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.4bstract —A detaited experimental and theoretical study in the use of a

resonant tunneting diode (RTD) as a microwave detector based upon its

small-signaf equivalent circuit model is presented. lt is shown that the

rectified current from the diode can be accurately predicted and that the

diode can he operated as a reactive microwave detector which absorbs no

microwave power. For this detection mode, a matching network which

maximizes the applied ac voltage can be used.

1. INTRODUCTION

I N 1973 Tsu and Esaki [1] first proposed resonant tun-

neling (RT) in double barrier quantum well devices. By

1974 Chang, Esaki, and Tsu [2] had demonstrated that

these devices have a negative differential resistance (NDR)

region in their dc current–voltage (1 – P’ ) curves. However,

the study of these diodes was slow until Sollner et al. [3]

demonstrated their detection capabilities up to 2.5 THz in

1983. This exhibition of their high frequency response

quickly stimulated further study of the RT diodes. In 1985

Shewchuk et al. [4] obtained room-temperature oscillations

with a resonant tunneling diode (RTD). Coon and Liu [5]

predicted a theoretical oscillation frequency limit of 1 THz

in 1986. Gering et al. [6] presented a microwave circuit

model for the RTD, and Sollner et al. [7] studied RTD

oscillations up to 200 GHz in 1987. Recently, in a more

detailed theoretical analysis, Frensley [8] has predicted

that the NDR of the RTD should persist to 5 THz and

that the nonlinearity should persist to 10 THz. The micro-

wave circuit modeling of Gering et al. [6] now makes it

possible to calculate the detailed behavior of an RTD as a

microwave detector and compare the results with experi-

ment. This paper describes RTD detector studies from 1

GHz to 10 GHz.

Passive detectors, like Schottky barrier diodes, must

absorb power to operate. In an appropriately biased NDR

diode, however, the negative resistance can cancel the

device’s positive resistance, leaving the net impedance of

the diode purely reactive. For this case, while an RF

voltage is across the diode, no net power is absorbed, and

the diode detects the microwave voltage across the RTD.
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Fig. 1. Current–voltage characteristic, ac voltage, and resulting current
waveform for (a) a Schottky diode biased at VB = 0.2 V (ZB = 50 PA)
and (b) a resonant tunneling diode biased at t’~ = 0.4 V (lB = 1.086

mA). The dashed line indicates the rectified current.

The impedance matching problem then reduces to insert-

ing a transformer between the source and diode and ad-

justing the transformer toward the oscillation condition to

obtain a regenerative detector [9]. This procedure has

produced very sensitive detection with the Esaki tunnel

diode [10]. Since the RTD has a smaller parasitic capaci-

tance than the Esaki tunnel diode, the RTD should have a

much higher cutoff frequency.

The detection properties of a diode depend on the

nonlinear characteristics of its l--V curve. A passive detec-

tor, like a Schottky diode, only partially rectifies an ap-

plied ac signal (see Fig. l(a)) while an RTD biased at its

resonance peak acts as a full-wave rectifier (see Fig. l(b)).

This full-wave rectification ability plus the RTDs intrinsic

speed make it an attractive candidate as a detector and

mixer at high frequencies.
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Fig. 2, (a) Conduction band diagram of the resonant tunneling diode

giving the layer thicknesses and doping. (b) Current–voltage character-
istic of the resonant tunneling diode (c) Resonant tunneling diode’s
equivalent circuit model.

II. F@SONANT TUNNELING DIODE CHARACTERISTICS

The RTD used for this study was grown by molecular

beam epitaxy using AlGaAs. Circular mesas of 50 pm

diameter were etched from the completed wafer and ohmic

contacts were made to the top and bottom of the structure.

The wafers were diced and the individual diodes were

bonded into C-3 microwave packages capped with C-II

lids [6], [11]. The diode’s structure, doping levels, layer

thicknesses, and conduction band diagram are shown in

Fig. 2(a). Fig. 2(b) shows the diode’s dc 1– V characteristic

at 77 K, in which the NDR region extends from 0.4 V to

0.625 V. Sollner’s [3] detector studies show that the nonlin-

earity of the 1 – V curve persists from dc to at least

2.5 THz.

The lumped element microwave circuit model of the

RTD [6] is shown in Fig. 2(c). It has essentially the same

form as the model for an Esaki tunnel diode [12]. The

model has a series resistance, r, a series inductor, L, and a

nonlinear conductance, G, shunted by a capacitor, C.

From [6], the parasitic elements (r, C, and L) were found

to be independent of bias voltage, and for small signals,

the active element (G) was given by the differential con-

ductance of the dc 1-V curve. The series inductance which

was introduced in [6] is a new feature of this device. In his

theoretical analysis, Frensley [8] does predict an inductive

effect in the resonant tunneling mechanism. However,

Frensley’s inductance is several orders of magnitude smaller

than the series inductance of the RTD circuit model. The

series inductance of the circuit model is probably caused

by more circuit-related phenomena such as contact induc-

tance, the electrical length of the semiconductor substrate,

and inaccuracies in de-embedding the RTD impedance

from the package at higher microwave frequencies. Recent

preliminary measurements of an RTD bonded in a coplanar

waveguide support this belief by yielding smaller induc-

tances than those obtained for devices in the C-3 package.

Assuming the conductance persists throughout the mi-

crowave range and with a small series resistance (r = 0.17
Q), the large-signal ac conductance, G,C, can be found

from the 1– P’ curve of the diode. At a given dc bias

voltage, VB, and with an ac voltage across the conductance

of VI cos ( Qt ), the resulting current waveform can be de-

termined from the 1 – V curve. The current waveform can

then be Fourier analyzed numerically to find its dc compo-

nent, l., and its fundamental ac component, II cos ( tit ).

The ac conductance is defined as

G=C= ll/’Vl= G~C(V~, Vi). (1)

Although the use of a single frequency sinusoidal voltage is

an approximation that assumes that the detector is a short

at all of the harmonic frequencies, it will be shown that

this assumption provides excellent agreement.

III. MICROWAVE DETECTION

The detector measurements were performed with the

equipment arrangement shown in Fig. 3(a). Source power

settings of 1, 10, 100, and 1000 vW, with frequency set-

tings of 1, 2, 3, 4, 7, and 10 GHz, were applied to the

circuit. A representative sample of the measured rectified

current of the detector from these settings is displayed in

Fig. 3(b) and (c). Note that the greatest value for the

magnitude of the rectified current appears at the resonance

peak voltage ( P’B = 0.4 V), where the full-wave rectification

demonstrated in Fig. l(b) occurs.

Between the signal source and the diode is a complicated

circuit which consists of cables, a bias tee, adapters, and

the C-3 package, but the entire circuit can be modeled by

its S parameters [13], which were measured for this net-

work. Then, the ac power, PD, absorbed by the diode can

be found from the following expression:

PD ~Pg[l– lrl*] 1s,,/(1– r~,,)2 (2)

where Pg is the generator power and r is the complex

reflection coefficient of the RTD. The voltage across the

diode, VD, is given by

Vj=2PDlZD12/Re(ZD) (3)

and the ac voltage, VI, across the conductance, G, is

related to VD by

V1=VD/ll +(r+j@L)(G,c +jtiC)l. (4)
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Fig. 3. (a) Equipment setup for the detector measurement. (b) Rectified
current for a generator power of 100 jLW. (c) Rectified current for a

generator power of 10 pW. The different curves in parts (b) and (c) are
labeled with their frequencies in GHz.

The diode impedance, Z~, is given by the expression

[

G

1[

UC
ZD= r+ +j QL–

G:c+;tiC)2 1(5)
GjC+(@2 “

The numerical Fourier analysis of the resulting current

waveform with an applied sinusoidal voltage yields its dc

component, 10, from which the rectified current can easily

be found by subtracting the zero incident power bias .

current, IB. The rectified current, lREc, can then be ex-

pressed as a function of the generator power through (2),

(3), and (4).

Four comparisons of experimental and calculated values

for lREC versus VB are shown in Fig. 4. The source power

is 100 pW in these cases. The agreement between the

measurements and the calculated curve at 1 and 3 GHz is

excellent for most bias voltages. The errors at the high bias

voltages could be attributed to slight nonlinearities in the

shunt capacitance (C) at these voltages. Although one

might expect some error to be caused by neglecting the

harmonic frequencies in our analysis, in the next section

we show that the effect of harmonic voltages and currents

is negligible. (Neglecting harmonics would have a greater

effect at lower fundamental frequencies, where the imped-

ances of the parasitic elements at the harmonic frequencies

would have less of an effect on the conductance.) For the 7

and 10 GHz cases, the experimental and calculated data

show a greater spread in values. The rectified current

decreases with frequency since the conductance (G) is
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Fig. 4. Measured (symbols) and calculated (solid curve) rectified cur-

rents for a generator power of 100 pW. (a) Generator frequencies of

1 GHz (plus signs) and 3 GHz (circles). (b) Generator frequencies of

7 GHz (plus signs) and 10 GHz (circles). The solrd curves are labeled
with their frequency in GHz.

shurt~ed by the capacitor (C) (see Fig. 2(c)). For a constant

source power, increasing the frequency of the source re-

duces the voltage V1. As the rectified current decreases, the

error in its measurement increases since it is the difference

between two currents which are getting closer together, 10

and IB. With an ammeter accuracy of ~ 5 PA, small errors

in 10 and 1~ lead to much larger percentage errors in

I REC. Overall, the four sets of results are in good agree-

ment with one another, apart from the measurement inac-

curacy at very low rectified current levels.

IV. HARMONIC ANALYSIS

Combining the S parameters of the cables, bias tee, and

C-3 package network with the S parameters of the two-port

formed by the parasitic elements of the RTD, the Thewenin

equivalent voltage source presented to the active element

(G) can be determined for the ac part of the detector

circuit at the fundamental and harmonic frequencies. The

dc bias circuit is independent of the ac circuit, and the bias

voltage is tracked to hold it corlstant across the RTD. The
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Fig. 5. Measured (symbols) and calculated (solid curve) reflected power

at the fundamental and first three harmonic frequencies from an

.f = 0.5 GHz incident signal. The sofid curves are labeled by frequency.

total voltage across the active element (G) is then

u(t) =vB+vlcos W+v2cos2@t+ . . . (6)

with a resulting current Fourier series

i(t) =Io+llcos ut+12cos2@t+ . . . . (7)

An iterative approach was taken to achieve the harmonic

balance

~h(nu)= zti(nu)In+vn (8)

where Vt~ and Zt~ are the Thevenin equivalent generator

voltage and source impedance with Vt~(n u ) = O for n =

2,3,4, . . . .

The 1 GHz and 3 GHz cases of Section III were

analyzed in this manner using three and two harmonics,

respectively. There was no perceptible change in the recti-

fied current calculated including the effect of these

harmonics to that calculated with the assumption of no

harmonics. The magnitude of the voltage at each angular

frequency, n CO,was approximately 1/10 the magnitude of

the voltage at the preceding angular frequency, (n – 1) o.

To test the accuracy of the harmonic analysis, a 20 dB

directional coupler was placed between the microwave

source and the bias tee shown in Fig. 3(a). A 0.5 GHz

signal was applied to the device with incident powers of 1,

5, 10, 20 and 50 pW with the bias voltage set at the

resonance peak, VB = 0,4 V. A spectrum analyzer was used

to measure the reflected power at the fundamental

frequency and the generated power at the first three

harmonic frequencies.

Using the results of the calculation described above for

a 0.5 GHz fundamental and three harmonics, the reflected

and generated powers were calculated for incident powers

in the range from O to 50 pW. Fig. 5 shows the comparison

of these calculations to the measured powers. The agree-

ment is quite good, implying that the harmonic analysis is

accurately calculating the voltage and current waveforms

across the RTD.

V. REACTIVE DETECTION

Unlike passive detectors, which must absorb power to

detect, an NDR diode can be operated with no absorbed

power. That is, under proper bias and with the real part of

its impedance equal to zero, an RTD becomes a purely

reactive detector which absorbs no microwave power. Stat-

ing that there is no absorbed power implies that the

average power absorbed over a cycle is zero. For example,

if the RTD is biased at the resonant peak, over half the

cycle, the RTD is in a positive differential resistance

region where the instantaneous power is absorbed, while

over the other half of the cycle the RTD is in its negative

differential resistance region where the instantaneous power

is generated. Given the proper ac voltage swing, the power

generated can compensate for the power absorbed, yield-

ing zero net power absorbed. Thus the RTD detects the ac

voltage across the diode. Referring to (5), the required

condition for reactive detection is

r= -Gac/(G$c+(uC)2). (9)

Thus, for ~ = 1 GHz, C = 2.61 pF, and r = 0.17 Q, the

required value of G~Cis – 0.046 mS.

Using the setup described in Section IV with the 20 dB

directional coupler and the spectrum analyzer to measure

the reflected power from the diode and placing a short at

the reference plane of the diode, the reflection gain (the

negative of the return loss) was measured as the ratio of

the reflected power of the diode to the reflected power of

the short in addition to measuring the rectified current.

The source was set at 1 GHz with an incident power on the

diode of 10 vW.

Using the procedure outlined in Section III, the reflec-

tion gain can be calculated as

Reflection Gain = 2010g ( 11’1) (lo)

where 17 is the complex reflection coefficient of the diode.

Fig. 6 shows the measured and calculated values for (a) the

reflection gain and (b) the rectified current. Using (5), the

large-signal impedance can be calculated, and its real part

is shown in Fig. 7. It is worth noting that the points where

the reflection gain is zero (VB = 0.4 V and VB = 0.63 V)

agree well with the points where the Re ( Z~) is zero

(VB = 0.4 V and VB = 0.62 V).

VI. TANGENTIAL SIGNAL SENSITIVITY

To obtain a conventional measure of the detector’s

performance, the microwave source of Fig. 3(a) was pulse

modulated with a 1 kHz, 50 percent duty cycle square

wave. A 1 k~ sampling resistor was placed in series in the

bias circuit in place of the ammeter with a differential

input oscilloscope to measure the voltage across the sam-

pling resistor caused by the rectified current. The bias

voltage was set at 0.4 V with the voltage sense of the
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TABLE I

TANGENTIAL SIGNAL SENSITIVITY ((TSS) OF THE RESONANT

TUNNELING DIODE AT SEVERALSOURCEFREQUENCIES
I

f (H-iz) I TSS (dBm)

HI

tracking dc power supply placecl on the device side of the

sampling resistor so that the bias voltage would not be

affected by the sampling resistor. The microwave source

power was then reduced until the height of the detected

voltage square wave was equal to the noise level on the

oscilloscope. ‘The RTD was then replaced with the, spec-

trum analyzer, and the incident power was measured. The

tangential singnal sensitivity (TSS), the negative of the

incident power given in dBm, is :given in Table I for several

source frequencies.

Although the TSS of the RTD is good in comparison to

commercially available detectors at the low frequencies,

the RTDs TSS falls off rapidly at higher frequencies

because of the de~ce parasitic and excessive package

parasitic and because no attempt has been made to maxi-

mize the ac voltage across the RTD with a matching

network. Also, the RTD’s detector performance can be

improved by using a device with a higher peak cument and

a sharper peak in its 1 – V curve. Such devices are avail-

able; however, they are harder lto keep stable in and near

the NDR region.

VII. MATCHING THE DEmc’roR TO A SOURCE

The RTD can be matched to a source using an ideal

transformer and a series reactance which can be modeled

by an equivalent tee network as shown in Fig. 8. The

voltage across the diode, VD, is equal to

VD=XIIZDIVJ(RORD+ x:). (11)

When RD is negative, the maximum sensitivity for the

detector will occur at the oscillation condition, X:=

– R OR~. When RD is positive, the maximum sensitivity

occurs at the condition for maximum power transfer, that

is, when the impedance seen by the RTD is Zj.

The detection procedure described in this paper is not

new but is related to the procedures using regenerative

detectors. Essentially the three-terminal triode is being

replaced by a two-terminal RTD in the detection circuit.

VIII. CONCLUSIONS

We have demonstrated the microwave detection of a

resonant tunneling diode with an analysis based on the

diode’s small-signal equivalent circuit. Although the diode

is nonlinear and an incident signal will generate harmonic

currents and voltages, the diode’s rectified current and
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Fig. 8. Tee equivalent circuit for the voltage maximizing matching
network with a matched source and the diode.

large-signal impedance can be calculated quite accurately

assuming a single sinusoidal voltage is impressed on the

diode at the fundamental frequency of the incident signal.

Improvements in the RTD’s detector performance can “be

made through the use of a better packaging circuit with

fewer parasitic and some detector matching, as well as

through the choice of better resonant tunneling structures.

A resonant ‘tunneling diode biased at its resonant peak is

expected to be an inherently better detector than a conven-

tional Schottky barrier diode, since the resonant tunneling

diode implements a full-wave rectification of an incident

signal versus the at best half-wave rectification of the

Schottky diode. Although we have not analyzed the noise

properties of an RTD detector, we feel it should not be

significantly worse than a Schottky diode biased for its

maximum sensitivity to negate the improvement in the

rectified signal.
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