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ABSTRACT
We ex erimentally investigate an equivalent

$ircuit an $ an e uivalent circuit/distributed
fImpedance model or the QWITT diode. Both

models incorporate a negative inductor to model
the finite lifetime of earners in the quantum well.
For the latter model one can optimize the cut-off
fre uency and the negative resistance with respect

%to t e drift region length, W. It is predicted and
experimentally confirmed at low values of W that
the cut-off frequent increases with W. The two
models diverge as V?”increases and the drift angle
N found to be a good predictor for this behavior.

INTRODUCTION

? 2
uantum well diodes (QWD’S can be used as

high re uency r.f. sources, (e:g. 20 GHq Sollner
7et. al. (1 ), but are normally hmited to m!c~o-watt

power levels. With the quantum well uqectlon
transient tjme (QWITI’) diode (2), the addition of
a drift region increases the magmtude of the total
negat?v<e resistance and subsequently the power
capabdlty of the device. An accurate small signal
model is needed in order to design a device with
opt~mized cut-off frequency (fCo) and negative
resmtance magmtude. We have vahdated an
equivalent circuit model for the Q~ and p~opose
a modified equivalent circuit/distributed
impedance model for the QWITT. Model

F
redactions are compared with experimental data
or five double barrier structures with different

drift region len ths (W). In addition, devices
%recently reporte in the literature are analyzed

%
usin the two models.

e following new results are obtained:
●The use of a ne ative inductor (3) to model the
dela due to the h etime of the quasi-bound state is

“r +ven led.
For devices with 5nm-5nm-5nm

kGaAs-GaAs-AIGaAs double barrier structures,
the ma nitude of the negative resistance and

#cut=off. requency are found to increase as the drift
re ion length is increased.
&

9
● e two models (QWD and WITI’) are found to
be e ually accurate for t .e 5nm-5nm-5nm

1AIG? s-GaAs-AIGaAs *double barrk~ structures
studied here. Ho.weyer, lf the drift ~eglon delay 1s
greater than the hfetlme of carriers m the uantum

Ywell quasi-bound states, the QWITT mode must

be used.
● The best redictor of a reement between the

i
?QWD and WITT mode s is shown to be the

calculated d,n t angle (?d].
● It is possible to optlmlze the -cut-off frequency
and the. magmtude of the negatlye resistance by
appropriate choice of the drift region length.

SMALL SIGNAL MODELS
The QWD small signal model employed here

is similar to the equivalent circuit recqntly

!/
reposed by Brown et. al.(3). Shown in Figure
a, their model differs f~om previous models by

the inclusion of a negatwe inductance (L 1) to
model the current delay due to the fuute hktime
of the quasibound state (~ ), where L - z R
and R %“is the negative re lstance of ‘&_desi$
Under’&is model, the electrical characteristics o~
the drift region are incorporated into the
e uivalent circuit components. For example, the
Q%D capacitance (C 1) inqludes both the double
ba~ier structure and ke drift region. The effect
of increasing the drift region len th is to decrease

F’C 1 and increase the ma nitude o R .
q The WIIT mode~treats the d%}t region as a

separate 3 istributed. impedance. Our QWITT
model is shown in F?gure lb, wh~re the inclusion
of L distinguishes lt from revlous modek (2).
me &tift region de ends on

~
i e uqector equwalent

clrcmt parameters y the following relationship:

(1)

Zn (6))=
V~m-012Lq2Cq2)(l-cos ed)+coRq2cq2sh 9J)

2

(D2qA((CD~2Cq2)2+(l-@2Lq2cq2) ]

(aRq2Cq2(l-cos ed)-(1-@2Lq2Cq 2)sin ed
-jL 1+

(IE2A 2

‘d ((@F$2cq2)2+(l-~2 Lq2cq2) )
)

In the inje$tor equivalent ciycuit, L 2 = T R 2
where R z 1s the negatwe reslstaqce $ontrib%tik
due only?o the quantum well and lts barriers.
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The capacitance in the QWI’1”1’ model injector
C q is calculated from barrier to barrier leng~.

!81h ffect of increasing the drift region length 1s
described by E n. 1.

?At low re uencies the total negative
resistance of the Q% model reduces to R, + R,l
and that for the QWITT model to R~ + R q +
Re(Ztt). If we equate these expressions, we h&e

(2) RqI = Rq2{ 1 + ( W/Deff)[ 1 + W/(2VsRq2Cq2)] ].

or

(3) Rq2= [ Rql - W2 /(e2A vs)]/(1 + W/Deff).

In Eqns. 2 and 3, Deff is the electrical len th of
Pthe barriers and well and e2 is the die ectric

constant of the drift region. From these e uations,
the value of R Fcan be calculated rom an
experimentally 8&ained value for R 1 and the
device geometry. Once R z is known kr a given
W, Rql can be calculated f~r all values of W.

EXPERIMENTAL PROCEDURE
The five sam les studied here were grown in

1?a Varian 360 MB system. A schematic diagram
of the MBE structures is shown in Fi ure 2. The
sam les are identical exce t for layer

[
% which has

thic nesses of 20nm (H91? 50nm H87), 100nm
(H88 , 150nm (H89) and 2

+
(l&rn(H9(l)

he devices were r.f. characterl;ed at room
temperature using an HP851OB Automated
Network Analvzer with Cascade Microtech rxobes.
Impedance aiameters were obtained from devices

{biased in t eir NDR regions over the fre uency
ran e 0.045 -26.5 GHz and fit to the Q6 and
QV$ITT models modified
Levenberz-Marauardt Ie;s; ls~~aresaroutine. The
extracted ”mode~ parameters dre given in Table I.
Rsl N process dependent and found to vary among
the samples. As expected, C decreases and, in

f
eneral, Rq 1 increases w~f increasing drift

ength. R 1 and L are strongly bias dependent,
‘lL l/R is relatively constantbut their rgtio, r =

for all five sa~~les? tie extracted QWITT
model drift lengt s indicate the 2X1016 layers
which are longer than 50nm do not fully deplete
when the devices are biased in their NDR re ions.

7To demonstrate the importance of inc udin
the negative inductor in the QWD and QWIT?
models, we plotted measured im edances and best

6fit curves for H89A usin the WD model with
!3and without Lq 1 (Fi . ). Across the entire

Ffrequency range, the It to experimental data is
greatly improved by the inclusion of Lql in the
equivalent circuit.

The absolute value of the total resistance vs.
fre uency is plot~ed in Fig. 4 for H91A, H87A and
H8’lA. At vmtually eve~y frequency, the
magnitude of the negatwe resistance 1s greater for
devices with longer drift len tbs. Furthermore,

?the 3dB roll-off point and o occur at higher
frequencies for devices with ~onger drift lengths.
Therefore, for these devices, the power output and
frequency ran e should both im rove with
increasing W. A e measured fco vs. # is shown in
Fig. 5 along with the predictions of the QWD and

8
WITT models. For these devices, the QWD and
WITT models are in close agreement with one

another and with the experimental data.
It is evident from Fi .5, however, that the

FQWD and QWITT modes do diverge at higher
frequencies. To investi ate the differences

bbetween the QWD and WITT models, we
analyzed the ve

Y
high frequent RTD oscillators

2reported by So lner et. al. ( ). The devices
described in Ref. 4 differ from H87-H91 in that
the delay due to the finite uasi-bound state
hfetlrne 1s extremely short (z < 3

F
s). As a result,

the delay due to even a shofl dri t region can be

%
slgmflcant, and the WITT model must be used to
describe that delay. aterial parameters for these
devices were taken from Table I of Ref. 4 and are
summarized in Table IL Drift regions are formed
in these devices by the depletion of the do ed
la ers outside the double barrier structure. h
Q&D and QWITT e~ivale~sc~~j~~e$~;~
are given in Table II.

&parameters, values of f z (cut-o frequency for

8
the WITf model) and ~ 1 cut-off frequency for

)
r!the WD model were ca cu ated as a function of

W for Dev. #3 ~ =0.4 ps). As shown in Fig. 6,

%
the WD model b~comes inaccurate for depletion
wldt s greater than approximately 20 nm. For

%
exam le, at W=300 nm the WD model redicts a

$ {cuto frequency of 900 G z. Yet, t e transit
delay for the drift re ion alone would be

iapproximately 3 ps, whit would corres ond to a

[t-’ff ‘reYenci ‘f Only 53 ‘Hz” ‘e bestredlctor o the evel of agreement between the
WD and QWITT model is found to be the drift

an le of the de letion region, ~o~ example, if 6d
f ?< 0°, the mo els wdl agree wlthm approximately

5%. If ed < 3°, the models will agree within
approximately 19?0.

Usin the QWITT model, it is possible to
\calculate t e drift length required to optlmlze fc .

Table IV compares the ex erimental values of %e
{drift length and fco wit calculated optimum

values. For all the devices except Dev #3,, W
should have been longer. Dev. #3 is near its
o tlmum W and has a reported cutoff frequency of
261 GHz.
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Table I. Fitted QWD and QWITT equivalent
en-cult parameters. H88 was processed separately.

QWD Model

Rs (!2)
CQ1(fF)
RQ1(Q)
LQ1(nH)

‘%(I@

Rs (Q)
CQZ (fF)CalC.
RQ2($,2)
$$(JH)

Ha H4z
10.B.2 9.3*.3
370*3. 208*1.
:105k :8 -113*.6
-3.42& .07 ;5;2 * .04
325

Qwitt Model

II.(M.1 10.7M2
877 877
-43.3 *.4 .28.1*.2
-1.12f .02 -.34* .01
23.9*.2 53.3*,2

Table II: Summa of material arameters
T ?from able I of Re .4.

Barrier material

Barrierthickness(rim)
Wellthickness(rim)
Dopingoutsidebarriers
Diameter(microns)
Quasiboundstatelifetime
Driftlength

s~g

138*.4
-39!M8
-4.&l&og
12.3

2.3kl
877
& .*2
-.81*O1
86.5kl.5

2.5 i5 ‘
U 4.5

;e;8 2el7 2e17
4,0

(ps;”!O ;:!6 0.4
Fielddependent

Table III:Estimated e uivalent circuit parameters
‘ifor samp es reported in Ref. 4.

QWD Model

D&y &p D&3
Rs (Q)
CQ1(fF) 56:1 35:5 18.6
RQ1($2) -200 -125 -77
LQ1(nH) 4.80 -0.02U -0.031

Qwitt Model

Rs (Q) 35.7 42.4 4.24
C (fF) 133 132 174
$&&d)

-1oo -46 -10.9
-4.36$$($0 p ;36 70

Table IV: Comparison of experimental and

Optimm fco vs W. N 50pm2mesas.
*DatefromTableI ofRef.4.

p.$wQ!3M&.12J

H91A* 27.1 625
H87A$ 67 10.5
H89A+ 127 17.4
Dev#1* 15 23.7
Dev#2’ 30 43.7
Dev#3* 70 201

ps#lrud&u$aK)

271 19.0
271 19.0
271 19.0
213 40.4
188 83.2
53.3 m

!d9!2
9.1*.3

115*.5 98,&2
-153? .6 -383&.7
;;5 * .03 -&j&.%

119

5.1+.2 8.M2
877 877
-21.5* .1 -43.4*.1
..38& .I)l -.523iO04
110+.5 131+.2

3fQ-#J !2Y!!II
drift region

+w~

Rs
Rti + jXtt

Fig. l(a . QWD equivalent circuit model. The
2double arrier structure sanddrift Fe lon

kcharacteristics are both included m e lumped

$
impedance model. (b) WITT equivalent
circuit/distributed impe ante model. The double
barrier injector is modeled by the lumped
impedance model and the drift region N modeled
by the distributed impedance Ztt.

Layer 1
Layer 2
Layer 3
Layer 4
Layer 5
Layer 6
Layer 7
Layer 8
Layer 9

300 m-n 5 X 1018 n - GaAs
50.0 run 2 x 1016 n - GaAs
2.5 m UD GaAs
5.1 nm UD(X=.42) AIGaAs
5.1 ml-l UD GaAs
5.1 mu UD(X=.42) AIGaAs
2.5 nm UD GaAs

L 2 x 1016 n - GaAs
700 m 5 x 1018 n - GaAs

Fig.2.MBE layers: L(H9 1)=20 nm; L(H87)=50 nm;
L(H88)=1OO nm;L(H89)=l 50 nm;L(H90)=200 nm
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Fig. 3. Left vertical axis is resistance (Ohms) and
the right vertical axis is reactance Ohms).
Corn arisonofbest fits forthe Q

f
T&l model with

(sing e line) and without (double line) the negative
inductance L 1 for a 150 ~,mz mesa on sam le
H89. Best fit~alues without L are R~ = 563f2
C = 0.144 F and R = -183fl. Best At values ‘
~~~~&d$:l=j~&~&H, R~l = 6.03f2, Cql =

20 t I I I

15- - fco- --

0 H87
10- -

v H89
0 H90

5~
0 50 100 150 200 250

W (rim)

fcol ~ fcoz
QWD QWITT

Fig. 5. The vertical axis is fco in GHz. Measured
f (normalized to R = 8.OLl) for samples H91,
fig7, H88, H89, andk90. Predicted f vs
fre uenc for the WD fcol, double~ne) and

‘i
QJ$lTT &02, singe line models based on the
extracted parameters of 89 are also shown.
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Fig. 4. The absolute value of the measured
resistance m Ohms (vertical axis) vs. frequency
for 150 ~m2 mesas.
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QWD QWITT

Fig. 6. The vertical axis is the cut-off fre uency,
Yfco, in GHz. Corn arisen of QWD (doub e line;

fcol) and QWITT ~single line; fc z) model
predictions for Sample #3 of Ref. $.
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