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Abstract: The distinction between two microwave equivalent—circuit models, quasi Esaki tunneling model (QET M)

and quantum well injection transit model (QWITM ), for the resonant tunneling diode (RTD) is discussed in de—

tails. and two groups of circuit parameters are extracted from experiment data by the least square fit method. Both

theory analysis and the comparison of fit results demonstrate that QWITM is much more precise than QETM. In

addition, the rationality of QWITM circuit’s parameters confirms it too. On this basis, the resistive frequency is cal-

culated, whose influence factors and improvement method are simply discussed as well.
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1 Introduction

Resonant tunneling diode( RT D), a two-termi-
nal negative resistance device based on quantum
resonant tunneling, is one of those devices with
highest operation frequency and fastest response
speed. The most interesting characters of RTD are
high speed and special folded IV characteristics,
which has made RTD useful for the implementa-
tion of ultra-fast logic gates, latches, quantizers,
and static random memory element.

For its high speed, RTD also has great appli-
cation prospect in the fields of microwave, because
of which a precise equivalent circuit model needs to
be established to get the performance parameters,
on the basis of all-around theory analysis. Until

now there are two kinds of primary microwave e-
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Esaki
model(QETM)"" and quantum well injection tran—
sit model (QWITM)"”, whose difference will be

discussed below by means of the circuits parame-

quivalent-circuit models, quasi tunneling

ters extracted from the experiment data. Then the
resistive frequency (fr) of each model will be cal-
culated and the influence factors of fr will be dis—

cussed.

2 Experiment

The RTD used in this paper was prepared by
molecular beam epitaxy (M BE) for double barrier—
single well structure and then was fabricated by
traditional [II-V compound semiconductor technol-
ogy to gain the investigated device. In the material
structure design, an Ino.2s Gao.7s As sub-well has

been put into GaAs quantum well to reduce the en-
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ergy level and decrease the set-on voltage. Figures
1 and 2 show the material structure and 7V char—

acteristic of RTD, 5um X 5um, respectively'”'.
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Fig. 1 Material structure of RTD

Fig.2 [V characteristic of RTD

In experiment, RTD could be considered as a
network of two terminals, and its microwave per—
formance was assessed by bias-dependent scatter—
ing parameters measurement on chip from 45M Hz
to 26. 5GHz with network analyzer HP8510( c)'.
In the four S-parameters of RTD obtained, S22 can
be expressed as a function of Zi: S22 = (Zu -
Zo)/(Zin + Zo) . In this equation, Zo= 50Q, is the
matching load of transmission line terminal, and S»
and Zin are both complex numbers. In the measure-
ment frequency range, 201 frequency points were
set under the bias of 0.7V in the negative resis—
tance region and S22 of each point could be trans—

formed to Ziw from above equation. With so many

points of frequency, we can determine the optimal
values of these parameters through a least square
fit method to get the real and imaginary part of

Zin.

3 Equivalent circuits

3.1 Quasi Esaki tunneling model

This model quotes the Esaki tunneling diode
theory to explain the high frequency performance
of RTD. The circuit model is shown in Fig. 3, in
which Rs is the series resistance, containing the
contact and bulk resistance; Ls is the series induc—
tance: Rw stands for the intrinsic negative resis—
tance of quantum well whose value approximately
equals to the differential resistance under the bias
of 0.7V;and Cw represents the total capacitance of
device, including the parallel-plate capacitances of
each layer, the active capacitance in the quantum
well, and the depleted region capacitance owing to

depletion of charge. This model has been used to

estimate f & and used in the research for large sig—
[5]

nal response in microwave operation

Fig. 3 Equivalent circuit of QETM for RTD

But the limitation of this model is obvious. Be—
cause it integrates the capacitances in and out of
the quantum well, we apply this model only for the
situation when demand of calculation precision is
not very strict.

The expression of Zi of this model is shown

below. where wis the angle frequency, w= 2mf.

| n Ry ‘
Zn= IR+ (wRwew)? Tt
[ 2 T
jl e — wRiwCw l (1)

1+ ((uR\t'C\r) :
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L. . Ziwof QWITM is shown below.
3.2 Quantum well injection transit model . R R
Zin= | Rs+ . . v2 . . 2]"’

Although above-mentioned QETM is widely ap- ' I+ (wRvCw) I+ (wRoCv)
plied, it is still a relatively approximate method. In i als - wRw Cy - _ wRCo "’l
fact, in most of RT Ds” structures, the collector lay- ' I+ (wRwCv) L+ (wRoCo)

(2)

er of RTD is usually designed not too heavy doping
and there is an intrinsic spacer layer between well
and collector which is inevitable to improve the
quantum transmitting efficiency'®. On this condi-
tion, a wide depleted region will emerge in the col-
lector side of quantum well, so the electrons should
traverse the space charge region before reaching
the collector electrode. On the other hand, the
quantum well is designed to be very thin to im-
prove the quantum effect, which makes the transit
time in the quantum well less than that in the de-
pleted region sometimes. So a more precise model is
necessary for calculating the performance parame-
ters more exactly. And the impedances in the de-
pleted region and quantum well should be separat—
ed too, that is to apply the quantum well injection
transit model. Former studies in other transit time

[7- 9]

devices have indicated that impedance has a

form similar to the quantum well. The total
impedance could be expressed like Z= Zw+ Zp, and

equivalent circuit is shown in Fig. 4.

Fig.4 Equivalent circuit of QWITM for RTD

In Fig. 4, Rs and Ls have same meaning with
Fig. 3, while Cvw represents the intrinsic capacitance
in the quantum well only; Cv is the depleted region
capacitance that comes out of the delay of electrons
in depleted region, and Rw and Rp are the negative
resistances of the quantum well and space charge
region, respectively. In terms of the physics mean—
ing, this model expresses, more close to reality, the
operation status on the condition of high frequency

and a given bias more exactly. The expression of

T he following discussion is concerned with the
difference of two models in terms of data fitting

and parameters extraction.
4 Fitting and analysis

Depending on the real and imaginary parts of
Zw in Egs. (1) and (2), the experiment data have
been fitted with program Origin, after being trans-
formed from S-parameters to Z-parameters. Figure
5 shows the fitting results of QETM and equiva-
lent parameters: Rs= — 5.54Q, Ls= - 1.05X 10"
H, Rv= - 358.27Q, Cw= 1.21 X 10" "F, the best—
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Fig.5 (a) Curve fit result of real part impedance of
QETM: (b) Curve fit result of imaginary part
impedance of QETM  —fit data: ******experimental

data
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is 160.57 of real

part, and 38. 357 of imaginary part. Figure 6 shows

fit root mean square error
the fitting results of QWITM and equivalent pa-
rameters: Rs= 4.60Q, Ls= 3.61 X 10"""H, Rw =

- 171.11Q, Cv= 1.01 X 10" "F, Ry= - 258.21Q,
Co= 1.14 X 10" "F, the bestfit root mean square

error is 19.06 of real part, and 9. 65 of imaginary

part.
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Fig. 6 (a) Curve fit result of real part impedance of

QWITM: (b)
impedance of QWITM

Curve fit result of imaginary part
—fit data; ******experimental

data

Judging from the fit results, QWITM excels
QETM in two sides: First, the bestfit root mean
square error of each part of QWITM is much
smaller than QETM, that is to say, the impedance
expression of QWITM matches the experiment
curve better than QETM through the optimization
procedure and is closer to reality. Second, during
the optimization procedure, Rs and Ls are negative
numbers in QETM, while positive in QWITM . But
according to the definition of these two parame-

ters, both they should be positive; it is obvious that

QWITM embodies more precise physical mecha-
nism. In former calculation in order to get positive
Rs and Ls in QETM, consequently calculate f &, we
had to initiate them with positive numbers by esti-

mate, which apparently is not scientific and exact.

5 Resistive frequency

Equation(3) is obtained from Eq. (1) on the
base of the definition of f &, the corresponding fre—

quency when the real part of Zin equals to zero.
-

| I (3)

Fai= 1 [_ Ry _
2MRwCw ' Rs

But for negative Rs in QETM, the initiated
value of Rsis 4.596Q in QWITM to compute f&.
And the result is fri= 35.57GHz. It could be con-
cluded from Eq. (3) that the decrease of Rs, Rw,
and Cw would increase f r. So in the design and fab-
rication of RTD, following methods have been ap-
plied to improve f &: sufficiently alloyed and heavily
doping in E region to minish Rs, thinning barrier’s
width and using high mobility materials to minish
Rw, reducing area of E region, and adopting atmo-
sphere bridge structure to minish Cw.

As far as the resistive frequency, it is more
complex to analyze. When Re(Zu) equals zero, we
can get a quadratic equation (4) versus « from
which three coefficients could be obtained accord-

ing to the circuit parameters as following.

(RwCwRvCp)w' + ’ 1+ {f{“f (RoCv)” +
1+ % (RwCw)® ' + 1+ %Jr ‘g—'= 0
(4)
a= (RwCwRvCp)* = 2.748 X 10" "'s*
b= \1+ % (RvCv)* + \1+ ‘% (RwCv)’
= - 1.778 X 10" *S?
R\k' Rll
c= 1 R.~'+ Re= " 93. 475
(5

_—

The positive root is w= 6.474X 1075 *, and

[ ro= i 16.474 X107 = 40. 49GHz. The relation of
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S w2 and the circuit parameters comes from the rela—
tion of fr2 and . In the expression w =

- b+ b~ dac
2a

- 1.027X 10" *, so 4ac could be ignored and a sim—

ple expression is obtained:

yand b7= 3. 160X 107 **> 4gc=

) b
w = - =
a@

Rw VN2
’— R~ 1‘ /(RwCw)” +

| Ro )
’ - Ro- 1‘ /(RvCy) (6)

From above equation, it could be observed that
fr2and fri have similar forms with the only differ—
ence that QWITM has an extra RC oscillation cir—
cuit comparing with QETM. In order to increase
[r2, all of Rs, Rw, Cw, Rv, and Cv should be min-
ished. So besides those methods mentioned above,
the doping concentration of collector should be in-
creased to thin the width of depleted region to in-
crease Co. But for that it will increase Rs, the limit
of both sides in structure design should be consid-

ered.

6 Conclusion

This paper has analyzed the similarities and
differences of QETM and QWITM in both physics
theory and fitting results of data. And it is believed
that QWITM suits to high frequency performance
of RTD better than QETM because of the exis—
tence of depleted region, which is inevitable with
the spacer layer and light doping in collector side.
So QETM could be used as an approximate model
only. While considering the important role that de—

pleted region plays in performance, QWITM should

be adopted for its greater precision.
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