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Limitations of Output Power and Efficiency of
Simple Resonant-Tunneling-Diode Oscillators

Christian Spudat ™, Petr Ourednik

Abstract—We show that the maximum output power of a simple
resonant-tunneling-diode (RTD) oscillator is fundamentally lim-
ited by the radiation conductance of its antenna and by a maximum
RTD voltage swing. For stand-alone RTD oscillators with common
simple antenna types, this power level most likely cannot exceed
1 mW at sub-THz and THz frequencies. The RTD current density,
conductance, and capacitance have no direct influence on the max-
imum power level but those RTD parameters determine how close
one can get to the maximum. We show that the maxima of the output
power and dc-to-RF conversion efficiency are achieved for different
sets of the parameters of RTD oscillators and not simultaneously.
We demonstrate slot-antenna RTD oscillators with up to 0.5-mW
output power at ~100 GHz and with 5% conversion efficiency,
which could be increased further up to 8%, although at the expense
of reduced output power. Composite RTD oscillators with separate
resonators and radiators can possibly overcome the limitations of
simple oscillators.

Index Terms—Efficiency, oscillators, output power, resonant-
tunneling diodes (RTDs), THz sources.

I. INTRODUCTION

ESONANT-TUNNELING diodes (RTDs) have a high po-
R tential as an enabling technology for real-world sub-THz
and THz applications [1], [2]. The operation of RTD oscillators
at frequencies up to nearly ~ 2 THz has been demonstrated [3].
However, the power emitted into free space by fundamental-
frequency RTD oscillators still remains limited. For stand-alone
RTD oscillators, it is significantly below 1 mW [1], [2], [4], [5],
[6]. Although an array of RTD oscillators with ~ 10-mW output
power at sub-THz frequencies has been reported recently [6],
nevertheless, stand-alone RTD oscillators are the basic building
blocks of an array and understanding the limitations of the stand-
alone RTD oscillators is of crucial importance for understanding
the limitations of the technology and its required complexity
level to achieve performance acceptable for applications.
An RTD oscillator consists of a resonator, a radiating antenna
(which is often combined with the resonator as a resonant
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antenna), and an RTD with negative differential conductance
(NDC). Each of these components has a complicated internal
structure. Therefore, the optimization of the radiated power of
RTD oscillators is by far not a trivial task since the oscillator
properties are controlled by many parameters with a complicated
interplay between them.

We show in this article that one can define a simple framework,
allowing for an assessment of the output power, its maximum
level, and the efficiency of different RTD oscillators. First, we
apply the analysis framework to RTD /- V curves approximated
by a third-order polynomial function, and then, we extend the
analysis to real (arbitrary) RTD I — V curves. This analysis leads
us to conclude that stand-alone RTD oscillators with commonly
used simple antennas are unlikely to exceed 1-mW output-power
level.

Furthermore, we demonstrate RTD oscillators working close
to the maximum of their output power for a given RTD wafer and
asimple slot-antenna geometry. The oscillators also demonstrate
high dc-to-RF (radio frequency) conversion efficiency.

II. THEORY
A. Third-Order Approximation for RTD I — 'V Curve

A third-order approximation for the RTD 7 — V curve is the
lowest-order approximation, which reproduces the shape of the
RTD I — V curve with the NDC region and the peak and valley
points. It provides a convenient model for a simplified semiquan-
titative analysis of the nonlinear properties of RTDs and RTD
oscillators [8], [9]. We start with this model and approximate
the RTD 7 -V curve as

j=goV+bV? (1)

where 7 and V are the deviations of the RTD current density
and bias from the RTD quiescent (dc) point (jg. and Vg.), which
we choose at the center of the NDC region, see the red curve in
Fig. 1; g is the (static) linear RTD conductance (gyp < 0) and b
is the third-order nonlinear coefficient.

Setting the RTD conductance (g + 3b V?) equal to zero, one
finds the peak and valley points of the / — V (5 — V in this case)
curve and the following expressions for the parameters gy and
b:
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Fig. 1. Red curve shows a third-order approximation matching the peak and

valley points of an experimental / — V curve. We sketch the working point at the
center of the third-order 7/ — V curve together with the corresponding dc and ac
load lines. Blue and green curves show the theoretical and experimental / — V/
curves, respectively, of an RTD with 1.6-nm barriers studied in [7]. The point
0’ indicates an idealized position of the current and bias zero point to minimize
the dc power of an RTD with a third-order / — V curve.

where Aj and AV are the current-density and voltage sepa-
rations between the peak and valley points, respectively, of an
N-shaped RTD I — V curve (see Fig. 1).

Furthermore, one applies a harmonic ac voltage to the RTD
(V' = Ve cos(wt), where w is an angular ac frequency) and
calculates an ac current density with (1), which also contains
higher harmonics due to the nonlinearity of the RTD /- V curve.
Selecting the first harmonic, we get the RTD conductance (¢(!))
at the ac frequency w:

3
g =go+ J0V2 @)

which is dependent on the ac amplitude (V,.). Substituting (3)
into (4), we can rewrite the above equation in the form

V2 1
g = go (1 ac ) (5)

AV?
where « is an additional correction coefficient, introduced here
to generalize (5) to the case of an arbitrary RTD I - V curve (see
Section II-B), o = 1 for a third-order approximation of the / — V
curve. Equation (5) shows that (1) is converging to g for small
ac voltages (V. < AV), and | g(1)| decreases monotonously to
zero at Vo = AV in the case of the third-order approximation.

Furthermore, we include the RTD in a resonator or in a reso-
nant antenna. The oscillator with an RTD could be represented by
the equivalent circuit shown in Fig. 2, where A is the RTD area,
crrp 18 the RTD capacitance per unit area, G, is the antenna radi-
ation conductance, (G represents the Ohmic losses in the antenna
(G1 = 0 in lossless antenna), Y, is the antenna admittance and
its imaginary part (Im(Yyy)) is the antenna susceptance, which
is inductive in typical RTD oscillators; an RTD can have a stray
parasitic capacitance (Cpy), its contribution we can combine
with Im(Yyn), which we denote as B, (the total susceptance
of the antenna). An RTD always has contact parasitics, which
contain a spreading resistance (R,) and a top-contact resistance
(R.) with a parallel capacitance (C.). In this article, we neglect
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Fig. 2. Equivalent circuit of an RTD oscillator.

contact parasitics based on two reasons. First, we are concerned
with the fundamental upper bound for the output power of
the RTD oscillators, and the contact parasitics will reduce the
maximum output power. Second, in the experimental part of the
article, we are dealing with low-frequency (~ 100 GHz) RTD
oscillators, where the contact parasitics are negligible.

Hence, the oscillation conditions for the RTD could be for-
mulated as follows:

ACRTDW = —Ba (6)
~AgM =G, + G @)

where (6) states that the sum of the RTD and antenna/resonator
susceptances must be zero at resonance, the equation defines
the RTD area (A) for given antenna and frequency. Equation (7)
defines the stable oscillation condition when the RTD NDC
compensates (exactly) for the total antenna losses (G, + G)).
This equation defines the RTD oscillation amplitude, since ¢(!)
depends on V., see (5).

The output power (P) of an RTD oscillator can be written as

1
P=2G.Va ®)
Substituting (5) and (7) into (8), we can rewrite it in the form
1
P= 5GrAV?(l—y)a )
with
_ g 1) _ CTVr + Gl
90 g A
Note that the parameter -y is positive in the NDC region since
go < 0. Equation (9) is one of the central equations in this work.
Our aim now is to find an upper bound on the output power. We
need to consider two cases.

First, we have a given RTD, i.e., A gq is fixed, and have the
freedom to adjust the antenna to get a maximum output power.
The maximum radiated power will also give the maximum dc-
to-RF conversion efficiency () of the RTD. Since A gy = const

in this case, we can single it out and write (9) and (10) in the
form

v (10)

G,
m§AV (=90 A)y (1 —7)

For an ideal antenna (G = 0), the first factor will disappear, and
P gets a maximum at vy = 1/2, i.e., G, = —gg A/2 for o = 1.

P= (11)
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This maximum of P (we denote it as Pige,) is equal to

P = - ANJAV (12)

if we replace go with (2). This is a well-known estimate for
the output power of an RTD oscillator [8], [9]; it defines the
maximum output power extractable out of an RTD with given
A and go.

However, in arealistic situation, we do not have the freedom to
adjust G| arbitrary. In practice, we need to handle the problem
of the optimization of the output power of an RTD oscillator
from another end. Usually, we have a given RTD wafer with
fixed parameters (9o, b, Aj, AV, cgrp). The antenna radiation
conductance (G,), its losses ((}), and its total susceptance (B,)
can be tuned in certain limits, but these parameters are not inde-
pendent, they are linked in a well-defined way to each other and
to the geometrical parameters of the chosen antenna/resonator
type. In practice, we can freely choose only the RTD area A
and, in certain limits, the geometrical parameters of the an-
tenna/resonator. Given these limitations, our task is to choose
the RTD area and the geometrical antenna parameters to achieve
a maximum output power (P). Note, we are looking for a mere
maximum of power (P), the conversion efficiency may well turn
out to be low or not optimal as the outcome of this procedure.

Therefore, in the second case: We need to find an optimal
antenna geometry to maximize (9), where A is a free parameter.
The problem can be unraveled rather easily if we note that
G, typically grows monotonously towards the eigenfrequency
(eigen resonance) of the antenna, when G| takes its maximum
value of Gyes. The power P in (9) should also be growing with
G, unless its growth is damped by the terms with v in (9).
Those terms ((1 — 7) and «) grow monotonously with a decrease
of v and have maxima at v = 0; see discussion on «(7) in
Section II-B. Then the upper bound on the output power (Pp,x)
of an RTD oscillator is given by the equation

13)

as it follows from (9). This is a universal fundamental limit for
the output power of an RTD oscillator.

One can come to (13) also from (8), noting that P is maxi-
mized, when G, and V. are maximized, i.e., when G, — Gie
and V. has a maximum. The latter condition is satisfied, when
the ac load line (j = —V(G; + G1)/A) in Fig. 1 is much more
horizontal than the NDC part of the RTD 7 - V curve around the
working point; this condition is equivalent to the requirement
lgM| < |go| or v < 1, and, in this case, V. — AV, if we use
a third-order approximation for the 7 — V curve, see (5).

Equation (13) is quite obvious. An RTD could be seen as an ac
voltage source with an amplitude limitation on the order of AV
(or equal to AV for a third-order approximation for the I — V'
curve). Then, the power such a source can deliver is eventually
limited solely by the load (by the antenna): The larger G, can
get, the more power an RTD oscillator can deliver. On the other
hand, (13) is very much surprising as it tells us that the properties
of an RTD (its current density, gg and cgrp) eventually have no
impact on Pyax: Prax 1s solely determined by the maximum of
the (resonant) antenna conductance Gyes and by the maximum

1
Prax = §AV2Gresa"y~>O

TABLE I
ASSESSMENTS OF Pyax, ASSUMING AV = 0.55 V

Antenna type Ryes Gres Pmax
Q mS mW
A/2 slot on a membrane 500 2 0.3

A/2 slot on Si 140 7.1 1.1

asymmetric slot on Si 100* 10* 1.5%
square \/2 patch 250 4 0.6
wide patch (A\/2 x 1.75\/2) 120 8.3 1.2

Ryes = 1/G ey is the antenna radiation resistance at resonance.

* Distortion to a single-lobe radiation pattern.

RTD voltage swing, which is equal to AV for the third-order
RTD [ — V curves. The high current density of an RTD, high
go, and low cgrrp matter for the oscillator output power only
to the extent that they allow one to reduce v when the antenna
is operated close to its eigenfrequency. Indeed, according to the
second identity in (10), v decreases with the increase of g and A;
the latter growing with the decrease of cgrp, since Ais o< 1/crrp,
see (6).

We note Py 1s not achievable in practice, since to increase
G, we need to increase the antenna dimensions, so that the
oscillator operates closer to the eigenfrequency of its antenna;
in this case, B, — 0 and, therefore, A — 0 and -y is diverging
(7 — 00), see (6) and (10). Nevertheless, (13) together with (9)
and (10) define the basic design strategy, how one can get close to
Prax for a given antenna type: 1) the antenna should be operated
close to its eigen-resonance frequency so that G, — Gyes (A
should be made as small as possible); 2) v — 0, that is achieved
by increasing go (and RTD peak current).

The assessments for P,x according to (13) for different
antenna types are shown in Table I, assuming a rather typical
value of 0.55 V for AV (this value also corresponds to AV
of the RTDs discussed in Section III). P« scales quadratically
with AV The values of P,y in Table I are surprisingly low since
Ges remains quite low for the most common antenna types used
in the RTD oscillators. Specifically:

Symmetric slots: In terms of higher Pp,x, the membrane
A/2 slots turn out to be inferior to the common slot antennas
on InP substrate with Si lens, since they have lower radiation
conductance. Additionally, the membrane slots emit equally to
both sides of the membrane. Therefore, only half of their P,
is usable in practice. The slots on the substrates with a high
dielectric constant, on the contrary, emit almost all their radiation
into the substrate; hence, almost all their emitted power can be
used. Nevertheless, Py.x for slot antennas on Si turns out to be
rather limited and cannot exceed 1 mW in practice.

To get Prax of slot-antenna RTD oscillators beyond the limita-
tions of the above basic antenna types, one needs to increase Gies.
This could be done by using the double-antenna configurations
of RTD oscillators, where the slots are coupled to an additional
radiator, which could be a broad-band (e.g., Vivaldi [10], [11] or
bow-tie [12]) or a resonant [13], [14] antenna. Such oscillators,
in principle, can deliver higher output powers.

Asymmetric slots: The concept of asymmetric-slot RTD os-
cillators has been put forward as a means to increase the out-
put power of the slot-antenna RTD oscillators [5]. Indeed, the
asymmetric slots allow one to decouple and separately optimize
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the resonator (B, of the shorter slot arm) and the radiator (G,
of the longer arm) parts of an asymmetric slot. Limitations on
G, of such antennas could be estimated considering a full A
slot with the port at its quarter length, i.e., the radiator arm is
(3/4)X long; Gres = 10 mS in this case. However, the radiation
pattern of such antennas might become distorted (the main lobe
is deviating from the normal direction to the chip surface) and not
have a single-lobe shape (when the radiator length is larger than
A/2, more lobes appear for longer antennas); e.g., the radiator
part was a factor of & 1.2 longer than A /2 in the 420-yW RTD
oscillator at 548 GHz with an asymmetric slot antenna [5].

Patch antenna: In a typical configuration of the patch RTD
oscillators, the patch is connected to a single RTD at the patch
edge [15] or to two RTDs [7], [16] at the opposite edges. A wide
patch antenna has approximately twice smaller G, compared
to that of a A/2 square patch antenna. These configurations
have Gy and Py, comparable to that of slot antennas on
Si; therefore, P .x should also remain limited by ~ 1 mW. A
possibility to get beyond this limit could be realized by shifting
the RTDs closer to the center of the patch while keeping the
patch length close to A /2, which would lead to higher G and,
correspondingly, to higher P,,x. This method to increase the
output power has been demonstrated recently [6], leading to
P ~ 300 uW at 450 GHz.

Another important parameter for RTD oscillators is the dc-
to-RF conversion efficiency (1), which we define as

P
Apdc
where pgc is the dc power absorbed by RTD per unit area.

Substituting (9) and (10) into the above equation, we can rewrite
it in the form

n (14)

G,
== 1-— 15
n GMLGIM( )« (15)
where the constant 3 is defined as
—goAV?
p=—2——. (16)
Pdc

Both gg and pq, are linearly proportional to the RTD peak current
density. That makes the constant 5 independent of the RTD
current density, it is determined solely by the (normalized) I —
V' curve shape; i.e., § is a fixed parameter for a given RTD
wafer, and also, it remains the same for different wafers with
different current density, but with identical (normalized) [ — V'
curve shape. Thus, for a given I — V' curve shape, 7 can be
maximized only by adjusting v and antenna parameters (by an
appropriate change of the RTD current density, gg, 4, Gy, and
G)). That is discussed in Section II-C.

Itis instructive to estimate the maximum of the parameter 7 in
the case of a third-order I — V curve. First, we need to minimize
Ddc- In a best-case scenario, the valley point of the RTD I — V/
curve should be at the zero RTD current, and the peak point
can be, say, at the bias of AV/2. The situation is sketched in
Fig. 1 with 0’ as the zero point. In this case, pgc = AVAj/2
and, using (2), we get an estimate for the constant 5 = 3/2.
Further on, o« = 1 for a third-order I — V curve, and the first
factor in (15) disappears for an ideal antenna (G} = 0). Thus,

(15) leads to the following estimate for the maximum efficiency
of an RTD oscillator:

Tlmax = § ~37% 17
corresponding to v = 1/2. Note that an optimum -y has different
values for the maxima of 1 and P, namely, v — 0 for the
maximum power, see (9) and (13).

The above analysis of the output power and efficiency is done
for the RTD quiescent point in the center of the NDC region
of the third-order / — V' curve. If the RTD is biased in another
point of the NDC region, then g(!) in (5) is reduced and that
eventually leads to lower V¢, Pnax, and 7, i.e., the center of the
NDC region is an optimum quiescent point for the third-order
I —V curves.

B. Real RTD I -V Curve

The above analysis can be easily generalized to the case of
an arbitrary RTD I — V' curve. One starts with a quasi-static
RTD I — V curve (j(V)) around a given dc working (quies-
cent) point (jg. and V) and applies a harmonic ac voltage
(V =V cos(wt))

J =7 (Vi cos(wt)) . (18)

Further on, one calculates the amplitude of the first harmonic of
j: divided by V., it gives g(*) (Viac), which could be written as

s

g(l) = gi J (Ve cos(€)) cos(€) d€.

19
T Vae Jo (1

In the small-signal limit, as V,. — 0, j(¢) in (18) can be approx-
imated as goVje cos(wt), then (19) is reduced to g1 — go. That
is, g(1) converges to go for small V. for an arbitrary I — V curve,
as it should. Then, ¢ in (19) can be represented in the form of
(5) for larger amplitudes, where the parameter «(V,) corrects
for the deviation of (1) (V) from the quadratic dependence on
Ve for the real I — V curve. In the case of the third-order I — V'
curve approximation: a = 1. Getting an expression for V.2 from
(5) and substituting it into (8), we get the general equation (9).

For an illustration, we apply this procedure to an In-
GaAs/AlAs RTD with 1.6-nm barriers studied in [7], the same
RTD we use in Section III. This RTD wafer has rather common
characteristics for RTDs used in the sub-THz and THz range.
Fig. 1 shows the theoretical and experimental dc I — V' curves
of the RTD. The theoretical I — V' curve was calculated by self-
consistent solution of the Schrodinger and Poisson equations;
both curves are in good agreement with each other, as reported
before [7]. Fig. 1 also shows a third-order approximation of the
I —V curve adjusted so that it matches the peak and valley
points of the real [ — V' curve.

Fig. 3 shows a couple of traces of the first-harmonic RTD
conductance (¢(!)) for different dc biases, (1) is calculated with
(19). g™V strongly depends on the applied bias (Vi) and (V) is,
generally speaking, a nonmonotonous function of V,. for real
RTD I — V curves. To simplify the further analysis, we intro-
duce an envelope function of all these ¢(!) traces for different dc
biases, denoted as gnax. It is @ monotonous function of V. (see
Fig. 3), and it shows the maximum achievable g(l) for given V).
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for all such traces for different V.. The red curve shows g(l) for a third-order
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approximation and for a real I — V' curve, respectively; these ratios give the
parameter ~y. The ratio of « coordinates of the two curves at a fixed ~y gives the
correction parameter o, which can be represented as a function of -, see inset.
The red curve in the inset shows o = 1 for a third-order approximation.

or, flipping the axis, the maximum achievable amplitude V. for
given ¢g(!), which are the relevant RTD parameters for the power
and efficiency optimization of RTD oscillators. Therefore, in the
analysis of real RTD I -V curves, under g(!) (V,.) we understand
gmax (Vac ), and under g in all the above equations, we understand

Imax(0)

g(l)(vac) - gmax(vac)
9o — gmax(o)'

(20)
2y

Fig. 3 also shows the quadratic (monotonous) curve for g(*) [see
(5)] for the case of the third-order approximation of the / — V'
curve: It has a different gy and a different crossing point with
the zero axis.

gmax and the third-order (), being normalized on the respec-
tive small-signal conductances (gg) — which gives the parameter
v — and represented as a function of V,2/AV?2, are shown in
Fig. 4. The ratio of the z-coordinates of the two curves for each

Y

Fig.5. (a) RTD efficiency and (b) output power as functions of the parameter
v, calculated with (15) and (9). Red lines are calculated for a third-order
approximation of the I —V curve (o = 1), and the blue ones are for a real
I —V curve shown in Fig. 1. Those curves in (a) are calculated for an ideal
antenna (G} = 0) and in (b) for an antenna with a maximum of the radiation
conductance (G = Ges). The black theoretical curves and experimental dots
are for an RTD oscillator with 450-um slot antenna. The dashed line shows the
output power for a lossless (G} = 0) 450-um antenna, but with an account of
Gy < Gies. Different orange points are discussed in the text.

y-coordinate () gives the value of the correction parameter c,
which could be represented as a function of y (see insetin Fig. 4).

The real RTD I — V' curve has stronger nonlinearity in the
NDC and peak regions than that captured by a third-order
approximation, leading to a faster decrease of ¢(!) with the
increase of V., when V. < AV, see Figs. 3 and 4. That is
also reflected in the low values of the parameter o at v > 0.2,
see inset in Fig. 4. On the other hand, a weaker nonlinearity of
the real RTD I — V curve in the valley region leads to a slower
decrease of g(l) at larger V.. Therefore, V,. can overshoot AV
in the region, where ¢g(!) — 0; that is reflected in o > 1 for
~ < 0.1, see Fig. 4. The parameter « influences P, Py,y, and 7,
see (9), (13), and (15).

C. Discussion

To illustrate the influence of o on P, P.x, and 77 in more
detail, we plot 1 and P as functions of ~ in Fig. 5. The red
curves correspond to the third-order approximation of the I —
V curves (a = 1), the blue curves in Fig. 5 are for the real
I —V curve shown in Fig. 1. Fig. 5(a) shows the curves for
these two cases calculated with (15), assuming an ideal antenna
(Gy = 0). With the red and blue curves in Fig. 5(b), we plot the
maximum power of the RTD oscillator for each ~y. The curves
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are calculated with (9), assuming that G, is at its maximum
level, i.e., G; = Gs. Note, these maximum power levels are
not achievable in practice, since G, < Gy, yet the curves do
define the maximum power level for each ~ and the maximum
power level does decrease with the increase of v, i.e., 7 has to
be made small to achieve a high power level in RTD oscillators.
In the limit v — 0, the curves converge to P, given by (13),
which are the points 5 and 7 in Fig. 5(b). These curves illustrate
several points.

One point is related to the level of P, which is proportional
to a|y—0, as defined by (13). For the real RTD I — V curve
we analyze in this work, a\ﬂﬁo = 2.3, i.e., the power at point
7 is 2.3 times higher than that at point 5 for a third-order
I —V curve approximation. However, in practice, + cannot
reach 0, P always stays less than P,.x and o = 1 for practically
usable small values of v ~ 0.1 in RTD oscillators. Although
we demonstrate experimentally lower values of v ~ 0.05 and
a =~ 1.5 at = 100 GHz in the experimental part of this work (see
later), that is rather difficult to do at higher frequencies in the
THz range. This example illustrates that the assessments of P,y
given in Table I for different RTD oscillators hold approximately
true for the real (typical) RTD I — V curves.

We note that P, = 1 mW at point 5 in Fig. 5 is slightly lower
than the value given in Table I for an ideal slot antenna on Si.
This is due to the fact that we took the value of 6.6 mS for G
in the calculations in Fig. 5. This G, corresponds to 450-pm
slot antenna described in the experimental part of the work: G/
in a real antenna is slightly reduced by a bridge, finite metal
thickness, etc.

The second point is related to the influence of the parameter
a on 7. In calculating the blue curve in Fig. 5(a), we apply the
following procedure. First, we estimate the parameter 5 with
(16). As jqc we take the middle value in the NDC region, which
is ~ 3mA/um2, see Fig. 1; as V. we take ~ 0.9V, since the
output power of RTD oscillators is usually larger at the right side
of the NDC region. That gives an estimate pge ~ 2.7 mW /um?.
Furthermore, we take gy = gmax(0) as —44 mS/um?, see Fig. 3,
and AV = 0.55 V. Substituting that in (16), we get an estimate
of =2 2.5 for the constant /3 in (15). As a second step, assuming
an ideal antenna with G} = 0, we put S and « (see Fig. 4) into
(15), the result is shown in Fig. 5(a). Due to larger values of
a for lower ~y, the maximum of 7 is shifted to v ~ 0.1 and the
maximum is reduced to & 22%, contrary to ~ 37% aty = 0.5
for the third-order approximation for the I — V' curve, compare
points 10 and 11 in Fig. 5(a).

The next point relates to the difference in the optima of n
and P. For a third-order approximation for the / — V' curve,
the maximum of 7 is achieved at v = 0.5 (point 11 in Fig. 5).
However, the power corresponding to this point (point 6) is twice
less than Py, which is achieved at v = 0 (point 5), see (9). The
situation is similar for areal I — V' curve: The maximum of 7 is
achieved at the point 10 for v = 0.1, corresponding to the power
at point 4 (the point is on the blue curve, crossing with the red
curve is a coincidence), which is a factor of ~ 3 lower than P,
at point 7.

To illustrate the situation in the real RTD oscillators, we show
black curves in Fig. 5, which correspond to the RTD oscillators

we studied in the experimental part of the article with a fixed slot
antenna of 450-um length, where + is changed by sweeping the
RTD area A. These curves take into account the real values of G,
and G for each ~ [those values are linked to ~y by the oscillation
conditions (6) and (7)], calculation details are explained in the
experimental part of the article. In the limit v — 0, A grows and
that drives G, — 0; therefore, the output power P — 0 and n —
0in this limit. Note, these curves for the real RTD oscillators also
show that the maxima of the output power and 1 do not coincide:
The maximum of the output power is achieved in point 2, which
gives approximately twice smaller 7 (point 8) compared to a
maximum for these oscillators (point 9); on the other hand, for
~ corresponding to the maximum of n) (point 9), the output power
is below the maximum (point 1). The dashed line in Fig. 5(b)
shows the output power for an ideal antenna (G; = 0), which
would give a higher output power (compare points 2 and 3). The
black dots in Fig. 5 correspond to the experimentally measured
devices with the parameters close to the maximum of power, but
with 77 below the maximum (see the experimental part of the
article).

The procedure described in this article for the assessment
of P and efficiency is based on the analysis of the static
RTD I —V curves. The procedure is applicable when RTDs
are operating at relatively low frequencies in the quasi-static
regime (W < 1, where 7y is the charge-relaxation time con-
stant [17], [18], [19]), although in terms of the absolute frequen-
cies, the RTDs with thin barriers (=1 nm) work in the quasi-static
regime even at frequencies above 1 THz [20]. However, the
procedure could also be directly applied to RTDs operating
in the high-frequency regime (w7 2= 1) but one should use
the high-frequency RTD I — V' curves in the analysis in this
case, rather than the static ones. Contrary to directly measurable
static [ — V' curves, the measurement of the nonlinear high-
frequency I — V curves is very complicated; at THz frequen-
cies, such direct measurements are hardly possible. Therefore,
in practice, one should rely on the simulated high-frequency
RTD characteristics [21]. It is important to note, though, that
due to the suppression of the Coulomb interaction, AV in the
high-frequency regime (wty > 1) is larger than AV for the
static I — V curves [21], which can potentially lead to higher
Pax. However, gg is smaller at the high frequencies [17], [18],
[19], [21], [22]; therefore, higher P might be difficult to achieve
in practice.

Our theoretical discussion in this article focuses on simple
RTD oscillators consisting of an RTD and a resonant antenna.
However, the presented analysis framework and the stated lim-
itation on the output power (13) are also directly applicable to
other or more complex types of RTD oscillators. For example,
in the case of coplanar-waveguide (CPW) resonators with CPW
output, the equivalent circuit in Fig. 2 remains applicable if we
replace GG with the output-CPW conductance and take it as
Ghes- Since the CPW conductance can be higher than that of
simple resonant antennas, Pp,x can exceed the values stated in
Table I, as it was demonstrated in [23], although outcoupling
of the radiation to the free space from a CPW output can
cause additional losses. Also, the composite RTD oscillators,
containing separate resonators and radiators [11], [24], could be
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represented in the form of the equivalent circuit in Fig. 2, if we
take the combined admittance of the resonator and radiator (as
“seen” from the RTD port) as Y,,. In this case, G, represents
a radiating part of the combined admittance, which could be
deemed as the radiator/antenna conductance transformed by the
resonator to the RTD port. In other words, the resonator can be
regarded as an impedance-matching network, transforming the
actual radiator/antenna admittance to the RTD port. As G in
(13) one can take a maximum of G, in the operation range of
the oscillator, (G has a complicated multiresonance frequency
dependence in such structures). That leads to higher estimates for
Gres and Py« in complex RTD oscillators compared to the num-
bers listed in Table . If the additional losses in the resonators and
fabrication complexity of such structures could be surmounted,
such composite RTD oscillators are expected to overcome the
performance limitations of simple RTD oscillators [24].

Apart from Ges, Prax 18 also limited by AV In the analysis
of Phax, we have assumed AV = 0.55 V. This value is typical
(or rather at the high end) for RTDs operating at sub-THz and
THz frequencies. There might be some room for an increase
of AV by optimization of the RTD layers but it is unclear
how much. For example, the incorporation of a large spacer
in the RTD collector [25] leads to an increase of AV but that
also increases the electron transport time through the collector
region, which can prevent the operation of such RTDs at THz
frequencies. Additionally, a large collector spacer decreases the
RTD conductance, which should lead to an increase of -y and, as
a consequence, to the reduction of P.

III. EXPERIMENT

In the experimental part of this article, we illustrate that RTD
oscillators can be operated in the regime v < 1 and that an
output power close to a maximum (which is below Py, due to
antenna losses and limited ¢¢) for a given wafer, given antenna
type, and at a given frequency could be achieved. To keep the
parameter vy small, we choose relatively low frequencies of
~ 100 GHz for the RTD oscillators. In this case, RTDs with
rather large areas (> 1 um?, for the ease of fabrication) can
provide small .

A. Fabrication

In this work, we are using InGaAs/AlAs RTDs on InP sub-
strate with relatively thick 1.6-nm AlAs barriers sandwiching
a composite Ing53Gag 47As/InAs/Ings3Gag47As quantum well
(QW) with the nominal thickness of each sublayer of 1.2 nm.
The barriers are surrounded by Ing 53Gag 47As layers, which are
n-doped at the level of 1.5 - 10'® cm~3 except for 1.2-nm un-
doped spacers immediately next to the barriers. The more distant
n++ Ing 53Gag 47As layers were doped at the level of nominally
510" cm™3. The RTDs have a relatively low peak current
density of ~ 6 mA /um?, and the RTD exhibits a peak-to-valley
current ratio of ~ 9. The measured and simulated / — V' curves
of the RTDs are shown in Fig. 1. Details on these RTDs are
presented in [7].

Our RTD oscillators are based on symmetrical slot-antenna
resonators mounted on a hemispherical Si lens (underneath the
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Fig. 6. (a) Optical microscope image of an RTD oscillator with a 350-zm slot
antenna. The inset shows a magnified SEM picture of the slot’s central area.
(b) Schematic of the “a’— a” cross section containing the RTD mesa, RTD
contacts, bridge, and MIM.

InP substrate). The slot antennas had a nominal width of 4 ym
and lengths of 450 um, 400 pm, 375 pm, and 350 pm. In each
antenna, the RTDs had mesa areas in the range 2-5 yum?. The
metallization around the slot antenna contains metal—insulator—
metal (MIM) layers on one side of the slot, see schematic in
Fig. 6. MIM works as a short circuit at the operating frequencies
of the RTD oscillators. Still, it provides two contacts to apply
bias to the RTDs. The upper metal layer of the MIM is connected
via a bridge to the upper RTD contact. Outside the antenna area,
the RTD oscillators contain a shunt resistor to stabilize RTDs at
low (quasi-dc) frequencies.

Our fabrication process is similar to the one described in
the literature [9], with the main difference that we use only
optical lithography. We start with the deposition of the top
RTD-contact metallization on the RTD wafer, the metallization
is Ti/Pd/Au (20/20/250 nm) and its patterning defines the RTD
mesa areas. Then, the RTD mesas are wet etched down to n++
InGaAs layer underneath the RTD barriers. As a next step,
Ti/Pd/Au (20/20/40 nm) is deposited as the lower RTD contact
metallization, and this metallization layer is left open in the slot
regions of the antenna. n++ layers are etched subsequently away
in the slot. After that, the whole structure is covered by 200 nm
of SigNy, which serves as a passivation layer for the RTDs and
as an insulator in MIM. Then, the slot was filled with patterned
photoresist, and the next metallization layer (Ti/Au, 10/250 nm)
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was deposited as the top MIM layer and the bridge to the RTD
mesas. As the final step, we deposited indium tin oxide (ITO)
shunt resistors.

B. Measurements of RTD Oscillators

The spectra of the emitted radiation of the RTD oscillators
were measured with a Martin—Puplett interferometer, designed
to cover the frequencies from 50 GHz to 5 THz. The frequency
resolution of the interferometer is ~ 1 GHz. As a radiation
detector, we have been using a Golay cell.

The output power of the RTD oscillators was measured with
a calibrated pyroelectric detector. During power measurements,
the detector was mounted right after a hemispherical (3-cm
diameter) Si lens. The measured power has been corrected for
the back reflection at the surface of the Si lens (~ 30%) and the
overlap of the radiation beam pattern with the clear aperture of
the detector (collection efficiency is 30%—50%). The radiation
beam pattern for the used slot antennas was calculated for
different antennas with a commercial electromagnetic simulator.
This procedure has provided us with the data for the output power
of RTD oscillators reported below. The dc-to-RF conversion
efficiency (1) of the RTDs in the oscillators has been defined
as the ratio of the oscillator output power and the dc power
consumed by the RTD. The dc losses in shunt have been excluded
from this definition for the sake of clarity of comparison with
the literature data and since such shunt losses could, in general,
be excluded by replacing the shunt with properly designed RC
circuits [6], [25].

C. Modeling of RTD Oscillators

In the modeling, an RTD oscillator could be divided into two
parts. One part is linear, which includes the antenna/resonator,
see Fig. 2. Its frequency-dependent admittance (i B, + G + G})
has been calculated with a commercial electromagnetic simula-
tor for each of the fabricated antennas. This part also contains
a parasitic capacitance (Cp,) of the RTDs, which is due to an
overlap of the bridge with the lower RTD contact layer, see
Fig. 6. We estimate Cp, to be = 1.2{F for our devices, and it
is included into B, in the simulation model. The second part is
nonlinear, which is the RTD itself. The RTD conductance (g‘))
is calculated by averaging its static I — V' curve, as described
in Section II-B. We can apply this quasi-static calculation pro-
cedure to our RTDs, since w7y for our RTDs is < 1 at the
frequencies of ~ 100 GHz. The capacitance cgrp for our RTDs
is 9 fF/pum?.

Knowing B, and cgrrp, the oscillation frequency is calculated
with (6) for each antenna length and each RTD-mesa area. The
comparison between the measured and simulated frequencies for
different antennas and different RTD areas is shown in Fig. 7. Ex-
perimental values for the RTD areas are determined by dividing
the total RTD current (without shunt) by the RTD current density.
We attribute some scattering in the measured frequencies to
nonsystematic deviations of the antenna parameters from the
nominal values. Overall agreement with the experiment is at a
rather good level.
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Fig.7.  Oscillation frequency versus RTD area for oscillators with slot-antenna

lengths of 450 pem, 400 pm, 375 pm, and 350 pm. Solid lines show theoretical
curves and the dots show the experimental points.
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Fig. 8. Plot shows a relation between the parameter + and frequency for
different slot antennas. Solid lines show theoretical curves, the dots show the
experimental data points. The parameter -y for the latter ones is calculated with
(10) based on the RTD area and simulated values of G and G at the measured
frequency.

Further on, knowing the measured oscillation frequency for
each antenna and RTD mesa area, we take the calculated values
of G] + G, at the given frequency for the respective antenna;
substituting them into (7), we get the value of ¢g{!). We then
substitute it, A, and gq into (10) and get the values of v for each
oscillator. For our RTD wafer, go = —44 mS/ ,umz, as one can
see in Fig. 3. Fig. 8 shows the values of v calculated in such a
way for the measured oscillators. Since the frequencies of the
oscillators are scattered around the theoretical curves, we see a
similar scattering also for the values of ~ in Fig. 8 (as a rough
estimate, the inaccuracy of the definition of v is < 10%). The
theoretical curves in Fig. 8 are also calculated with (10); we
sweep A for each antenna, which gives us different frequencies
and then A and G + G at the given frequency are put into (10),
and that gives us the theoretical curves shown in Fig. 8.

Furthermore, the output power and RTD conversion efficiency
were calculated with (9) and (15) as functions of frequency and
~. The results are shown in Figs. 9 and 10. The figures also
show the experimental points for the output power and efficiency
(n); the corresponding frequencies for these points were directly
measured, then — following the above procedure (see Fig. 8) —
the parameter v was calculated for each frequency.
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Fig. 9. (a) Theoretical and experimental output power versus frequency for
different antennas. (b) Plot shows the same data recalculated as P versus -y.
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Fig. 10.  (a) Theoretical and experimental values of the dc-to-RF conversion
efficiency () versus frequency for different slot antennas. (b) Plot shows the
same data recalculated as ) versus .

TABLE II
PUBLISHED AND OUR DATA ON STAND-ALONE RTD OSCILLATORS WITH
HIGH EFFICIENCY

Ref. Freq. Power J n
GHz Huw mA/um? %o

[25] 34 2500 2 14.77
[21], [26] 109 8 0.23 2.7
[23] 260 1000 3 1=
[4] 443 200 18 1.1

[6] 450 320 - 1

[5] 548 420 24 1.45
Current work 90 383 6 5.0
94 500 6 4.1
110 376 6 4.9

T on-wafer measurements, oscillators without antenna.
* estimate, the data are not explicitly stated in the article.

D. Discussion

Fig. 9(a) shows that the oscillators we experimentally studied
worked close to the maximum output power for given antennas.
More clearly, one can see that in the plot for power versus ~y
in Fig. 9(b). The plot shows that the maximum of the power
is reached for v ~ 0.05-0.08, and the measured oscillators are
exactly in this range. Several experimental points are higher
than the theoretical curves, and we assume that happened due
to some nonsystematic deviations in the antenna dimensions or
lower parasitics.

However, Fig. 10(a) shows that the efficiency 7, although
high, is not at its maximum; it keeps growing with an increase
in frequency (with the decrease of A) for our set of devices.
Fig. 10(b) shows this trend more clearly: the efficiency keeps
increasing in the range of the experimental points with an
increase of the parameter . The figure shows that, although
1 & 3-5% is quite high for our devices, it could be increased up
to ~ 8% with the increase of -y up to ~ 0.13. Figs. 9 and 10 show
areasonable agreement between the experiment and theory, and
they also illustrate again the point discussed in the theoretical
part of the article: depending on the optimization goal (P or n),
one should choose different v, i.e., RTD oscillators with different
parameters.

To put the measured performance of our RTD oscillators
into context, Table II shows their comparison with the results
reported in the literature. One can see, that the output power of
our devices is at a decent level, comparable to other reported
devices, although the operating frequency of our oscillators is
(intentionally) rather low (= 100 GHz). The conversion effi-
ciency of our oscillators is also quite high, 5% efficiency is
the highest level reported for RTD oscillators integrated with
antennas. A higher value of 14.7% has been reported only for
the on-chip RTD oscillators with a microwave-probe coupling
at 34 GHz [25].

IV. CONCLUSION

We demonstrate that the maximum output power (Ppax) of
RTD oscillators could be assessed by a very simple equation
(13), and Py, is fundamentally limited by the radiation conduc-
tance of the antenna and by the RTD voltage swing. The latter
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can be approximated as the peak-to-valley voltage separation of
the RTD I — V curve. Surprisingly, the RTD current density,
its differential conductance, and capacitance have no direct
influence on Py,.x. However, those parameters do determine a
parameter 7y, which defines how close one can come to Pp,x in an
RTD oscillator; the higher the RTD conductance and smaller its
capacitance, the smaller is v and the closer the output power can
come to Py. It turns out, the common single-antenna RTD
oscillators have rather low radiation conductance to achieve
more (or at least significantly more) than 1-mW output power
radiated into free space. For the power levels of | mW and above,
more sophisticated designs of RTD oscillators with more com-
plex antenna concepts or with additional radiator antennas are
required. We also show that the maxima of the output power and
efficiency of RTD oscillators are not achieved simultaneously,
the maxima correspond to different sets of oscillator parameters
(different ).

In the experimental part of the work, we report on symmet-
rical slot-antenna RTD oscillators operating at the values of
the parameter v ~ 0.05-0.08, which correspond to a maximum
of the output power for the given wafer and given type of the
oscillator antenna. In the frequency range of 90-110 GHz, the
emitted power was at the level of ~ 380-500 pW. The dc-to-RF
conversion efficiency of our oscillators is at the 5% level, which
is the highest reported for antenna-coupled RTD oscillators. We
show that the efficiency of our oscillators could be increased up
to 8%, although at the expense of reduced output power.
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