NDC, induce lower non-linearity in the system, that is
why the Hopf-bifurcations do not occur.

In Figs. 14, 15, the phase |kl| parameter in the TW RTD
waveguide is plotted. It shows that the switching occurs, when
the phase parameter gets close to 7/2 (i.e., to the quarter-wave
condition for the TW waveguide), then the switching to the
second mode happens.

A general comment with outlook. The analysis of the wave-
guide losses in the TW section of our devices indicates, that
the dominant loss mechanism (at least at lower frequencies, see
also [14]) could be attributed to the skin-effect losses in the
metal, see (8). This effect can be lowered by reducing the specific
capacitance of the waveguide, which is mainly the specific
capacitance of the RTD layers. That would require a design of
the RTD layers with a thick depletion layer and possibly with a
reduced quantum-well RTD capacitance. Such TW waveguide
would have a cross section closer to that of the metal-metal
QCL waveguides, where the gain layers fill almost the whole
space between the metal stripes. However, the electron transport
times through the thick depletion RTD layers may limit the
applicability of the concept to lower sub-THz frequencies.

VI. CONCLUSION

A coupled system consisting of a TW RTD section and an
external patch antenna has been analyzed theoretically. We show,
that some eigen resonances in the system could be attributed
to the lumped-element resonances, the others are closer to the
eigen resonances in the TW section of the structure, but in
general it is essential to treat the system as a coupled one
with the eigen modes and eigen resonances distributed between
both subsections of the system. We provide a proof-of-principle
experimental demonstration of the TW RTD oscillators. The
oscillators were working in the frequency range 100-400 GHz
and the TW section was operated close and above the quarter-
wave regime. We also demonstrate that some oscillators were
switching between different resonant modes of the system with
the change of bias. The phenomenon could be used for extended
frequency control of the RTD oscillators and perhaps for fre-
quency modulation.

The RTD epilayers studied experimentally and used for quan-
titative assessments in the paper are not optimized for TW
type of RTD oscillators. Further optimization of RTD epilayers
and parameters of TW waveguide and emitting antenna should
enable better performance TW RTD oscillators.
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APPENDIX
A. Model Device

In Section III-C a traveling-wave RTD oscillator with a quarter
wave patch antenna was analyzed. The parameters of the device
used in the numerical calculation are given in Table 1.
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TABLE I
THE NUMERICAL PARAMETERS USED FOR SIMULATION OF THE COUPLED
SYSTEM
Parameters
Symbol  Description and unit Value
[ length of the waveguide [um] 2-40
a  Small signal NDC of RTD substrate [mS/um?] 16
b Large signal NDC non-linearity 21
of the RTD substrate [mS/um?V?]
w  width of the waveguide [um] 1
o conductivity of metalization [Sm~1] 2.107
dyg  thickness of RTD substrate [nm] 600
cprrp  areal capacitance of RTD [fF /um?] 8.5
peont (= 1/gcont) contact resistance [Qum?] 10
Want antenna width [um] 200
lc  antenna length [pum] 200
dant antenna thickness [um ] 0.5
_YYY L 4 YY)
Ly Ly
+ N N
C_) Ub - CQ C 1 (& RTD

Fig.16.  Equivalent picture of an RTD oscillator with multiple resonant modes.

B. Bifurcations in the Non-Linear System

In most resonator structures, multiple different modes can os-
cillate. It was shown in Section III-C and with the measurements
that two different modes can be excited in the presented system.
Some of the devices with 1.4 nm barrier thickness presented dif-
ferent oscillation frequencies upon changes the bias voltage (see
Figs. 12, 14). The analysis of switching between the two possible
oscillation modes can be better understood and analyzed with a
simplified model in which a series and a parallel LC resonant
circuits are coupled (see Fig. 16). The proposed circuit has two
resonant modes in which the voltage is in phase or in anti-phase
on the capacitors - this is the same as in the traveling-wave
oscillator - comparing the voltage at the MIM and at the RTD.
The first mode can be called common-mode, as the voltage on
the MIM and on the RTD are in phase. While in the 2nd mode,
an additional node appears, and the two parts of the system are in
anti-phase. As the U, bias voltage changes, the system may jump
from one mode to the other one or create a more complicated
oscillatory behavior depending on the non-linearity [28].

C. Measurement Setup

The spectra of the devices were measured with a Martin-
Pupplet interferometer, based on the work of [29], see schematic
in Fig. 17.

In order to measure the power of the RTD oscillator selec-
tively with the setup, additional filtering should be used. The
bias voltage of the RTD was chopped with a reasonable low
frequency (=17 Hz), and the detected power on the detector was
filtered for this chopping frequency with a lock-in amplifier. A
Golay-cell was used as a detector for this setup. The chopping
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Fig. 17.  Schematics of the interferometer setup.

frequency was chosen to have minimal interference with the
surrounding (/=50 Hz) sources, low enough to be in the detector’s
response time limitations and high enough to have reasonable
measurement times. In the interferometer, one rooftop mirror
was moved during the measurement, and in each step, the filtered
signal was measured with the lock-in amplifier. The applied
method made it feasible to measure several nW-s in the sub-THz
frequency range.
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