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Theoretical Investigations of a Proposed Series
Integration of Resonant Tunneling Diodes for

Millimeter-Wave Power Generation
Cheng Chih Yang, Member, IEEE, and Dee-Son Pan, Member, IEEE

Abstract–Double-barrier quantum-well resonant tunneling
diode (RTD) has great potential for power generation at milli-
meter-wave frequencies. If a number of RTD’s are integrated
in series, the integrated device can greatly increase the total
output power and help remove the problem of low-frequency
spurious oscillations associated with a single RTD. The feasi-
bility of such a proposed series integration scheme is investi-
gated. The advanced monolithic nonlinear transmission line
(NLTL) generating picosecond voltage shock waves can be used
to initiate oscillation in such series-integrated RTD’s to over-
come the dc instability y. The large-signal RF characteristics of
the series-integrated RTD’s are analyzed and simulated, in-
cluding transit time effects in the depletion region. Using one
of the available GaAs/AIAs RTD data, our computer simula-
tion results show that a total cw output power of about 0.1 W
with a de-to-RF conversion efficiency of about 8% can be gen-
erated to a 5-Q load at 100 GHz, if ten such RTD’s are inte-
grated in series.

I. INTRODUCTION

DOUBLE-BARRIER quantum-well resonant tunnel-
ing diode (RTD) has recently attracted considerable

attention due to its potential applications in both RF and
digital areas [1], [2]. The diode structure is composed of
a thin quantum-well layer sandwiched by two very thin
barrier layers. The current first increases monotonically
with the bias voltage. The peak current occurs when the
energy of most of the incident electrons is in resonance
with the energy levels in the well. The current then drops
after the resonance is passed. A negative differential re-
sistance (NDR) is therefore displayed on the diode dc cur-
rent-voltage (Z–V) characteristics. This intrinsic NDR is
potentially useful for power generations at millimeter-
wave frequencies. For example, Brown et al. [1] reported
that 18 VW output power from a RTD fabricated by
GaAs/AIAs double-barrier quantum-well structure was
measured at a second harmonic oscillation frequency of
87 GHz. More recently, oscillations up to 420 GHz with

0.2 VW from the same kind of diode were observed [3].
It has been pointed out that the depletion region adjacent
to the double-barrier quantum well is useful for the RTD
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RF performance [4], [5]. Experimental progresses were
further made by Kesan et al. [6] and Gronqvist et al. [7]
with a more detailed consideration of transit time effects
in the depletion region. RTD’s have also been fabricated
in other material system, such as InO.ssGaO,dv
AslAslInAs and InAslAISb, to achieve high current den-
sity, low peak voltage, and large peak-to-valley current
ratio.

Generally speaking, both RTD and tunnel diode utilize
tunneling mechanism for generating current; one uses
barrier resonant tunneling and the other interband tunnel-
ing. The intrinsic frequent y response for both tunneling
processes is very high, i.e., in the THz range. Due to
limited density of states in the bands, peak current density
in both cases is limited to about 105 A/cm*. Higher cutoff
frequency requires large peak current density and smaller
capacitance. The RTD produces a higher cutoff frequency
than the tunnel diode due to its lower capacitance result-
ing from the added adj scent region. This added depletion
region is impossible for a tunnel diode. Simple estimates
indicate the RTD’s can be operated at millimeter-wave
frequencies while tunnel diodes can not. From device
point of view, the utilization of the depletion region is
crucial to high cutoff frequency. The inclusion of the de-
pletion region in a RTD requires consideration of transit
time effects. The transit time effects have been analyzed
by Kesan et al. [4], and Song and Pan [5], In this paper,
transit time effects are included in our analysis.

The power generated from a single RTD as reported in
[1], [3], [6], and [7] is too small for many practical ap-
plications. In principle, more diodes can be connected in
series to increase the total output power [8], [9]. It can be
achieved by utilizing modern fabrication technology such
as MBE (molecular beam epitaxy) to grow a number of
RTD’s in series on the same wafer [2], [10]. Ohmic loss
can thus be minimized by making intimate device-level
integration. However, it is known that oscillation can not
be triggered in a circuit consisting of series-connected
NDR diodes unless the dc power supply is turned on fast
enough [8]. Normally, a circuit consisting of series-con-
nected NDR diodes is dc unstable when all of them are
biased in the NDR regime. Nevertheless, when a turn-on
process is so fast that the capacitive current dominates,
the initial distribution of the total voltage can be equally
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partitioned among individual NDR diodes and be con-
trolled to reach into NDR regime of each diode Z-V char-
acteristics [8]. In this way, RF oscillation can be initiated.
The oscillation can be maintained if a proper embedding
circuit is designed [8]. Such an oscillation process in a
circuit made of series-connected tunnel diodes was ex-
perimentally demonstrated by Vorontsov and Polyakov
[8]. For a millimeter-wave frequency implementation of
this scheme with series-integrated RTD’s, am extremely
fast switch to turn on a dc power supply in about a pico-
second is required. Fortunately, this can be accomplished
by the recently developed nonlinear transmission line
(NLTL) technique [1 1]. It has been reported that 6-V am-
plitude shock waves with 1.6-ps fall times can be gener-
ated by a GaAs monolithic NLTL periodically loaded with
hyperabrupt-doped Schottky diodes [11]. Therefore, the
oscillation scheme described in [8] is possible at milli-
meter-wave frequencies with present technology.

There is another potential advantage of such series-in-
tegration of RTD’s. It is generally noticed that low-fre-
quency spurious oscillations are associated with a single
‘RTD operation because of its high NDR at low frequen-
cies. This makes millimeter-wave RTD oscillator design
very difficult. If two or more NDR diodes are connected
in series in the proposed scheme, stable self-oscillation
occurs only within a narrow frequency band [8]. There-
fore, the undesirable low-frequency oscillations can be
eliminated once an appropriate circuit design is carried
out to initiate and maintain oscillation. Of course, the de-
sign for such an appropriate circuit may not be simple,
either. This still needs to be investigated.

In this paper, we will analyze in detail the feasibility
and the performance of millimeter-wave oscillations of
series-integrated RTD’s from the device operation point
of view. In next section, a structure of series-integrated
RTD’s will be proposed. The design is mainly based on
the dc characteristics and qualitative RF analysis of a sin-
gle RTD. The quantitative formulations for RF steady-
state analysis of the proposed structure are presented in
Section III, where transit time effects are treated. As will
be shown, transit time effects will not invalidate the os-
cillation scheme. Following the approach in Section III,
simulation results are presented in Section IV. Finally,
the overall performance of series-integrated RTD’s are
discussed in Section V. We conclude that the power en-
hancement by series-integrated RTD’s is very attractive
for future millimeter-wave power source.

II. DESIGN CONSIDERATIONSOF THE PROPOSEDDEVICE

In attempts to increase the battery efficiency by utiliz-
ing tunnel diodes, Vorontsov and Polyakov [8] had ana-
lyzed and experimentally verified an oscillatory process
in circuits with several series-connected tunnel diodes. An
oscillator with as many as ten tunnel diodes connected in
series had been demonstrated [8]. In order to initiate self-
oscillation for series-integrated NDR diodes, the turn-on
time of the dc bias voltage must be short enough. If all

the diodes are assumed identical, the turn-on time should
be shorter than the transient time of the dc instability. The
transient time in this case is determined by the negative
resistance in NDR regime, the diode capacitance, and the
initial current or voltage spread between diodes in the se-
ries-integrated structure. Practically, each individual
diode can not be identical, so the difference of the diode
Z-V characteristics can dominate the transient of the dc
instability as was found in [8]. For tunnel diodes, the
spread in peak currents was identified as the crucial pa-
rameter to determine dc instability. The spread of the peak
currents in the integrated RTD’s is expected. The peak
current of a RTD is primarily c~ntrolled by barrier thick-
ness, which is very thin (s 15 A) and critical to grow. It
is also possible to find a spread in peak voltages. The peak
voltage of a RTD is essentially determined by the quan-
tum well thickness and the depletion region thickness,
which are supposedly more controllable than the barrier
thickness. It should be noted that for RTD’s the C(V)
characteristic is much more controllable than the Z(V)
characteristic in general. This facilitates the self-oscilla-
tion initiation in a series-integrated structure by a fast turn-
on voltage.

Since the cutoff frequency of the RTD used here is much
higher than that of the tunnel diode due to its smaller ca-
pacitance, an ultrafast turn-on is needed. Using the ex-
perimental data from [1], the minimum slope of the ex-
citation pulse leading edge is estimated to be 5 x 1011
V/s according to [8], when ten RTD’s are integrated with
a 20 % spread of peak currents. (Note that the correspond-
ing value estimated in [8] for ten tunnel diodes was about
2 x 109-2 x 1010 V/s). The reported results in [11] in-
dicate that the NLTL is capable of providing such a min-
imum volt age pulse slope. Therefore, the oscillation pro-
cess described in [8] is entirely feasible today for series-
integrated RTD’s if the advanced NLTL technology is
used.

The design considerations for the proposed series-in-
tegrated device structure of RTD’s need to be addressed.
To be more specific, we choose GaAs/AIAs material sys-
tem for an oscillation frequency of 100 GHz as an ex-
ample. The analysis can be extended straightforwardly to
the whole millimeter-wave frequency range and other ma-
terial systems. Because the frequency is substantially
higher than that in [8]1,many new effects should be con-
sidered, namely, distributed circuit effect, skin effect,
carrier transit time effects, and transient effects of carrier
motions.

First of all, the size of the total integrated device struc-
ture is still much smaller than the electromagnetic wave-
length of the oscillation frequency, so the lumped-circuit
approximation is still valid, i.e., the distributed-circuit
consideration is not required, Another aspect about the
validity of the lumped-circuit approach to the series-in-
tegrated structure is the following. Because the distance
b$tween any two adjacent RTD’s is very small (<500
A), attention has to be paid that there is no phase coher-
ence for the electron motion from one RTD to its neighbor
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RTD’s. This has been experimentally verified [10]. Thus,
the lumped-circuit description for each individual RTD in
the integration structure is fully justified. However, transit
time effects in each RTD element, which depend on the
carrier transport in the depletion region, turn out to be not
negligible. Although accurate simulation should include
transit time effects, a simplified lumped-circuit simulation
based on the measured dc characteristics still provides
valuable information. The simplified simulations are very
useful to guide the first-round design of the device struc-
ture.

A current-voltage curve obtained from a good RTD [1]
is plotted in Fig. 1. A simplified equivalent circuit model
for a single RTD is illustrated in Fig. 2(a), where a ca-
pacitance (C) in shunt with a conductance (G) is in series
with a parasitic series resistance (Z?,.). A “quantum-well
inductance” due to the effect of quasibound-state lifetime
was included in the equivalent circuit model in [3]. It is
neglected in our analysis. In the millimeter-wave frequen-
cies, this effect is not important. Instead, transit time ef-
fects are more relevant. They make about 13% correction
on the device impedance as will be shown later.

From the data of the quoted RTD device, the series
resistance, which is determined by the ohmic contact, the
undepleted epilayer resistance, and the spreading resis-
tance, is calculated to be about 15 Q [1]. The correspond-
ing specific series resistance is 1.9 X 10–6 Q-cm*. In cal-
culating this, the specific contact resistance of 10-6 Q-cmz
is assumed and the n-type doping concentration in the epi-
layers is 2 X 1017 cm- 3. When neglecting transit time
effects, the small-signal conductance is estimated to be
–13 mS, or –1 mS/pm2, if the diode is biased at 0.95
V. The capacitance is contributed by the depletion length
in the anode, the double-barrier quantum well length, and
the accumulation layer length in the cathode. As a result,
the total capacitance is about 0.02 pF, (w~ich is mainly
due to a depletion layer thickness of 700 A,) equivalent
to a capacitance per unit area of 1.6 fF/pm2. For sim-
plicity, we will assume that diode capacitance is approx-
imately a constant, even under a large RF signal opera-
tion. When two or more RTD’s are integrated in series,
heavily doped spacer layers can be used to separate the
double-barrier quantum wells (added with their associated
depletion layers) so that the diodes in the series-integrated
structure are decoupled from each other quantum mechan-
ically by negligible resistance [10].

Based on these considerations, a proposed layer struc-
ture for a three-RTD device is shown in Fig. 3. It is as-
sumed that the series-integrated device is grown on a 70-
nm-thick epitaxial layer doped to 2 x 1017cm–3. Practi-
cally, a thin buffer layer may be needed between the heav-
ily-doped substrate and the very first epitaxia~ layer. A 2
X 1018cm-3 doped spacer layer with a 500 A thickness
is sandwiched between RTD’s. The epilayer thickness of
each RTD outside the barriers has been reduced to zero
at cathode side and to 70 nm at anode side to keep the
capacitance and the series resistance of each diode small
enough. The transit time effects will be considered later
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Fig. 2. Equivalent circrut model for (a) a single RTD, and (b) a series-
integrated RTD. R,, is the total series resistance. C and G are the capaci-
tance and the conductance. respectively.

to further justify the choice of the 70-nm drift region.
Consequently, the capacitance per unit area for each unit
RTD is still about 1.6 fF/pm2. The specific resistivity
due to one spacer layer is estimated as 8 x 10-9 Q-cm2,

which is negligible. The total series resistance for a single
diode and a series-integrated diode is basically the same,
because it is dominated by the supporting substrate layer
and the ohmic contact. The average reduced series resis-
tance per unit diode is a very important factor to the de-
vice’s RF performance as more diodes are integrated in
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series. It is straightforward to extend the device structure
in Fig. 3 to a n-RTD device design. The simplified equiv-
alent circuit model of a series-integrated RTD is shown
in Fig. 2(b).

III. QUANTITATIVEFORMULATIONSFOR ANALYSISAND
SIMULATION

The higher cutoff frequency of the RTD when com-
pared with the tunnel diode is due to the compatibility of
adding a depletion region to the intrinsic RTD structure
to reduce the effective capacitance. The length of the de-
pletion region is limited by carrier transit time effects. Al-
though transit time effects are not crucial in the series-
integrated oscillatory scheme, they are not negligible for
RTD’s operated at millimeter-wave frequencies. For a
quantitative analysis, transit time effects should be prop-
erly treated.

The analysis by Vorontsov and Polyakov did not con-
sider transit time effects [8]. In their analysis, the total
current (ltOt) of each diode is composed of a displacement
current due to junction capacitance and a conduction cur-
rent, i.e.,

dV(t)
Ztot(t) = c ~ + Zc(v(t)) (1)

where C = C(V) is the junction capacitance from the de-
pletion approximation, and ZC(V) is from the diode dc cur-
rent-voltage characteristic. Due to transit time effects, the
conduction current is no longer a spatial constant along
the current flowing direction. Thus, a necessary modifi-
cation of(1) is to replace the conduction cument of a tun-
nel diode by an appropriately averaged conduction current
in a RTD including its drift region. Based on the general
current conduction equation and the continuity equation,

the induced current (Z’nd)usually defined as follows pro-
vides the correct expression for the averaged conduction
current [5], [12].

Z’”d(t)= *W z’”’ (t)

ulwm
+—

L+wo 0
v(~)g(x, T)Z’”J(f– T) dr &

(2)

where li”j is the conduction current of the injector which
is the intrinsic RTD of length L, W is the drift region
length, v(t) is the average carrier transient velocity after
injection, and g (x, t)is the Gaussian profile function de-
scribing the carrier transient diffusion and drift motion
after injection [5], [12]. Note that the consideration of
transit time effects demands a detailed treatment of the
carrier motion in the short drift region. Z’nd(t) is essen-
tially a weighted average of 1’”’(t) over the transit time.
Since we neglect the quantum-well inductance, the injec-
tor current (Z’”J)is an explicit function of the injector volt-
age (V’n’). It is simply given by

Z’”J(t) = I(V’”J(t)). (3)

The voltage V(t) across the diode, which is the sum of the
injector voltage and the voltage across the drift region in-
cluding carrier space charge effects, can be expressed as
[5], [12]

qNDW2
v(t) = V’”J(t)+ : vinJ(t)– ~

(4)

where q is the electron charge, E is the permittivity, ND is
the doping concentration in the drift region, and A is the
area of the diode.

For lumped-circuit analysis as in [8], the use of an ex-
plicit diode Z-V characteristic as in (1) is always implied.
When transit time efiects are considered, l=(V(t)) in (1)
should be replaced by Z’nd(t) of(2) for the circuit analysis.
In this situation, the induced current depends not only on
the instantaneous voltage V(t), but also on the previous
voltage V(t’ < t) up to about an interval of the transit
time. The functional relationship between Zind(t) and V(f)
is therefore very complicated. The relationship is mainly
determined through V’”J(t), which is only a portion of
V(t). Itshould be pointed out that carrier space charge
effects further complicate the dependence of Vi”J(t) on V(t)
as shown in (4). Apparently, the circuit analysis becomes
tremendously involved because of transit time effects. In
this section, we will present the procedure of a detailed
circuit analysis for the proposed generic device structure
using (2) and (4) only in the case of a sinusoidal steady
state, in which the time dependence becomes simple
enough S(Gthat the integral in (2) and (4) can be reduced
to a simpler form [12]. However, it can be shown that the
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arguments used for transient analysis in [8] are still es-
sentially valid even if transit time effects are considered.

The induced current I’”d(t) is an averaged I’nJ(t) over
the transit time, so the effective NDR determined by (2)
and (4) is usually smaller than that obtained directly from
the dc 1-V characteristics. This is simply a smearing-out
effect of the averaging. Therefore, the characteristic time
of the dc instability obtained by using static dc 1-V char-
acteristics without considering transit time effects as done
in [8] is in general an overestimate. The turn-on time of
a dc power supply can thus be conservatively determined
by the dc Z-V curve. We should point out that there is an
additional capacitive current in Zind(t) due to carrier space
charge effects, but it is not significant when evaluated nu-
merically, Since an optimized length of the drift region
corresponds to a transit angle in the range of 40° – 90°
for RTD’s [5], transit time effects are significant, but
should not be drastic. This expectation will be further
confirmed by our steady-state sinusoidal analysis results
reported in next section. Because simple lumped-circuit
calculations can still provide meaningful quantitative re-
sults, we will first outline our procedure in terms of a
lumped-circuit approach, which is much easier, and then
provide the modifications to include transit time effects in
detail.

When a iz-RTD device is in operation, n nonlinear cou-
pled differential equations can be written as

~ d~ (f) = V,ot(t) – ,:, ~ (t)

dt R,e
– li (Vj (t))

i=l,2, ”””, n (5)

where Zi(Vi) is the current-voltage characteristic of the i th
diode, R,e is the series resistance at the ends of the series-
integrated device, and VtO~is the total voltage across the
device. The total voltage is given as the sum of dc and
RF voltages, so (5) can be solved numerically to find out
the steady-state voltage across each individual diode in
time domain. The harmonics of the RF voltage are not
included in VtOtin our simulations, because the embedding
circuit impedances at all harmonic frequencies are as-
sumed to be zero as is commonly done in nonlinear circuit
designs. On the other hand, the harmonics of the total
current are allowed.

Without transit time effects, numerical simulations can
be carried out by solving (5). The conduction current
across each individual RTD in (5) is simply the experi-
mental 1–V curve of Fig. 1. When transit time effects are
included, the relationship between the conduction current
and the voltage across the single diode is no longer that
simple. In this case, it is convenient to use V’njfor each
RTD as a controlling parameter in simulations. We as-
sume a sinusoidal form as

V*”J(t)= V$j + V:* Cos(tit) . (6)

An approximate Zi”J(Vi”j) function was obtained in [5] by
using only one scaling parameter. In this work, a more

accurate Z’nJ(V’”J) function is obtained by calculating (4)
at three most critical points, i.e., the peak and the valley
voltages, as well as the middle voltage in between. It
should be pointed out that the conduction current in (2)
expressed in terms of Gaussian profile function is not ex-
act but a good approximation. This can be understood by
checking that the current continuity requirement is not
strictly satisfied by the adopted form of (2). However, it
seems to us that no simple analytical expression can be
found to further improve the accuracy of the description
of the carrier transport. Therefore, we still adopt
Gaussian distribution form shown in (3) of [5] in this
work. Indeed, all the primary features of the nonstation-
ary carrier transport, i.e., velocity overshoot and diffu-
sion, are contained in this form. The initial velocity of the
injected carriers is around 7 X 107 cm/s due to the high
electric field at the front of the drift region. This high
initial velocity will decay to a steady-state value of 6 x
106 cm/s with a decay time of 8 x 10-14 s [5]. The car-
rier velocity equation, o(t), as a function of time is bas-
ically the same as (6) in [5]. The diffusivity is set at 15
cm2/s, assuming that the diffusivity transient is not sig-
nificant due to the high electrical field across the diode.
The injector length (L) and the drift region length (W) are
75 ~ and 700 ~, respectively. The doping concentration
(ND) in the drift region is 2 x 1017cm-3 as shown in Fig.
,3

3.

The dc bias condition and the RF voltage should remain
the same for cases with and without transit time effects
included in the depletion region in order to compare the
results. The dc bias on each diode is set at center voltage
point of the NDR regime of the measured diode 1- V curve
when transit time effects are excluded. When transit time
effects are considered, this is equivalent to setting the dc
bias at center voltage point of the NDR regime of the in-
jector 1-V curve. In order to facilitate comparison, when
transit time effects are included, the RF voltage amplitude
at the injector is determined in such a way that the RF
voltage amplitude across the diode should match to that
obtained by excluding transit time effects. In brief, for
simulations including transit time effects, we start from
(6), calculating Z’ndin (2) to replace IC in (1) to obtain
1,.,(t)and calculating V(t) in (4) to be used for each Vi(?)
in (5). In this case, VtOt(t) thus obtained is not exactly a
dc plus a fundamental. Therefore, Fourier components are
taken for both 1[0,(t) and V,O,(t).

IV. SIMULATIONRESULTS

Runge-Kutta method is employed to solve the nonlin-
ear coupled differential equations. The number of the
points required for a convergent solution depends upon
diode capacitance, oscillation frequency, and RF voltage
amplitude. The numerical solutions are obtained in time
domain when a steady state is reached. An algorithm of
Fast Fourier transformation (FFT) is then employed to
calculate the RF parameters in frequency domain.

The experimental diode 1-V curve in Fig. 1, the re-
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lated dc parameters from Section II, and the reported data
in [1] are used in our simulations. Note that current den-
sities are actually used in our simulations and total device
area is to be determined. Both two-RTD and three-RTD
devices are simulated numerically at 100 GHz. The total
dc bias voltage is set in such a way that dc operating point
for each individual diode is located approximately at cen-
ter voltage point of NDR regime, which has a value of
0.95 V. The dc bias voltages are therefore set at 1.95 V
for a two-RTD device, and 2.9 V for a three-RTD device,
where a voltage drop across series resistance is approxi-
mately 0.5 V. We find, as expected, that a stable oscil-
lation can occur only if RF voltage amplitude is greater
than a cutoff value (VC). Below VCa steady state gener-
ating a negative RF conductance can not be reached. The
dc operating point of each individual diode will eventu-
ally move back to a PDR regime due to the instability
mentioned previously. Table 1, which lists RF cutoff volt-
ages obtained from simulation results, indicates that RF
cutoff voltage is about 39% of dc bias voltage (V~C).The
maximum output power and the best de-to-RF conversion
efficiency are evaluated at RF cutoff voltage. The results
are also summarized in Table 1.

Because a full-scale simulation of the whole integrated
structure including transit time effects is very involved,
we adopt the approach described in Section III. We have
not computed RF cutoff voltage (V=) under the consider-
ation of transit time effects. We expect that VCshould be
slightly smaller if transit time effects are included. The
results for VClisted in Table I should provide a good ap-
proximation. The transit time effects are evaluated by us-
ing (2) and (4) for a single RTD for a number of RF volt-
ages above V,. The admittances per unit area thus obtained
are used to calculate the corresponding power and effi-
ciency of the total integrated device. The RF voltage
waveforms are sinusoidal in our simulations. For each
given value of V~~simulated without transit time effects,
a corresponding V~~ is guessed and iterated until we find
the same V~~value which is obtained from the fundamen-
tal component of V(t) in (4). This simplification still de-
mands a laborious effort to carry out calculations. When
excluding transit time effects, the minimum RF voltage
amplitude across a RTD to stabilize the series-integrated
RTD oscillator is found to be 0.38 V, if the dc bias at
each diode is set at 0.95 V. This is equivalent to a RF
voltage amplitude of 0,038 V with a dc voltage drop of
0.154 V at injector when transit time effects are included.

When transit time effects are included in the simula-
tion, the device’s overall RF performance degrades be-
cause of the reduced negative conductance. The total out-
put power and the de-to-RF conversion efficiency of a two-
RTD device versus RF voltage amplitude are plotted in
Fig. 4 for both with and without transit time effects, as-
suming a 5-fl output load is matched at 1100 GHz. As
shown, the efficiency, which is proportional to the RF
conductance, drops about 13% from the lbestvalue of
8.6 % to 7.4% because of transit time effects. The total
output power, which is approximately proportional to the

TABLE I
RF CUTOFF VOLTAGES AND THE BEST PERFORMANCE DATA OF Two-RTD

AND THREE-RTD DEVICES

Diode DC Bias RF Cutoff Total Power Efficiency
Numbers Voltage (V) Voltage (V) (mW) (%)

2 1.95 0.76 3.84 8.6
3 2.90 1.14 11.17 9.9

8

2

n
;.7 0.8 0.9 1.0 1.1-

VRF (V0k8)

Fig. 4. Tol al output power and de-to-RF conversion efficiency versus RF
voltage amplitude for a two-RTD device matched to a 5-0 load at 100 GHz.
Solid lines include transit time effects. while dotted lines do not.

RF conductance square, drops about 25% from the max-
imum value of 3.84 mW to 2.86 mW.

Based on the analysis and simulation procedures out-
lined in Section HI, our results for the best de-to-RF con-
version efficiency and the maximum total output power of
the proposed integration structure versus the number of
the integrated RTD’s are plotted in Fig. 5. The corre-
sponding, total device area ranges from 80 pm2 for a two-
RTD device to 630 pm2 for a ten-RTD one. As shown in
Fig. 5, the efficiency of the proposed integration structure
can be as high as 11.5% using device parameters from
available experimental data. The transit time effects de-
grade the efficiency from 11.5 % to 10%. This degrada-
tion is understandable because transit time effects usually
smear out the effective NDR to some extent. It should be
pointed out that the degradation is not drastic as expected
earlier due to the small transit angle involved. The total
output power of the proposed integration structure is
roughly proportional to the square of the integrated diode
numbers as shown in [9]. It can be as high as about 0.165
W when ten RTD’s as structured in Fig, 3 are integrated,
The transit time effects degrade the power from 0.165 W
to 0.12 W, i.e., a degradation of about 27%. Estimations
in [8] have shown that with a 20% spread of peak currents
it is possible to draw over 75% of the maximum possible
power generated from the series-connected identical
diodes. If a 20 % spread of peak currents is assumed here,
then the maximum stable output power is around 0.1 W
with the best associated efficiency of about 8 % for a ten-
RTD device. Each RTD is biased at 0.95 V, thus a 9.55-
V voltage shock wave is required to initiate an oscillation.
As the number of the integrated RTD’s is increased, the
best efficiency is improved due to the virtually unchanged



440 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES,VOL40,NO.3, MARCH1992

20~“o
~t.,.’”

15 - - 150,..”
..*’”

+ ..

10 -

I

5 -

0
2 4 6 8 10

Number of Diodes

Fig. 5. The best de-to-RF conversion efficiency and the maximum total
output power from the series-integrated resonant tunneling diodes versus
thenumber of the integrated diodes. A 5-Q output load is assumed to be
matched at 100 GHz. Solid lines include transit time effects, while dotted
lines do not.

total series resistance, which is dominated by the sub-
strate supporting layer and the ohmic contact.

It has been mentioned that RF voltage amplitude deter-
mines the existence as well as the magnitude of the total
negative RF conductance of the series-integrated RTD’s.
A too small RF voltage amplitude cannot maintain a neg-
ative conductance due to the instability explained earlier.
In our simulations the RF voltage amplitude plays an im-
portant role in controlling voltage convergence rate when
solving (5) numerically. As an example, a two-RTD de-
vice is selected to demonstrate transient behavior in sim-
ulation. The total dc bias voltage is set at 1.95 V, and the
initial voltage deviation between two diodes is set at a
value of O.1 V. The simulation results are illustrated in
Fig. 6, where three different RF voltage amplitudes are
used. In the case of VRF= 0.7 V, which is less than the
cutoff value (VC = 0.76 V), the voltage deviation grows
with time. Eventually, dc operating points will move out
of NDR regime of diode Z–V curve, causing no oscilla-
tion. However, in the case of VR~ = 0.8 V, which is a
little greater than VC,the voltage deviation decays with
time. This produces a stabilized oscillation mode. If RF
voltage amplitude is further increased to 0.9 V, a faster
convergence is observed. This shows that the voltage con-
vergence rate is a strong function of RF voltage ampli-
tude.

A related result due to the dc instability is that the neg-
ative conductance of the series-integrated RTD should ex-
ist only in a band of frequency. Its lower frequency limit
( jl,) is approximately \ G. I/(2TC7 ), where G. is the
negative conductance of a single RTD, C is the associated
capacitance, and y is an empirical parameter related to the
device transient behavior. It is difficult to characterize the
device transient behavior in a general way. As shown in
Fig. 6, it depends on the initial voltage deviation and the
RF voltage amplitude. For the device parameters used in
this work, -y and y~ are in the order of 10 and 10 GHz,
respectively.

V. CONCLUSION

In summary, the double-barrier quantum-well RTD
shows great potential for millimeter-wave source. In or-
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0.2 -

,
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Fig. 6. Voltage deviation ( AV) between two RTD’s versus time at three
different RFvoltage amplitudes. The initial voltage deviation is 0.1 V. The
curve corresponding to V~~ = 0.7 V shows RF instability.

der to increase the total output power as well as to remove
the low-frequency instability of a single RTD, a series-
integrated device structure, which can be grown by the
advanced MBE technology, is proposed. The minimum
slope of the excitation pulse leading edge required to
initiate an oscillation is estimated to be 5 x 10’1 V/s.
This requirement is entirely feasible due to the recent
demonstration of NLTL for picosecond shock wave gen-
eration.

The low-frequency spurious oscillations associated with
the single RTD are frequently observed, when it is biased
at NDR regime of its 1–V curve. Unlike IMPATT or Gunn
diodes, the RTD bears NDR almost from dc to millimeter-
wave frequencies. This makes the RTD quite difficult to
use at high frequencies. The problem of low-frequency
spurious oscillations will no longer exist when the series-
integrated device is driven into the oscillation mode, be-
cause the stable self-oscillation occurs only within a cer-
tain frequency band.

Simulations with and without transit time effects in-
cluded in the depletion region are performed at 100 GHz.
We find that the negative conductance and the de-to-RF
conversion efficiency degrade about 13%, while the total
output power degrades about 25%, when transit time ef-
fects are included. This relatively small degradation is be-
cause the injection phase angle of a RTD is about 2700
and the drift angle is usually only 90° or less, thus caus-
ing no drastic effect. The total output power of 0.1 W with
the associated de-to-RF conversion efficiency of 8 % from
a ten-RTD device matched to a 5-fl output load is ob-
tained at 100 GHz, if a 20% spread of peak currents is
assumed. When more RTD’s are integrated, the efficiency
can be enhanced due to the relatively unchanged total se-
ries resistance. The processing uniformity and the thermal
consideration will probably limit the number of the inte-
grated diodes. The RTD device structure and the doping
concentration in the epilayers are not optimized in this
work. It is possible to further improve the RF perfor-
mance of the series-integrated RTD’s. Unlike RTD’s, the
efficiency of conventional IMPATT diodes is bound to
drop quickly beyond 100 GHz, because it is difficult to
localize the ionization injection. The noise performance
of RTD’s is also expected to be substantially better than
IMPATT diodes due to the less noisy tunneling process.
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