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. ABSTRACT )

. We experimentally investigate an equivalent
circuit and an equivalent circuit/distributed
impedance model for the QWITT diode. Both
models incorporate a negative inductor to model
the finite lifetime of carriers in the quantum well,
For the latter model one can optimize the cut-off
freqtlllency and the negative resistance with respect
to the drift region length, W. It is predicted and
experimentally confirmed at low values of W that
the cut-off fréquency increases with W. The two
models diverge as W increases and the drift angle
is found to be a good predictor for this behavior.

INTRODUCTION

. ?uantum well diodes (QWD's) can be used as
high frequency r.f. sources, (e.g. 420 GHz Sollner
et. al. (1)), but are normally limited to micro-watt
power levels. With the quantum well injection
transient time (QWITT) diode (2), the addition of
a drift region increases the magnitude of the total
negative resistance and subsequently the power
capability of the device., An accurate small signal
model is needed in order to design a device with
optimized cut-off frequency (f.,) and negative
resistance magnitude. We have validated an
equivalent circuit model for the QWD and propose
a modified equivalent circuit/distributed
impedance model for the QWITT. Model
;f)redl_ctlons are compared with experimental data
or five double barrier structures with different
drift region lengths (W). In addition, devices
recently reported in the literature are analyzed
using the two models. .

e following new results are obtained:

*The use of a ne%at_lve inductor (3) to model the
delay due to the lifetime of the quasi-bound state is
verilied. .
» For devices with 5nm-5nm-5nm
AlGaAs-GaAs-AlGaAs double barrier structures,
the magnitude of the negative resistance and
cut-off frequency are found to increase as the drift
region length is increased.
*The two models (QWD and %WI'IT) are found to
be equally accurate for the Snm-5nm-5nm
AlGaAs-GaAs-AlGaAs double barrier structures
studied here. However, if the drift region delay is
ereater than the lifetime of carriers in the quantum
well quasi-bound states, the QWITT model must
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be used.

» The best
QWD and QWITT models is shown to be the
calculated drift angle (8).

« It is possible to optimize the cut-off frequency
and the magnitude of the negative 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 recently
;froposc;d by Brown et. al.(3). Shown in Figure

a, their model differs from previous models by
the inclusion of a negative inductance (Lq1) to
model the current delay due to the finite lifetime
of the quasibound staté (tg), where Lg; = TqRq1
and Ry is the negative reGSi_stance of %e.dg%lge.
Underq(]tlls model, the electrical characteristics of
the drift region are incorporated into the
equivalent circuit components. For example, the

D capacitance (Cq1) includes both the double
barrier structure and the drift region. The effect
of increasing the drift region length is to decrease
Cq1 and increase the magnitude of Rqy.

The QWITT model treats the dfitt region as a
separate distributed impedance. Our QWITT
model is shown in Figure 1b, where the inclusion
of L distinguishes it from r.Ereyl‘ous models (2).
The c(’;izrlft region degends on the injector equivalent
circuit parameters

afredictor of agreement between the

y the following relationship:
(1)
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In the injector equivalent circuit, Lgz = TgRqg2
where R is the negative resistance r;tnb%tlgn
due onlyqto the quantum well and its barriers.
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The capacitance in the QWITT model injector
Cg2) is calculated from barrier to barrier length.
hd g_ffect of increasing the drift region length is

described by Eqn. 1 . .

At low frequencies the total negative
resistance of the QkVD model reduces to Rg + Rqg

and that for the QWITT model to Rg+ Rgo +

Re(Zy). If we equate these expressions, we have

() Rgt~Rq2{1+(Wigg)l 1+ Wi2vs Rep Cq2 )1 .
or

(8  Rg2=[Rqt-W2 /(eoA vg)l(1 + WiDeft ).

In Eqgns. 2 and 3, Deff is the electrical length of
the barriers and well and €, is the dielectric
constant of the drift region. From these equations,
the value of Ry can be calculated from an
experimentally ggtained value for R;; and the
device geomeiry. Once Ry is known for a given
W, Rq; can be calculated £0t all values of W.

EXPERIMENTAL PROCEDURE )
The five samples studied here were grown in
a Varian 360 MBE system. A schematic diagram
of the MBE structures is shown in Figure 2. The
samples are identical except for layer 8 which has
thicknesses of 20nm (H9 :z 50nm %H87), 100nm
(H88), 150nm (H89) and 2 (H90).
he devices were r.f. characterized at room
temperature using an HP8510B Automated
Network Analyzer with Cascade Microtech probes.
Impedance parameters were obtained from devices
biased in their NDR regions over the f%ency
rar‘1)§e 0.045-26.5 GHz and fit to the QWD and
QWITT models using a modified
Levenberg-Marquardt least squares routine. The
extracted model parameters are given in Table 1.
Ry is process dependent and found to vary among
the samples. As expected, C,, decreases™ and, in
eneral, Rgy; increases wclltzh increasing drift
% ql (
ength. Rgq"and Ly are strongly bias dependent,
but their r?ttio, Tq = Lq1/Rq; is relatively constant
for all five samplest  The extracted QWITT
model drift lengths indicate the 2X1016 layers
which are longer than 50nm do not fully deplete
when the devices are biased in their NDR regions.
To demonstrate the importance of includin
the negative inductor in the QWD and QWIT
models, we plotted measured impedances and best
fit curves for H89A 1_1s1n§ the QWD model with
and without Lgg (FIF. ). Across the entire
frequency range, the fit to experimental data is
greatly improved by the inclusion of Ly; in the

equivalent circuit.
The absolute value of the total resistance vs.

fre%uency is plotted in Fig. 4 for HO1A, H87A and
H89A. = At virtually "every frequency, the
magnitude of the negative resistance 1s greater for
devices with longer drift lengths. Furthermore,
the 3dB roll-off point and f., occur at higher
frequencies for devices with lconger drift lengths.
Therefore, for these devices, the power output and
frequency rar;ﬁi: should both improve with
increasing W. The measured f., vs. W is shown in
Fig. 5 along witt the predictions of the QWD and
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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 Fig. 5, however, that the
QWD and QWITT models do diverge at higher
frequencies. To investigate the differences
between the QWD and QWITT models, we
analyzed the very high frequenc4y RTD oscillators
reported by Sollner et. al. (4). The devices
described in Ref. 4 differ from H87-H91 in that
the delay due to the finite quasi-bound state
lifetime is extremely short (T4< 5. Ps). As a result,
the delay due to even a short drift region can be
significant, and the QWITT model must be used to
describe that delay. Material parameters for these
devices were taken from Table I of Ref. 4 and are
summarized in Table II. Drift regions are formed
in these devices by the depletion of the doped
la%srs outside the double barrier structure. €
QWD and QWITT equivalent circuit parameters
are given in Table 1II.  Usin
parameters, values of f%oz (cut-o

these device
frequency for

the QWITT model) and .51 gcut-off frequency for
the QWD mode? were calculated as a function of
W for Dev. #3 (1,=0.4 ps). As shown in Fig. 6,

the QWD model bEcomes inaccurate for depletion
widths greater than approximately 20 nm. For
example, at W=300 nm the QWD model predicts a
cutoff frequency of 900 GHz. Yet, the transit
delay for the "drift region alone would be
approximately 3 ps, which would correspond to a
cut-off fre(%uenc¥ of only 53 GHz. e best
redictor of the level of agreement between the
WD and QWITT model is found to be the drift
an§1e of the depletion region. For example, if 0
< I10°, the models will agree within approximately
5%. If 64 < 3° the models will agree within
approximately 1%. L .

Using the QWITT model, it is possible to
calculate the drift length required to optimize f..
Table IV compares the experimental values of the
drift length and f;, with calculated optimum
values. For all the devices except Dev #3,, W
should have been longer. Dev. #3 is near its
oBtlmum W and has a reported cutoff frequency of
201 GHz.
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Table 1. Fitted QWD and QWITT equivalent
circuit parameters. H88 was processed separately.

QWD Model
HOt HB7 Heg* HB9 HoQ
Rg (Q) 10.2£2 9.3+3 3.4+1 5.3+3 9.1+3
Cq1(fF) 370+3. 208+1. 138+.4 115+ 5 98.8+2
Rq1 () -105+ 8 -113+ 6 -392+.8 -153+ .6 -383+.7
Lqy (nH) 342+ .07 472+ 04 4.84+.09 275+ .03 -4.56:+06
T 25 152 12.3 179 19
q(ps)
Qwitt Model
Rs (Q) 11.0£.1 107402 23t 5.1+2 80+2
Cqo (fF)calc. 877 877 877 877 877
Roo (2 433+ 4 281+2 £19+2 215+ 1 -43.4+1
W (nH) 412+ 02 -34+ 01 -81+01 -38£ .01 -523+.004
ﬁmm) 239+ .2 533+ .2 885t15 110+ 5 1312
Table II: Summary of material parameters (@) &ili"ﬁ'j
from Table I of Ref. 4. Rg l,_l |_| QWD or QWITT
Dev#1 Dev#2 Dev#3 _/W\ l
Barrier material AlAs AlGaAs l(MAs ) f& Dgf—rte—w——>]
x=0.3
Barrier thickness (nm) 25 3.0 15 [ QWb
Well thickness (nm) 45 45 45 Rg 1C
Doping outside barriers 1e18 217 2617 AAN Cq1
Diameter (microns) 4.0 40 40 Rgt 41 Ly
Quasibound state fifetime (ps) 4.0 016 04 L ANN—A
Drift length Field dependent
(o) Rg WITT
. . .. drift region
Table III:Estimated equivalent circuit parameters _/V\/\J_—‘—l——
for samples reported in Ref. 4. le—Doit—> W >
I
QWD Model Rg I\C ,
Dev#1  Dev#2  Dev#3 W— &, T 2 A
y v v
Rs (ffzg) %7 24 424 AR R
Q1 %1 355 186 Fig. 1(a). QWD equivalent circuit model. The
RQ1 (<) 200 12 7 do%lble arrier stncllcture and drift region
Lot (nH) 080 0020 -0.031 characteristics are both included in the lumped
. impedance model. (b QdWI'TT equivalent
Qwitt Model circuit/distributed impedance model. The double
barrier injector is modeled by the lumped
Rs (Q) 37 424 424 impedance model and the drift region is modeled
Cqp (F) 133 132 174 by the distributed impedance Z.
(calculated)
Rqe (Q) -100 -46 109
l\;\? (pH) -1400 -1.36 -4.36
nm) S 30 n Layer 1 300 nm 5x 1018 n-GaAs
Table IV: Comparison of experimental and Layer 2 50.0nm 2x 1016 n-GaAs
optimum fgo vs W. 150 um? mesas. Layer 3 2.5 nm UD GaAs
*Data from Table | of Ref. 4. Layer 4 51nm UD(x=.42) AlGaAs
Layer 5 5.1 nm UD GaAs
W(extracted) Layer 6 51nom UD(x=42) AlGaAs
HoTAE (2r;n11) nggz) g;T) (1(322) Layer 7 2.5 nm UD GaAs
- : Layer 8 L 2x 1016 n-GaAs
H87At 67 105 o7 190 18 i
HB9AY 197 174 274 190 Layer 9 700 nm 5x10 n - GaAs
Dev#i* 15 207 213 404
Dev#2* 30 43.7 188 832 Fig.2.MBE layers: L(H91)=20 nm; L(H87)=50 nm;
Dev#3* 70 201 53.3 206 L(H88)=100 nm;L(H89)=150 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),
Comparison of best fits for the QWD model with
(single line) and without (double line) the negative
inductance L1 for a 150 p'm?2 mesa on sample
H9. Best fit values without L,q are Rg; =26.3Q,
Cgy =0.144 pF and Ryy = 1838, Best it values
with Lo are Lo, = -2.80 nH, Ryp = 6.03Q, Cqy =
0.118 PF and Ry = -154Q.
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Fig. 5. The vertical axis is fco in GHz. Measured
feq (normalized to R = 8.0Q) for samples H91,
H87, H88, H89, and HOO, Predicted f.;, vs
frequency for the QWD (f.,1, double(i(l)ne) and
Q\’sl I'T (f;02, single line) models based on the

extracted parameters of H89 are also shown.
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Fig. 4. The absolute value of the measured
resistance in Ohms (vertical axis) vs. frequency
for 150 um? mesas.
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Fig. 6. The vertical axis is the cut-off frequency,
fco, in GHz. Comparison of QWD (double lin€;
feo1) and QWITT (single line; f.,7) model
predictions for Sample #3 of Ref. 4.
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