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Abstract— Availability of room temperature, high output power, compact and coherent sources is a critical factor for many
applications in the THz frequency range. Resonant-tunneling-diode (RTD) oscillators are one of the best choices for these
purposes. While the basic principles of RTD oscillators are known, there is a lack of quantitative analysis regarding
how frequency-dependent spreading resistance and specific contact parasitics collectively limit the practical oscillation
frequency in slot-antenna configurations. This paper provides a comprehensive equivalent circuit model that integrates
frequency-dependent spreading resistance and contact parasitics to define the exact mesa area and antenna dimensions

required to maximize the oscillation frequency for a specific RTD wafer.
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1 INTRODUCTION

Resonant-tunneling-diode (RTD) oscillators are among
the most promising types of THz sources for prac-
tical applications. [1, 2]. They are simple, compact
(could be smaller than mm?), [3] with high DC-to-THz
conversion efficiency (= 5% at 0.1 THz and ~ 1.5%
at = 0.5 THz), [4, 5] work at room temperature, can
provide high output power (= 10 mW at 0.45 THz in
array configuration), [6] and can cover frequencies up
to almost 2 THz. [7] To achieve higher frequencies and
improve the performance of RTD oscillators in the THz
range, one needs to reduce the oscillator losses. [1, 2]
The losses have two main sources. One of the losses
that are related to losses is in the resonator/antenna
of an RTD oscillator. The other source of losses are the
parasitics of the RTD itself. The main contribution to
parasitics comes from the RTD contact resistance, the
spreading resistance.

An ac equivalent circuit of an RTD oscillator is
sketched in Figure 1. The oscillator consists of an RTD,
an antenna, and parasitic elements. The complex ac
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Figure 1. Ac equivalent circuit of an RTD oscillator.

admittance of the RTD can be represented, without
loss of generality, as an RC circuit, where the real and
imaginary parts of the admittance are represented by
a resistor (with conductance grrpA) and a capacitor
(crTpA), respectively. Here, A is the RTD area, grrp
and crrp are, respectively, the specific (per unit area)
RTD conductance and capacitance. grrp and crrp
are, generally speaking, dependent on frequency (we
denote the fundamental angular oscillation frequency
as w) and, non-linearly, on ac voltage. Cp,y represents
the parasitic capacitance of the RTD, which is con-
nected in parallel with the antenna admittance Y.
The reason for this arises from the electrical coupling
between the RTD mesa structure and the surrounding
antenna/electrode metallization.

The oscillator consists of two main parts: (i) the RTD as
a source of spontaneous oscillations; (ii) slot antenna as
the radiator and resonator that defines the fundamental
frequency of the oscillator. The RTD requires DC biasing
to bring it into the oscillation region. A conductive
bridge over the slot is needed to grant that the RTD
mesa top electrode and the opposite side of the antenna,
where the bias is applied, are connected (see Figure 2).
Also, to separate the DC biasing circuit from the ac
circuit of the oscillator, a metal-insulator-metal (MIM)
structure is required. In addition, a shunt resistor is
needed to suppress low-frequency parasitic oscillations
in external circuits including the bias line.

In order to make RTD oscillators working, the con-
dition: |Grrp| > G, must be satisfied, where Ggrrp
and G, are the conductance of RTD and antennas. RTD
oscillators stop working when RTD cannot provide
enough NDC to compensate for the resonator losses
or RTD cannot provide any gain at all beyond certain
limiting frequencies, since NDC turns into PDC with
increase of frequency. (NDC is defined as Negative Dif-
ferential Conductance, and PDC as Positive Differential
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Figure 2. Structure of the proposed design. The RTD is situated in
the center of the right side of the slot antenna.

Conductance). The maximum oscillation frequency of
an RTD oscillator is limited by parasitic elements and
by RTD parameters themself. In this paper, we explicitly
investigate the impact of two primary factors: (1) specific
contact resistance (R;) and (2) frequency-dependent
spreading resistance (Rspr) within a basic slot-antenna
configuration. None of the above contributions is work-
ing independently, they are coupled due to the concept
of the RTD oscillators. However, we can define the effect
of each factor on the RTD oscillators when its parameters
are considered predominate. The upper limitation of
the oscillation frequency of an RTD oscillator can be
defined based on the oscillation conditions.

2 IMPACT OF THE CONTACT’S PARASITICS

Figure 3 shows the cross-section of the physical RTD
connection to the circuit. The connectivity between
the RTD layers and the circuit is established via semi-
conductor layers, which are subsequently interfaced
with deposited metallic layers. The interface between a
semiconductor and a metal results in the manifestation
of contact resistance. The schematic illustration portrays
the denotation of the contact resistance of the top contact
as Rc. The homogeneity of the current along the top
contact results in an inverse relationship between the
contact resistance of the top contact and its contact area
as Rc = p./ A, where p. and A are the specific contact
resistivity (its unit is Qum?) and the active area of the
RTD (in um?). The interfaces of the contacts can be
induced with a charge accumulation. The outcome of
this phenomenon is the emergence of contact capacitance
denoted as C., which operates in parallel with the
contact resistance R. and is directly proportional to
the contact area C. = c¢. - A, where c. is the specific
contact capacitance (in 2/ um?).

The current that passes through the top contact and
the RTD subsequently spreads into the severely doped
semiconductor layer beneath the RTD and the metallic
bottom contact. Because the current does not pass
through the bottom contact uniformly in this situation,
the relationship between the bottom equivalent contact
resistance and the RTD area is more complicated than
it is in the top contact instance. In the equivalent
circuit, Rspr stands in for the resistance caused by
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Figure 3. Cross-section of the physical RTD connection to the circuit
and the corresponding equivalent circuit.

current spread and scattered bottom contact resistance.
Physically, the current paths also have a parasitic
capacitance and inductance. Due to the RTD and its
contacts’ sub-micrometer scale, this inductance ordinary
has a minimal impact, as seen in Reference [8]. The
contact parasitic elements are linked in a sequential
manner within the oscillator circuit, interconnecting
the RTD and the resonator. The frequency operational
region is commonly constrained by an RC time constant
that arises from contact parasitics. In order to ascertain
the maximum operation frequency of an RTD, it is
necessary to substitute it with the corresponding small-
signal equivalent circuit. This circuit comprises of a
parallel connection between the RTD capacitance (Crrp)
and conductance (Grrp), as described in Reference [2]
and [8].

2.1 Typical values of the contact parasitics

The typical value of p. in RTDs with InGaAs contact
layers is 1-10 Qum?. Nonetheless, it is possible for the
value to exceed 100 Qum? if appropriate measures
are not implemented to produce high-quality contacts.
Terahertz resonant tunneling diodes (RTDs) typically
feature narrow tunnel barriers, elevated current den-
sity, and pronounced negative differential conductance
(NDC). In the context of RTDs, it is imperative that
the working point falls within the NDC region and
that the RTD exhibits DC stability in that region. This
necessitates that the value of p. be less than —1/ G%TD,
where G%;, represents the specific static differential
conductance of the RTD (G%;, is negative in the NDC
region). An RTD utilized in a 1.74 THz oscillator in [9]
did not exhibit a record-high peak current density
of jrrp =~ 23.6 mA/um?. However, it did possess a
value of 1/G%p, ~ —7.5 Qum?.

Consequentially, it is imperative that the value of p.
is maintained at a level lower than -1/ G%TD, in order
to effectively bias the RTD within the NDC region.
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The larger area of the bottom RTD contact is typically
deemed less crucial, however, its impact on the overall
contact resistance of the RTD should not be disregarded.
This implies that the value of p. must be lower than
the one determined in the aforementioned evaluation.
Taking an example: the conductance and capacitance
of an RTD are —50 mS/um? and 12 fF/um?, respec-
tively. The contact parasitics have the resistance value
of 2 Oum? and the capacitance value of 20 fF/ pm?.
This RTD oscillator gives us the maximum frequency
of ~ 2.3 THz. Despite the fact that this is a very rough
approximation, it is pretty near to the highest achieved
oscillation frequency of the RTD oscillators, which
is 1.98 THz, see [7], which was received with an RTD
with the same parameters.

2.2 Spreading resistance

Subsequently, we will discuss the evaluation of the
spreading resistance and its impact. This contribution is
a result of the propagation of electrical currents within
the semiconductor conducting layer beneath, which
subsequently overflow onto a segment of the lower
electrode. An expression for the spreading resistance
of a symmetric RTD can be derived using transmission
line theory. This is typically applied to RTDs with
cylindrical mesa geometry, see [10-12]. The validity of
the transmission line method is contingent upon the
transfer length, defined as the effective length of the
contact wherein current is absorbed, being significantly
greater than the thickness of the conductive layer. This
assumption allows for a uniform current distribution
within the semiconductor layer.

Figure 4 describes the cross-section view and the top
view of the spreading resistance for a symmetric RTD
coupling with a slot-antenna. We have here: r is the
radial coordinate, r; and rp (in um) are the radius of the
active area of the RTD and RTD mesa cap area covering
by metal, respectively (the value of rp —r; defines the
etching depth of RTD mesa). D is the depth (typical
value of it is in the range of 0.5 — 1 um), and o is the
conductivity (in %) of the doped layer beneath the RTD
layers (InGaAs in this example). € is the permittivity of
the semi-insulating substrate layer (InP for this example).
M, is the bottom metal contact layer which is very large
in comparison with the top RTD metal contact layer. I
here is the current flowing through the RTD.

In order to calculate the value of the spreading
resistance, we can write the following equations

dI = jardr. 1
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Figure 4. Cross section of an RTD contact layers.

Taking the integral for both sides of Equation 1,

we have
2

I(r) = jas - 2)
The electric field going in the InGaAs layer is de-
fined as:

_ _ L1
I(r) = 0E(r)raD = E(r) = 55D" ©)]
and
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u= ; E(r)dr = : zaDrdr— 10"V 4)
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The spreading resistance then is defined as following

Ry [ 1 Ko(7%)Lr
Rspr:ZR:;[h{zl 4LT ’ (6)

)
len(71) " Ki(£2)r2
where Ky and Kj are the modified Bessel functions of
zero and first orders, respectively. Lt and Ry, are the
transfer length (in pm) and the sheet resistance (in ()):

Oc
Lt =,/—, 7
T R, @)
1
Ry = —.
sh oD (8)

with p, is the contact resistivity (in Qum?). Taking an
example as following (see Figure 4): The active area A
of an RTD is 0.21 pum?, the conductivity o7,6,4s and
the depth D of the n++ InGaAs layer (with doping
of 3 x 10" em™3) are 3.93 x 10° % and 350 nm, re-
spectively. The top p.; and the bottom p.» contact
resistivity are 2 Qum? and 10 Qum?, respectively. By
using Equation 6, the spreading resistance R;p, in
this case is 4.9 . This value of Rspr is somehow
comparable with Reference [13] which had Rsp, of 4 Q
with D = 400 nm, and 2 ) with D = 600 nm.

We should notice that all the above equations are
formulated for the DC case (frequency is zero). As the
frequency changes, the transfer length Lt will change,
as a result the spreading resistance will also change. The
dependence of the spreading resistance on the frequency
(with different values of RTD area A) can be seen in the
Figure 5.

From Figure 6, we can notice that both the top
contact resistance and the spreading resistance decrease
with increasing of frequency. For example, at DC case
(frequency is zero), Rc and Ry, are 10 () and 2.84 Q),
respectively; however, these values at HF case (high
frequency, for example at 2 THz) are 7.98 (2 and 2.14 ),
respectively. In the high-frequency regime, the RTD
areas of the RTD oscillators are quite small (in the range
from 0.1 um? to 0.5 um?). The spreading resistance Rspy
of these RTD areas has small impact; however, the top
contact resistance R, plays a huge contribution on the
total parasitic resistance. The spreading resistance is
dominant for large RTD areas (from ~ 1.0 um? in the
DC case, or from ~ 1.2 um? in the HF case).
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Figure 5. Dependence of the spreading resistance on the frequency
with different RTD areas.
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Figure 6. Comparison of the contributions of the parasitic resistances.
The RTD area is from 0.1 to 2.0 um?. The HS case is considered as
the frequency at 2 THz.

3 FREQUENCY LIMITATION OF RTD OSCILLATORS

Next, we will introduce the impact of both contact
parasitics and spreading resistance on the slot-antenna
RTD oscillator to have an estimation on frequency
limitation of the system. The results are calculated
regarding the equivalent circuit of the RTD oscillator in
Figure 1. For investigating the frequency limitation of
RTD oscillators, we can only use the small-signal model
for RTD conductance and capacitance, see more details
in [2], [14-17].

The conductance and capacitance of the RTD are
calculated as:

GRrTD = &RTD * A, )

CrTD = CRTD * 4, (10)

where grTp, crTp are the specific conductance, capaci-

tance (per unit area), and A is the mesa area of the RTD.
The admittance of the RTD and the contact parasitics

are written as:

Yrrp = Grrp +i-w - CrrD, (11)
1 .
YC:R—C+1~w'CC, (12)

with R, and C, are the contact resistance and capacitance.
The admittance of the circuit from the left side of
the points 2-2” in Figure 1 (including antenna, contact
parasitics and spreading components) is

1 1

— 4 — +Rgp) 7}, 13
(Yg + YC + SIW’) ( )
where R;), is the spreading resistance, Y; is the antenna
admittance (the parasitic RTD capacitance Cp, is in-
cluded in Y; as a parallel capacitor to the antenna). We
can then write the total admittance of the RTD oscillator
as

Yci rc —

Ytotul = Ycirc + YrrD, (14)

or:
Re(Ytotal) = Re(YCirc) + GrTD/ (15)
Im(Ytotal) = Im(ch) + w - Crrp. (16)

The oscillation condition is satisfied when
Im(Yiors) = 0, and Re(Yjorq) <= 0. The data for
Figure 7 and Figure 8 were obtained by numerically
sweeping the frequency w for various RTD areas A
and antenna lengths L until the conditions above
were violated.

Figure 7 shows the dependence of the frequency
limitation of the slot-antenna RTD oscillator on the
RTD area with different values of the contact resistiv-
ity o from 1 to 10 Qum?, The RTD specific contact
capacitance ¢, is taken as 19 fF/ um?2, and the parasitic
RTD capacitance Cpgr is assumed ~ 1 fF/ um?. In this
example, only the contact parasitics are taken into
account of the system. The width of the slot antenna
is 4 um, and the length varies from 12 to 100 um. The
RTD in this case has 1.6 nm thick barrier with the peak
current density of around 6 mA/pum?. The points in
the brackets show the RTD area and the maximum
oscillation frequency that the RTD oscillator can achieve
with certain value of the contact resistivity. The highest
oscillation frequency in this case is about 732 GHz on the
RTD oscillator with 1.5 um? RTD, 20 pum slot-antenna
length, and the contact resistivity 1 Qum?.

The simulations utilize a fixed slot width of 4 ym,
which is a standard dimension in THz lithography to
balance radiation efficiency with manageable parasitic
inductance. If the slot width is modified, the antenna
admittance Y, will change, shifting the resonance points.
However, the general conclusion—that an optimal RTD
area exists for maximizing frequency - remains valid
despite these absolute value shifts.

The spreading resistance now is also taken into the
system together with the contact parasitics. As can be
seen from Figure 8, the maximum oscillation frequencies
of the RTD oscillator decrease a lot in comparison with
the above case when only the contact parasitics are
involved in the system. The highest oscillation frequency
in this case is about 480 GHz on the RTD oscillator
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with 1.5 um? RTD, 50 um slot-antenna length, and the
contact resistivity 1 Qum?.

Figures 7 and 8 also show that for small RTD areas (in
the range of 1 um?), the maximum oscillation frequen-
cies change not much (correspond to the antennas with
lengths 75 pm and 100 pum). In this RTD area range, as
discussed above, the contact resistance is dominant over
the spreading resistance, see Figure 6. For the larger RTD
areas, where the impact of the spreading resistance is
dominant, the maximum oscillation frequencies decrease
a lot in the case when the spreading resistance is
employed to the system (Figure 8).

Based on the results represented in Figure 8, one
can define the antenna parameters (length and width)
and the RTD area in order to achieve the highest
oscillation frequencies of the slot-antenna RTD oscillator
on certain contact resistivity for a given RTD wafer. How-
ever, together with maximizing oscillation frequencies,
achieving high output powers of the RTD oscillators is
also important.
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Figure 7. The dependence of the frequency limitation of the slot-
antenna RTD oscillator on the RTD area with different contact
resistivity. Only the contact parasitics are taken into account in
this case.
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Figure 8. The dependence of the frequency limitation of the slot-
antenna RTD oscillator on the RTD area with different contact
resistivity. The contact parasitics and spreading resistance are taken
into account in this case.

In comparison with other oscillators in Table I
The frequency limits reported here (e.g., 732 GHz
for p. =1 Qym2 in Figure 7) are lower than record val-
ues like 1.98 THz. This is primarily because our model
utilizes a moderate current density RTD (~ 6 mA/um?)
rather than record-high 23.6 mA /um? devices. Further-
more, we rigorously include Rspy, which significantly
penalizes the frequency limit.

Table I
COMPARISON OF SLOT-ANTENNA RTD OSCILLATORS

References Frequency W-L RTD oscillator
(GHz) (um) type

Current work 480-732 4-(12-100) Slot antenna

Reference [5] 400-600 4-(50,100)  Slot antenna

Reference [4] 530-590 4-130 Slot antenna

Reference [7] 1980 4-9 Slot antenna

4 CONCLUSION

This paper investigates the primary factors that limit the
maximum oscillation frequency of RTD oscillators: con-
tact parasitics, spreading resistance, and antenna losses.
Taking into account these coupled parasitic elements,
we established a methodology to define optimal slot
antenna dimensions and RTD mesa areas to maximize
frequency for any given wafer.
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