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SUMMARY 

Double barrier resonant tunneling (DBRT) devices, manufactured by 

molecular beam epitaxy at the University of Nottingham (UK) are 

investigated at the Eindhoven University of Technology. The devices 

consist of a barrier-well-barrier structure, sandwiched between 

contact layers. The dimensions of the (quantum) well are comparable to 

the wavelength of electrons tunneling through a barrier into the well. 

This gives rise to a quantum mechanical effect that causes a strong 

nonlinearity in the I -Y curves of the devices. The I -Y curves have 

negative differential resistance (NDR) regions. When biased in these 

regions the devices can be used as active cireui t elements. DBRT 

devices can be used for applications such as amplifiers, oscillators 

and mixers. 

In order to measure the impedance of NDR devices, the devices must be 

used in circuits that are stable (do not oscillate). This puts 

restrictions on the networks that can be used in conjunction with 

these devices, such that the oscillation condl tion is not met. The 

bonding wire of packaged devices must have a limited length, otherwise 

stabilization with passive networks may become difficult or even 

impossible. The stability of a circuit can be predicted by 

Routh-Hurwitz testing of the characteristic polynomials of the system. 

The stability can also be predicted from measured or calculated 

(microwave) impedances. 

Room temperature current versus voltage curves have been measured for 

devices of 200, lOa, 50 and 20 I'm diameter and a triangular device 

with 380 I'm' area. 20 I'm devices were kept stable throughout the 

entire NDR regions. No hysteresis was found in the I -Y curves of 

devices measured in stable circuits. The temperat.ure dependence of the 

I -Y curve of a 100 and a 200 I'm device was measured in the range of 

-20 
o 
C to 80 

o 
C. 
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The impedance of the devices was measured at 10 MHz and in the range 

of 0.1 GHz - 18 GHz. The measurements are corrected for the network in 

which the DBRT devices are embedded. A network model consisting of a 

conductance in parallel to a capacitance, a series (contact) 

resistance and an inductance is found to represent the small signal 

behavior of DBRT devices. The conductance at various biasing 

conditions compares well to the differential conductance found from DC 

measurements. The amount of device capacitance depends on the bias 

voltage and has a peak in the NDR region. 
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1 INTRODUCTION 

Recently, a new type of III-V semiconductor device, the double barrier 

resonant tunneling (DBRT) device, has received considerable interest. 

The investigation of GaAs-A1GaAs DBRT devices is part of the research 

of the Electronic Devices Group (EEA) of the faculty of Electrical 

Engineering of Eindhoven University of Technology. The investigations 

are carried out on devices (mesas) from wafers manufactured at 

Nottingham University [Th. G. van de Roer, private communication}. 

The devices are grown with Molecular Beam Epitaxy (MBE) and they 

consist of a heterostructure of very thin layers (e.g. 5 nm) of GaAs 

and A1GaAs. DBRT devices have a nonlinear current voltage 

relationship, due to quantum mechanical effects that arise when 

electrons enter the heterostructure. Their characteristics have 

negative differential resistance (NDR) regions [Ref. 1-3}, where the 

devices are active. This NDR persists up to very high frequencies 

(>1 THz [Ref. 4-6}) which makes DBRT devices useful for applications 

such as detectors (2.5 THz [Ref. 7}), oscillators (200 GHz [Ref. 

8-10}), frequency multipliers (2 to 10 GHz, 1% efficiency [Ref. la, 

ll}), detectors [Ref. 12], mixers, switches etc. [Ref. 13-20}. 

This report describes measurements on DBRT devices and the 

requirements to do these measurements. Chapter 2 introduces a simple 

theoretical model for a DBRT device. Besides that, the structure of 

the devices used in our experiments is given. In chapter 3 the 

stability of NDR devices is analyzed in lumped element circuits and in 

microwave circuits. A description is given of oscillations that may 

occur in circuits containing an NDR device. Chapter 4 gives several DC 

measurements on DBRT devices and chapter 5 describes AC measurements 

up to 18 GHz and models used to represent the microwave cireui ts. 

These models are fitted to the measurement data and the NDR, which is 

an element in the cireui t models, is compared to the ohmic value of 

NDR found in the DC measurements. 
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2 DOUBLE BARRIER RESONANT TUNNELING DEVICES 

2.1 Introduction 

The Double Barrier Resonant Tunneling (DBRT) device, used in our 

experiments, is a semiconductor heterostructure. The heterostructure 

consists of GaAs and AlGaAs layers prepared by M·olecular Beam Epitaxy 

(MBE). The interface between layers is almost perfect because the 

lattice constants match. Also, the interface is almost abrupt (in the 

order of one mono layer of atoms). 

Table 2.1 shows the detailed layer structure of the DBRT devices. 

Regions 1 and 9 (contact layers) are heavily doped to facilitate ohmic 

contact formation. Regions 2 and 8 (buffer layers) are lightly n doped 

to provide electrons for the tunneling process. Regions 3 and 7 

(spacer layers) are undoped. They improve device performance [Ref. 21] 

and they are necessary 

to avoid diffusion in high to low doping doping concentration 

transi tions between GaAs and AlGaAs layel's during the high 

temperature (650 - 750°C) growth process [L.M.F. Kaufmann, private 

communica tion] . 

- to separate silicon donor atoms from aluminium containing layers. Si 

atoms act as electron traps in AlGaAs layers [L. M. F. Kaufmann, 

private communication]. 

The undoped regIons 4 and 6 form barriers in the conduction and 

valence bands. Region 5 forms the quantum well (the dimensions are 

comparable to the wavelength of electrons in GaAs). The DBRT principle 

is based on the quantum well, packed by a pair of barriers. 
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Table 2.1. Layer structure of DBRT device 

.. ____ IIIf-- melal contact 

MESA : ~~~~~~~~~~~~l~a~yer , 

__ 1 aye r 9 

Layer Material Thickness Doping conc. 
(nm) 3 (at/cm ) 

1 Ga As 500 2.10'8 

2 Ga As 50 2.10'6 

3 Ga As 2.5 undoped 

4 
Ai Ga As 5.6 undoped 0.3 0.7 

5 Ga As 5.0 undoped 

6 Ai Ga As 5.6 undoped 0.3 0.7 

7 Ga As 2.5 undoped 

8 Ga As SO 2.10'6 

9 Ga As 500 2.10'8 

subs. Ga As >10s 2. 10'8 

2.2 Current Voltage curve of DBRT device 

i 
barrier well 

i 

<--- E 
3 

<--- E 
2 

<--- E ,-
barrier 

E 
c 

E 
V 

f-- substrate 

f-- met.al contact. 

facilitate contact 

buffer 

spacer 

barrier 

well 

barrier 

spacer 

buffer 

grown on substrate 

substrate 

Figure 2.1. DBRT device, conduction and valence band at zero bias 

Figure 2.1 gives the conduction band energy E and the valence band 
c 

energy E at zero bias. There are two barriers and a quantum well in v 
the conduction band. 
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The energy of electrons in a quantum well with infinitely high 

barriers is quantized. Only certain values are allo~ed given by : 

E ; 
n 

n = 1,2,3 ... 

Where E is the total energy of an electron in a quantum state (n), W 
n 

is the width of the quantum well, h is the Planck constant and m is 

the electron mass. 

there are quantized energy states E. (i ; 1 .. n) 
1 

Similar to this, 

electrons inside the quantum well of a DBRT device (figure 2.1). 

for 

When a D. C. bias is applied to a DBRT device, potential drops are 

developed across the undoped layers, barriers and ·~ell. Electrons can 

tunnel through the barriers and well from cathode to anode side. For 

increasing bias voltage, the conduction band energy level on the 

cathode side will approach the lowest energy state in the quantum well 

Eo (figure 2.2 a and b). 

Now, electrons can tunnel through barrier 1 into th.e well and from the 

well through barrier 2 to the anode side. This will lead to an 

increased current (figure 2.2 b) 

For higher bias voltages, the conduction band energy level on the 

cathode side will be higher than the first state, and lower than the 

second state inside the well, so electrons will have to tunnel through 

the entire barrier well barrier structure to reach the anode side 

(fig. 2.2c) which will give a decrease in current. 

For even higher bias vol tages, thermionic currents over the barriers 

will cause a second increase in current. The resulting I-V curve is 

given in figure 2.3. 
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For a symmetrical device, the I-V curve is symmetrical. Clearly, NDR 

(Negative Differential Resistance) regions can be observed as well as 

strong nonlinearities. Appendix 2 gives a wave particle based 

description of the properties of the barrier well barrier structure 

wi thout bias, concluding that the tunneling probability through the 

barrier well barrier structure is high for electrons having certain 

energy levels. These levels are thought to correspond with EO' E1 etc. 

in figure 2.1. 

a barrier 1 

cathode 

! V device 

b barrier 1 

cathode 
e 

V 
device 

C barrier 1 

cathode 

V 
device 

well 
barrier 2 

E1 

anode 

well 

barrier 2 

anode 
-----------_L-__ 

we 1 1 

El barrier 2 

anode 
------------------------_________ L-__ 

E 
c 

E 
c 

E 
c 

Fig.2.2a,b,c Conduction band of DBRT device with bias 
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; 
..' 

TldeVice 

o 

Fig. 2.3 I-V curve of DBRT devices 

2.3 DBRT devices used in measurements 

l 

/ I 

! 

v" 
device 

From a wafer, with the layer structure given in table 2.1, mesas with 

diameters of 20, 50, lOa, and 200 J.IID were etched at Nottingham 

University. These devices are being used in the measurements carried 

out at the Eindhoven University of Technology. They are inserted in 

E-3 and F-5 type packages and in a special fixture (see chapter 4). 

Appendix 7 gives the dimensions of the packages. Also, triangular 

devices were etched from the wafer. One of these triangular devices 

was bonded in an F-5 type package. The device has an effective area of 
2 about 380 ~m . Figure 2.4 shows a photograph of the bonded device . 

.. , 

C· .-, ,. 
\., ~ 

, : ' 

Fig. 2.4 Bonded triangular device (in F-5 type package) 
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3. STABILITY OF NOR DEVICES 

In order to use an NOR device (in general terms) in an amplifier or 

mixer or to measure its impedance, the device must be biased in or 

close to the NDR region without causing oscillations or instabilities. 

This puts some limitations on the bias circuitry, depending on the 

properties of the device itself. 

3.1 DC-condition for stability 

The device will be connected to some voltage source with an internal 

resistance RI . Figure 3.1 shows the device's I-V curve and the load 

line of the voltage source for three different resistance values. 

········ ... l!.s .. 2.04 V 

··./0, 
! -"< 

l
-{==:J--

--,: ., [) ~ 
T I.' . .1 

r. t _. 

L ___ ,~~J 

I 
d 

I'D 
1",01 lin .. 
,PI" 58 OHrI 

'~~"""'~ 1 

I" .,d 1 111~ 
PI .. 13 ')Hll 

Us - 0.;' 'J 

-~// ~ 
DO --~---' 

.5 ""I',~ .. In ,.,,It.}·5 

Fig. 3.1a,b Biased NDR device 

In fig. 3.1a the load line intersects the device's I-V curve in three 

points, the second of which is unstable. For an increasing bias 

voltage, the current will jump from PI to P2 as is indicated with the 

dotted line. In fig. 3.1b the load line intersects the I-V curve in 

one point only which gives stable biasing conditions in any point of 
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the I-V curve (from the DC point of view). The dotted curve gives the 

minimum slope of the load line (maximum source resistance). 

corresponding to the steepest slope in the I-V curve (minimum of NOR, 

r
d

), required to achieve DC-stability. 

Thus: Rl < rd (3.1) 

3.2. AC conditions for stability 

3.2.1. Circuit model for biased NOR device 

Figure 3.2 gives a circuit model for a biased NDR device 

I 

2~ l' ~;;:::=:J---I-+T'-:-E---Z-d-~~ R -rd~ ~J Cd 

bias voltage source 1 y L __________________ o 

Fig. 3.2 biased NDR device, circuit model 

rd represents the negative differential resistance 

Cd represents the device capacitance 

L represents the inductance of the leads connecting the device plus 

the device inductance 

R represents the series resistance in the leads and contacts 

thus, the impedance seen from terminal 11' is 

1 + jw [ L 

3.2.2. Stability conditions for AC shorted device 

If we define f the frequency at which the real part of Zd r 
becomes zerOj resistive cut-off frequency. 

f the frequency at which the imaginary part of Zd 0 

becomes zero; self-resonant frequency. 
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Then 

If f < f 
r 0 

1 ( 
rd _ 1 ) 1/2 f = ~ r 211 rd Cd 

(3.2) 

f 
1 ( 1 1 ) 1/2 = 2il L Cd 0 2 

(rdCd ) 
(3.3) 

the device will not oscillate since the device is active 

for frequencies below f and the lowest frequency of oscillation is 
r 

f, under 
o 

the assumption that terminals ii' in figure 3.2 are 

AC-shorted. It follows from eqs. 3.2 and 3.3 that for stability it is 

necessary that (see also [Ref. 221): 

and from eq. 3.1 and 3.2 < 1 

3.2.3 Derivation of stability diagram for AC shorted device 

The homogeneous differential equation for the current i2 (figure 3.2) 

is [Ref. 221: 

With roots 

R 
L 

A1 ,2 = 
1 
2 

1 

rdCd 

1 
rdcd 

+ [ 

R 
L ± 

1 

LCd 

{ 

R o 

1 1 R 2 

4 ( L ) -
rdCd 

R 1/2 r -

} ( d ) 
rdCdL 

If Ai and A2 both have negative real parts, the system is stable and 

any disturbance will die out exponentially. Otherwise, the system is 

unstable and any disturbance will grow exponentially. For Ai 2 with , 
(complex conjugate) imaginary parts, the disturbances will oscillate 

with exponentially growing or decaying amplitudes. 

9 
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We make the following substitutions: 

2 1 and Q
d = wOrdCd which gives: wo = 

L Cd 

=w [.!.(.-!.-
R Qd { 1 R Qd 1 2 

A1 2 ) ± ( ) -o 2 Qd rd 4: rd Qd , 

1/2 

] ( 1 - R 
) } rd 

This gives the stability diagram given in figure :3.3. In Area 1, A 
1.2 

are real and positive, in area 2 they are real and negative. In area 3 

and 4 complex conjugate A and A are found with positive real part in 
1 2 

area 4 and negative real part in area 3. 

1.25 
I I I 

I Ar~a 1'1 I I 
, ,. I I . 

- ..., 
1.0 

Growing exponential d 

Aru 2 
R/r

d r-- ( \' ~ Decayina exponential -

T 0.75 

r--
0.5 

r--
0.25 

-

o 
o 

i 
i 
I 

I 
0.5 

I \. a 

Area 4 s~ 
Growing sinusoidal 

I I , 
1.0 1.5 

~ -...:.. -Area 3 
Decaying sinusoidal 

"'"'-~b 
I , I 

2.5 3.0 3.5 

Fig. 3.3 Stability diagram for NDR device [Ref. 221 
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3.3 Conditions and theorems on overall stability 

3.3.1 Theorems on the stability of NOR devices 

Definition: A device with impedance zd(s) is defined as a potentially 

stable device if there can be at least one passive network Z(s) for 

which there exists no solution for the equation [zd(s) + Z(s)) = 0 in 

the right half s-plane (s>O). A device that is not potentially stable 

is totally unstable since there is no passive termination that can be 

used to stabilize the device. 

In the following theorems [Ref. 23-26, 441. the device network model 

is given by figure 3.4. 

Qr-,-(-S )--Z-d (-S )-+: ---,)~---j[R:=]--glr-d~t" 

termination device 

Figure 3.4 Circuit model NDR device and device termination 

Theorem 1 

Theorem 2 

The following two condit ions are both necessary for 

potential stability 

R 
< 1 

L 
< 3 

For a dissipation less device (R = 0), it is necessary 

and sufficient for potential stability that 

L 
< 3 
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Theorem 3 The following two conditions are both necessary for 

where 

with 

potential 

stringent 

R 

rd 

L 

F(e) = 
1 

stabili ty (this 

than theorem 1) : 

< 1 

< F(e) 

e3 
1 

+ e 2 e - arctan(e) 

1 e and f 2rrf r rd Cd r 

condition is more 

F(e) is depicted in figure 3.5 as a function of R/r
d

, giving an upper 

bound on L/r~Cd for potential stability. 

).000 

~ 1,000 
~ 

, 
I, )) , 

0 ',00 
,000 • .00. .0. 

,000) .OCt~ 

.... 

.0' 

" r--. 

1\ 
i\ 

"- ...... t-- 1'-. 

.' •• ,1.4 ,5'.' .1 ,II ,\I .,~.t6_.,~, 

Fig. 3.5 F(e) as a function of Rlr
d 

[Ref. 22] 

~,g ~'J9' • 

Theorem 4 It is sufficient for potential stability that 

R < 1 
rd 

L 
< 1 

2 
rd Cd 
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3.3.2 Networks used to stabilize NDR devices 

This section gives networks that can be used with NOR devices, 

resulting in stable circuits. Here R, r d , Cd and L represent the same 

elements as in paragraph 3.3.1. 

- Resistive stabilization 

If a device satisfies theorem 4 (par. 3.3.1), then it can be used with 

a resistor R [Ref. 241 satisfying the conditions: 
s 

1 > 
R + R 

s 
L 

>---

The resistor must be placed instead of the the terminating impedance 

2(s) in figure 3.4. The resulting network is stable. 

- Stabilization with resistor and capacitance 

According to [Ref. 271 a stable circuit can be obtained by placing a 

shunt resistance R, in parallel with a capacitance C, instead of 
s s 

terminating 2(s) (figure 3.4) if: 

o < L < 2 ( 1 
R under the assumption that: -

2 rd rd Cd 

R rd Cd 

L 
« 1 

R and C can be determined with: s s 

1 and: 

13 



- Stabilization with ladder network 

We intrndur:'p: r:::; R/r
d 

and: 

According to [Ref. 161 a stab1e network can b(": found if: 

I " 

The network can consist of the NDR device plus a ladder network which 

will be given here: 

Calculate d = 1 I (1 + l/r) 

Calculate 

A ladder network can be constructed with input reflection coefficient 

20 
1 + (wlw ) 

15 11 (jw) 12 c 
= 

K2n 
+ (wlw )2n 

(3.5) 

C 

See also figure 3.6. 

L1 L2 
0 

5
11 

(jw) 

Zl 
----4 

TC1 TC2 TC3 Zl (jw) 
0 

port 1 N1 

Fig. 3.6 Ladder network NI 

Li' C
i 

and R2 are determined by wc ' K, n, and (transmission line) 

impedance Zl to which Sll(jw) is related: 

z(jw I - 1 
z(jwl + 1 

n is an integer, cutt off frequency w is real and positive and K ~ 1. 
c 
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o If R ; 0 (no series resistance in leads and/or contacts, r;O, d;O, 

R
1
;r

d
), Wc and K can be calculated (for any value of n ~ Z) from: 

(3.6) 

+ 1 ] Zn (3.7) 

Then, a ladder network N1 (with 5
11

(jw) given by eq. 3.5) should be 

synthesized with L1 ; L, C
1 

; Cd and Zl ; R1. The circuit given in 

figure 3.7, containing N1 and also the NDR device is stable . 

.......... .............. -..... -.--_.-.................... _ .. _ .. _ ................................................... _- , , ....... * ... _ ................................................................ ,. . *'-.-.-....... _ ................................... _. 

L ;L ;; L L 

Sl1 (jw) 1 o-orT --T~ 
L--_r_d ___ N_1_-_-__ ~_---'_C_1_;_C_d_o. _0 TCZ TC3 ~ 

device N' 
1 ............ -....... 

Fig. 3.7 Ladder network Nj, with device having no series resistance 

Thus, by using network Ni as a terminating impedance for the device, 

stability will be obtained. 

o If R ,. 0, wand K should be calculated from eq. 3.6 and 3.7 for 
c 

some value of n ~ Z. If w < 0 or K < 1, a higher value for n must 
c 

be chosen. 

After this, 1511 (jw) 12 (eq. 3.5) should be synthesized as done in 

figures 3.6 and 3.7, with Zl 

giving a network Ni with 

a resistor 

a capacitor 

where: 

; R1. Then network Ni must be distorted 

b.L
i 

in series with each inductance Li 

b,Ci in parallel to each capacitor C
i 

The network NZ can be used as a terminating impedance for the NDR 

device, giving a stable circuit (see also figure 3.8). 
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R L=L 
1 

bL 
1 

-r C =C 
d d 1 

device 

1 

be 
3 

N' 
2 

Fig. 3.B Ladder network N2, with NDR device 

....................... -.. -...................................... . 
bL 

L n 

R 
2 

The given networks cover most of the potentially stable devices. The 

shaded area in figure 3.9 indicates which devices can be stabilized. 

Figure 3.9 further gives 

Curve bound 2 for resistive stabilization l' upper on LlrdCd , 

Curve 2; bound 2 for stabilization with upper on LlrdCd 
resistor and capacitor 

Curve 3; upper bound 2 for potential stability on LlrdCd 
also figure 3.5) 

Curve 4; upper bound on L/r~cd for stabilization with 

ladder network. 

3.000 

2.667 

2.333~~~ 

1.667 t-++-IH--t-t-H2P' 

1 1.333t-++-IH--t-t-~rr~\r~ 

T 1.000 

.667r-Hr-t+--t-r-r~~~+-+-~-1--++-~ 

.001,.01 
.0005.005 

.05 

---> Rlr d 

.6 

Fig. 3.9 Conditions for stability or potential stability [Ref. 261 
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3.3.3 Stability prediction in lumped element circuit with "STAB" 

For this work a program named "STAB" was written in order to determine 

if a ladder network, having a negative resistance as it's first 

element, is stable or not under shorted or open circuited conditions 

of the input terminals (behind last element). This is done by 

determining the Laplace transform of the input impedance of the 

network 2(s): 

n p (s) 
sc 

2 ( s) = ---i''-=-r.::;-p (s) Where P (s) and P (s) are polynomials ~Pisi 
sc oc L oc 

1=0 

The stability of the ladder network is evaluated by Routh-Hurwitz 

testing of the polynomials [Ref. 281. 

3.3.5 Stability prediction in microwave circuits 

For a system with characteristic equation Q(s) (s = Jw + ~): 

i 
Q(s) = Pis + .... + Pis + Po 

the Nyquist criterion can be formulated [Ref. 29-311. 

A system with characteristic polynomial Q(p) is stable if and only if 

the projection of the curve C in the right s-plane does not encircle 
s 

the origin of the Q-plane. C is given in figure 3.10. 
s 

C 
s 

I _-plane I 

0(·0)=0 

I ---> 
I 

0- 0 , 
!t- o , • , 

5 : contains "1'-, 
/' 0 zeros of 0 , , 

A ..... - -~----

10-plonel 

Co 

, 
,Re 

, . 

Fig. 3.10 Projection of C in Q-plane for an unstable system 
s 

17 



The number of clockwise turns around the origin in the Q-plane will be 

equal to the number of zeros of Q(s). 

For an impedance with: 

Z(s) = 
P (s) 
sc 

P (s) 
DC 

the projection of C in the Z-plane, 
s 

C , can be Gonstructed. Now the z 
number of turns W around the origin will be equa I to the number of 

zeros N of P (s) minus the number of zeros N of P (s): 
sc SC DC DC 

W = N - N W > 0 means clockwise encirclements. 
sc DC 

This means that if the number of zeros Dr poles in the right half 

plane of Z(s) is known, 

poles or zeros in the 

and also curve C is known, then the number of z 
right half plane of Z(s) can be calculated. 

However, in a microwave circuit, the algebraic expression for 2(s) is 

not available thus the number of RHP (Right Half s-Plane) poles or 

zeros cannot be determined. Here: 

E (s) 
sc 

Z ( s) = --":;.;;",, -E (s) N : number of RHP zeros E (s); number of RHP 
sc sc 

DC 

zeros Z(s) 

N number of RHP zeros E (s);RHP poles Z(s) 
DC DC 

If we make the following assumptions: 

-there is only one negative resistance -RN in the network 

-the network impedance Z(s) is the impedance seen between the 

terminals of the negative resistance 

Now, if Z(s) is short circuited, the circuit will be stable because 

the negative resistance is shorted and the rest of the cireui t is 

passive. This means that N = 0; Z(s) has no zer·os in the right half 
sc 

s-plane. 

We define zits): the impedance seen when looking into the terminals 

preserved for the negative impedance. This leads to the following 

stability criterion. The circuit with negative resistance -R 
N 

stable if zits) does not encircle the point RN in the Zi-plane. 
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The above criterion can be used if ZT(s) can be calculated. However, 

usually the terminals of the package of a packaged device are 

available for measurement, the terminals of the negative resistance 

are not, see also figure 3.11. 

Fig. 3.11 Packaged device and passive termination 

The circuit in figure 3.11 is stable if impedance Z(s) is stable under 

short circuited conditions. Thus if Z(s) = ZT(s) + Zp(s) * 0 for any s 

in the RHP. This means that ZT(s) may not be equal to -Zp(s) where 

the impedance seen when looking into the package terminals 

the impedance seen when looking from the package terminals 

into the passive network. If Z(s) = 0 for s = ~ + jw with ~ > 0, there 

will be an oscillation with growing amplitude, if ~ = 0 the amplitude 

is a constant and the circuit is on the edge of oscillation. 

The impedances ZT(s) and Zp(s) can be measured for s = jw (~=O). Also, 
• RN can be varied giving measurement results for each value RN of R

N
. 

Figure 3.12 gives an example which is valid for the network in figure 

3.11. 
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......... , 1. GHz :~ 
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\ I 

---!---- " 
RfII ::. Go5i~ 

/ - Zp(jW) 

-60 60Rt Z --+ 

-20 

-30 

~(jw) 

Fig. 3.12 Impedance curves of -Zp for various values of RN 

with R . the 
n,mln 

• minimum NDR of the device, then Zr(jw) = RN (if the osci llation 

condition is met at port 2, it is also met at port 1). This means that 
• 

for RN < RN there will be a net negative conductance left at port 1 

which will cause an oscillation with a growing amplitude. Thus, in 

this case, Z(s) will have zeros with IT > O. If for., > R > R , N N,min' 
there is no value of w for which the oscillation condition is met, 

then the circuit is stable. Apparently the curves -2p(RN)lw give 

boundaries for ZT(jw). In this case the circuit is stable if ZT(jw) is 

always below -Zp(jw), in the area not covered by -Zp(jw) IR =R* curves. 
N N 

The method described here gives a possibility to determine the 

stability of a microwave circuit from microwave measurements. Usually, 

these measurements are presented in Smith charts [Ref. 321. Therefore 

this method will be evaluated for use in Smi th charts. 

ZT(jw) is a passive impedance, so it will never leave the Smith chart. 

-Zp(jw) may have a negative real part for some frequencies, which 

means that Zp(jw) is passive for these frequenci.es. Thus for any of 

these frequencies the cireui t wi 11 be stable. For this reason the 

Smith chart need not be extended for active impedances. 
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The transformation from impedance 2 to reflection coefficient p is a 

bi 1 inear transformation [Ref. 321 z - 1 with 2/21 (21 : p = z = z + 1 
transmission 1 ine impedance l. This means that: 

- a continuous curve in the Z-plane will give a continuous curve in 

the p-plane. 

- Any intersection between curves in the 2-plane will give an 

intersection between curves in the p-plane. 

Thus the given method can be applied in a Smith chart. 

3.4 Oscillations of unstable NDR devices 

3.4.1 Relaxation oscillations 

If a NDR device is biased with a bias network with a relatively high 

series inductance, the bias network and DBRT device can be represented 

with a simpl ified circuit model, neglect ing the device capacitance. 

Figure 3.13a gives such a diagram with a voltage source E, an 

inductance L and a nonl inear resistance rd' The nonl inear device has 

the I-V curve given in figure 3. 13b. The curve is a piece wise linear 

approximation of the I-V curve of a NDR device, with peak voltage U1, 

peak current II' valley voltage U2, valley current 12 and Umin and 

U as indicated in figure 3. 13b. The biasing voltage is adjusted to max 
a value Us with: U1 < Us < U2 · 

L 

/ 

region 3 

I Ii --""'----;--/ 

12 
U - 0 
u~ ~ Q) 

U
2 

U ""U" 
max d 

Fig. 3.13 alb Biased NDR device with very high series inductance 
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The differential equation for current I in region i is given by: 

Here, I = I(t) and Vd = Vd(t), 

where 

with: Gi = 
Ii - I i - 1 
Vi V i - 1 

i = 0,1,2. We define: Ti = L Gi . 

The D.E. can be rewritten to: V 
s 

Thus in region i: 

with constant Ci . 

Region 1, at t=O: I = 12 

= V + C.exp(-t/T. ) 
s 1 1. 

= V 
s 

+ (V • 
mm 

V ) exp( -tiT.) , an increasi.ng vol tage; 
s 1 

Vd will reach U1 at tl = T In ((U - V. )/(U -lJ1» 1 s mIn s 

At tl region 2 will be reached. The current through the inductance L 

cannot change abruptly, the voltage can. For this reason U
d 

will jump 

from U to V (see also figure 3.13b). This is in region 3 where: 
2 max 

at: t U max 
this gives C

3 

U max - U 
s 

U 
s 

(V 
max 

a decreasing vol t.age; 

Now, Ud will jump to U . , with I = I2 , and a new cycle will start at 
mm 

t = t2 with the same starting conditions as at t = o. Figure 3.14 

gives the resulting device voltage U
d 

as a function of time. This is a 

relaxation oscillation. Figure 3.15 gives a measured relaxation 

oscillation of a 100 11m DBRT device illustrating the close resemblance 

to figure 3. 14. 
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t 

Fig. 3.14 Relaxation oscillation of device depicted in figure 3.10 

;.- - .. --:-.~'- .. '--.-- ,--.,. "",--.-.,.-.,-~ --.. - .,--' _.-;-- '-'- .;.-.-:- -- .. _. -~- -- -_. __ .. -- -_. - -

!-....,.- .------,-----

~. 

1.60000 us 3.60000 us 5.60000 us 

= 125.9 mVo1ts/div Offset = 711.3 mVolts 

Fig. 3.15 Measured relaxation oscillation 
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3.4.2 Continuous wave oscillations 

If a circuit is on the edge of oscillation, a small decrease in NOR 

can start an oscillation in which only a small part of the device's 

I-V curve is traversed. Since the curve is nonlinear, an "effective" 

NOR has to be used in the circuit model for the de-vice (assuming that 

the signal amplitude is sufficiently low to limit the ampli tude of 

harmonics caused by the nonlinearity). This "effective" NOR will 

increase for increasing amplitude if the device is biased in the point 

on its I-V curve with minimum NOR. The increase in effective NOR will 

limit the oscillation amplitude, thus an oscillatlon can be produced 

with a small, constant amplitude. In this case the oscillation 

frequency will be given by the equation (see also paragraph 3.2.4): 

s is imaginary since the oscillation amplitude is constant, thus for a 

known circuit model, the effective NOR can be calculated and the 

oscillation frequency can be verified with the circuit model. 

For these C. W. oscillation, the oscillation frequency can be high 

(compared to relaxation oscillations). 

3.5 Use of PSPICE to calculate oscillation frequencies 

PSPICE can be used to calculate the transient behavior of lumped 

element circuits, containing transmission lines. The program can also 

be used to calculate oscillation frequencies and the amplitude 

envelopes for circuits containing an NOR device with the NOR set to a 

particular value. Figure 3.16 gives an example. 
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Fig 3.16 Oscillating circuit, transient analysis with PSPICE 

3.B Applicatlon of theory to packaged devices 

3.6.1 Stability condition 

The capaci tance and the bonding wire inductance of a 100 I'm DBRT 

device packaged in an F-3 package were measured. Also a minimum value 

for the NDR was estimated from a DC measurement [Ref. 331 giving: 

= 8.6 pF L = 0.84 nH = -2.7 0 
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2 
L/rdCd (see theorems par. 3.3.1) was calculated, to determine if the 

device was potentially stable. Further, estimatl.ons of L/r~Cd were 

made for devices with other diameters, by assuming that the device 

capacitance and conductance (determining r
d

) scale with the area of 

the devices. The results are collected in table 3.1. 

Table 3.1 Estimate of potential stability for various devices in E-3 

packages 

diameter ("",) rd (0) Cd (pF) L (nH) Llr~c 

200 0.7 34.4 0.84 50 

100 2.7 8.6 0.84 13 

50 10.9 2.2 0.84 :;:.2 

20 68 0.34 0.84 0.53 

The table indicates that only a 20 I'm device can be used in an E-3 

package in an attempt to make a stable circuit (theorem 3 par. 3.3.1). 

For this reason, only 20 "'" devices were used for the measurements in 

circuits that are stable throughout the entire I-V 

devices. 

curve of the 

Recent measurements have established that the capacitance of the DBRT 

devices is strongly voltage dependent and has about twice the value 

gi yen in table 3. 1 in the NDR region. Also, anothE~r package has become 

available with bonding wire inductances in the order of 400 pH (single 

17 "'" wire). Furthermore, a triangular device was bonded, having an 

area slightly larger (about 50 %) than that of a 20 "'" device. Thus 

packaged triangular and 50 "'" devices and packag,od 20 "'" devices can 

be potentially stable. 

26 



3.6.2 Smith chart representation of stability condition 

The potential stability of a 50 ~m device and a triangular device are 

investigated here by means of the method described in paragraph 3.3.4. 

The devices are assumed to be packaged in F-5 packages wi th the 

package parameters derived in paragraph 5.6.1. The bonding wire 

inductance and contact resistance are 0.431 nH and 4.45 Q 

respectively. The device parameters Cdev and rd of the 50 ~m device 

are estimated from the parameters found for the triangular device in 

Paragraph 5.6.3. It is assumed that C and 1/rd scale with the area dev 
of the devices. Chapters 4 and 5 give more information about the 

measurements giving Cdev and rd' 

Figure 3.17 gives the Smith chart representation of the stability 

condi tions. For the triangular device, measurement resul ts have been 

used to draw the curves -2 (jw) in the Smith chart. The outer curve 
p 

represents measurements with a very high value of NOR. The second 

curve gives measurements with a lower value of NDR. The inner curve 

represents the measurements with the lowest value of NOR that could be 

used without causing oscillations. The figure verifies that for this 

value of NOR, a 50 Q resistor is sufficient to stabilize the circuit 

because the center of the Smith chart in not inside the area covered 

by curves -2p (Jw)I R =R* . The F-5 packaged device was loaded with a 7 
N N 

mm 50 Q coaxial transmission line terminated with a 50 Q load. 

The second Smith chart shows that an F-5 packaged 50 ~m device can be 

biased in the same point of its I-V curve without causing oscillations 

by loading it with a resistor such that the corresponding reflection 

coefficient is not inside the area covered by curves - 2 (jw). The dot 
p 

in the chart represents the reflection coefficient of a resistance 

value suited for this cause. 
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Triangular device 

Start frequency: 

0.1 GHz 

Ref 1. Coeff. 

of -Zp(jw) 

f -7 18 GHz 

50 fUll device 

Start frequency: 

0.1 GHz 

Ref 1. Coeff. 

of -Z/jw) 

f -7 18 GHz 

Fig. 3.17 Smith chart representation of stability condition for the 

triangular device and a 50llm device in F-5 packages 
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4 DC MEASUREMENTS 

The Current-Voltage curves were measured of several mesas with 20, 50, 

100 and 200 ~m diameters and the triangular device mentioned in 

chapter 2, both for negative and positive polarities of the bias 

voltage. Here, positive polarity means that the positive biasing 

terminal is on the mesa top and the substrate is connected to the 

other terminal. The I-V curve of the 100 ~ device was measured at 
o 0 

several temperatures in the range of -20 C to +80 C. An I-V curve of 

two 200 ~m devices connected in series was also measured. Further, 

device behavior of a 100 ~m device and the triangular device was 

studied at very low bias voltages. Finally, the triangUlar device's 

I-V curve was measured with increasing and decreasing bias voltage 

respectively. 

The measurement results are saved on disk and corrected for the 

resistances in the biasing network by means of program "DCHETT". 

4.1 I-V curves obtained from measurements in unstable circuits 

4.1.1 Current density versus voltage curves 

The measurements were performed on packaged devices in E-3 and F-5 

type packages, except for the 20 ~m devices which were mounted in a 

special fixture, described in par 4.2.2. Figure 4.1 gives several 

current density to voltage (J-V) curves. As expected, the networks 

wi th the 100 and 200 ~m devices are unstable in the NDR region and 

oscillations can be observed on an oscilloscope. In these 

measurements, the 20 ~m, the 50 ~m and the triangular devices, (which 

are potentially stable in E-3 or F-5 packages) are used in networks 

that are not stable in the NDR region of the devices. The devices 

behave different from one another in the NDR region, because the bias 

networks and the devices are different, causing different 

instabilities. The solid lines represent positive polarity of the bias 

voltage, the dashed lines indicate negative polarity. 
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Fig. 4, L J-V curves of several DBRT devices at room temperature 

The curves are not the same for positive and negative bias. This might be 

caused by: 

The difference in thickness and/or doping concentration in th" anode and 

cathode contact regions for both terminals (posHive terminal: mesa top 

layer, 1 I'm thick, negative terminal: substrate contact). A different 

doping profile (not abrupt) may also cause the this effect [Ref. 56). 

- Deviations in barrier thickness caused by the MHE growth process, which 

would result in different potential barriers widths. 
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- Deviations in the Al content of the barriers, due to the MBE growth 

process, which would result in different potential barrier heights. 

The J-V curves can be found from the I-V curves by multiplication with 

the device-areas given in table 4.1. 

Table 4. 1 Areas of devices 

Mask Diameter (J.lm) Deff(J.lm) Area of devices 
2 (J.lm ) 

200 192 29.0 103 

100 92 6.65 10
3 

50 43 1. 45 103 

20 16 .201 103 

triangular device - .379 103 
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4.1.2 Temperature dependence 

The J-V curves of a 100 11m device were measured at three temperatures 

[Ref. 341. Figure 4.4 gives the result. 
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Fig. 4.4 Temperature dependence of 100 11m device 

Also, the peak and valley currents of a 200 11m device were measured at 

several temperatures in the of -20 °c to 80 ° C (see also figure range 

4.5) , 

IS. 
TOP CURR£NT ... VALLEY CURRENT 

13. I 
mR 

I 
mR 12. 

11O 

10O 

'0 

'0 

7O 

6O 

-, Case t.~mp"r .. ture In DC SO 
->Casill temperllure In °c 

-I. • 1O ,. 3. 4O SO 6. 7. •• 4. -,a -1O 0 1O 2. 30 4. s. 6. 

Fig. 4.5 Temperature dependence of peak and valley currents of 200 11m 

device 
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The figures indicate a decreasing peak current for increasing 

temperature. This might be explained by assuming that the tunneling 

current is determined by the tunneling probability of electrons from 

the contacts, which depends on their energy level, and, the density of 

electrons at specific energy levels . The tunneling probability will 

be high for electrons having energy levels close to the lowest state 

in the quantum well. Thus the tunneling process "filters out" these 

electrons. For increasing temperature the occupied part of the 

conduction band at the cathode side is broadened, so the density of 

electrons having a high tunneling probability can decrease. This would 

lead to a decreasing tunneling current for increasing temperature (see 

also figure 4.6) and would also imply a sharper current peak in the 

I-V curves for lower temperatures. 

E 

~-electron 
density 

low temperature 

Tconductlon 
band 

E 

~ 
electron 
density 

high temperature 

Tconductlon 
band 

Fig. 4.6 Temperature dependence of peak current 

The total current is a summation of tunneling current and thermal 

currents resulting from emission of electrons over the barrier tops. 

For increasing temperature, the number of electrons having energy 

levels high enough to cross the barriers will increase. Therefore both 

peak and valley currents will increase. 

The measurements indicate that the first effect dominates for 

temperatures in the range of -20 °c to 40 
o c. 
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4.1.3 Series connected devices 

A double 200 ~m device was connected as shown In figure 4.7. 

DRAWING : 

blas terminals 

~ :HETAL ~ ( 

~, 
~ 

SUBSTRATE 
WITH TWO 
MESA'S 

BONDING 
WIRE 

PHOTOGRAPH: 

Fig. 4.7 Measurements of two devices connected in series. 

Figure 4.8 gives the resulting J-V curve measurement with increasing 

and decreasing bias voltage. 

I .. 

, .. 
2 

A/ell! 

i S .. 

5 .. 
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, .. 
... 
, .. 
• • . , .S .S 1.2 __ > V 1.5 1.11 

Fig. 4.8 J-V curves of series connected 200 ~m devices 
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Clearly, two "NDR" regions can be observed, both for positive and 

negative polarities. They are bistable. At the end of a stable region 

of the J-V curve, the current density jumps to a level in another 

stable region. Hysteresis loops can be observed. Figure 4.9 explains 

this behavior. One device is biased in negative direction 0). When 

bias voltage increases from zero, the device biased in negative 

direction (1) will first reach it's NDR region since it's peak voltage 

and current are lower than the peak voltage and current of device 2. 

1
600 

SOO 

400 
,D~vtc'!' 2 

300. 

200 

100 

r-:- .,' (~ I 

.. 1.021J v 

' .. ; .. '-:-~~,.' 
--, 'I 

Fig. 4.9. Two devices connected in series 

This is shown in figure 4.9. The solid line represents the J-V curve 

of device 1. The dotted curve gives the J-V curve of the other device, 

drawn as a load line for device 1 assuming a total biasing voltage V
t

. 

The total biasing voltage across both devices, V
t

, is large enough for 

the voltage across device 1, V , to reach the peak voltage. As shown, 
n 

this will lead to an unstable situation (par.3.1). Thus, V will jump 
n 

from Vn1 
device 2 

to V
n2

. 

will be 

For higher biasing vol tages the peak vo ltage of 

reached and a second current jump wi 11 occur. For 

decreasing bias voltages the process will be reversed at the valley 

voltages thus creating hysteresis loops (see also figure 4.10). The 

observed peak and valley currents correspond to this model. 
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4.1.4 Bias up and down measurement of trlangular device 

In order to investigate the presence of a hysteresis loop [Refs. 21, 

35, 36] in the J-V characteristics of stable DBRT devices, the J-V 

curve of the triangular device was measured subsequentially for 

increasing and decreasing voltage. Figure 4.11 gives the result. 

7 •• , 
A/em 

5 •• 

4 •• 

3 •• 

2 •• 

I •• 

TRIANGULAR DEVICE 

POSITIVE BIRS 

·.;-~~-.~2-~-.~'~~-.~6~~-·~·'-_-_~'-V-+I-~--~I.' 

Fig. 4.11. J-V curves triangular device with increasing and decreaSing 

bias voltage 
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Practically no hysteresis is found. The measurement results with the 

largest difference between measurements are given below: 

v bias up Vbias down Vbias up 

Vbias 
(mV) 797,3 797,4 797,4 

2 235,4 234,8 234,6 J (A/cm ) 
device 

T ( ·c) 
case 

24,36 24,20 24.10 

The difference in current density corresponds to the temperature 

dependence of the devices (fig.4.5.) thus no hysteresis is found. 

However. the device is not stable in the area between the arrows. 

Therefore it can not be assured that the device voltage has not 

exceeded the valley in the J-V curve before reaching this value. So, 

no hysteresis has been observed, but it still might be present in the 

vol tage range between the arrows. However, measurements on stable 

devices have shown that this is not the case. 

4.2 I-V curves obtained from measurements on DBRTs in stable circuits 

4.2.1 Current density versus voltage curves 

- Device mount 

Since 20 /lm devices could not be bonded yet in our laboratory, a 

special fixture was constructed to mount them ( figure 4.12). 
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SMA connector 

Fig. 4.12 Test fixture for 20 ~m devices 

- Stabilization by choice of bias resistor 

PROTRUDING 

CENTER 
CONDUCTO ... : 

strlpllne 
sectl.n 

t 

SIDE VIEW 

• FRONT VIEW 

0.8 mm. 
h 0.3 mm 

w = 0.45 111m 

t 0.25 mm 

medIum: .. lr 

From J-V curves measured in stable circuits [Ref. 391 and the measured 

peak and valley currents, an estimate was made for the lowest NDR 

(steepest angle of decline in the I-V curve) that can be reached for a 

20 ~m device. This gives a value of -60 Q ~ R neg 

From earlier capacitance measurements on these devices [Ref. 331, the 
2 

capacitance of DBRT devices could be estimated to be: 0.12 ~F/cm. 

Thus for a 20 ~ device c ~ 0.27 pF. 

With the device model given in figure 3.2 [Ref. 371. neglecting the 

series resistance and the device inductance, t.he device and test 

fixture can be represented by the network (simplified model) given in 

figure 4.13 a. 
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It consists of :a negative conductance g in parallel to a capacitor C 

representing the DBRT device, 

device 

:a bias network with series resistance R
Z 

and series 

inductance L
Z

' connected to a DC-voltage source E, 

decoupled by a large capacitor Cb . , 
las 

:A 50 Q transmission line L, loaded by a 50 Q load 

resistor Rl , connected to the device via an inductance 

Ll · 

a) NETWORK 

LZ 
RZ Cbias 

Ll 

+ 

1-
bias source 
E 

50 Q 
L 

transmission line 

b) SMALL SIGNAL AC-MODEL 
i1 

Fig 4.13 a) and b) Networks 20 ~m device measurement 

For small AC signals the circuit can be simplified as shown in figure 

4.13 b. The transmission line and load are replaced by a 50 Q load 

resistor Rl . The DC bias source is AC shorted. 

An estimation for Ll can be given by assuming that the device is 

connected to the transmission line via a microstrip line with given 

dimensions (see figure 4.1Z), having a total inductance L1 and 

capacitance Cstrip. This gives [Ref. 381: Ll ~ 0.Z4 nH. Cstrip is in 

parallel to and much smaller than C; the device capacitance. Cstrip 

consists of strip line capacitance C t (~34 fF [Ref. 38J), and the 
s r 

fringing capacitance Cfr (0< 6 fF) of the open end of the microstrip 

line. 
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the real 
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part is 

t is zero The imaginary par 
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R the circuit t elements L2 and 2' 
Withou t 22' we find Y

22
,. 

will be stable i w
c1 

0 f > w 1. 

Looking into por 
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R2 
+ j. ( Im(Y

ll
, ) Y

22
,= + Re(Y

ll
,) -

R2 2L2 R2 + w 2 
I 2 I I 2 

I I I I I 

We define wc2 ; the lowest frequency for which 

negative , and : w
o2 

the frequency at which Im(Y
22

,) 

will be stable if wc2 
> wo2 ' Terms I and IV In eq. 

(R2 , L2 > 0). This means 

(see also figure 4.14). 

Im(Y
22

,) = we -

> we -
wL

1 
wL

2 
w(e -

L1 
= 

R2 R~ + 
2L2 R2 

1 w 2 1 
• = Im(Y
22

, ) 

• 

wL
2 

+ w2L~ 
(4.2) 

IV 

Re(Y
22

, ) can be 

= o. The circuit 

4.2 are positive 

) 
2L2 

W 2 

The behavior Im(Y
22

,) and Im(Y
22

,) as a function of frequency is 
• • drawn in figure 4.15, with w
o2 

the frequency at which Im(Y
22

,) = O. 

Fig. 4.15 
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Y11' , Y22 , and Y22 , imaginary part versus frequency 

41 



• 
Clearly "'oZ > "'oZ· Thus, for stability it is sufficient when: 

• 
"'02 is given by the equation 

C -

• where C 

= 0 thus = 

with the previously given values for C, Rl and L1 . 

1 

L2 strongly depends on the bias resistor and may be large. 
• 2 2· value of "'02 (L2 ) is reached for LZ = 2 R2C where "oZlmax= 

From eq. 4.1 we find that 

The maximum 
• 1/(2R

Z
C ). 

2 
Wei = 

Rl - 1 gmin I· R~ 

Igminl. L~ 
thus for stabil ity it is necessary that: 

1 
< ( 

R1 - 1 gmin I· R~ 

Igminl. L~ 

This can be assured by choosing the right value for RZ: 

1 

This equation gives a minimum value for R
2

. A maximum value is set by 

the power dissipation in the bias resistor. It may not exceed 125 mW 

(SMD-resistor). In order to be able to bias in any point of the NDR 

region, the voltage across the device must reach 1 V (see par.4.1.1) 

this gives: R2 < 270 Q. R2 was set to 150 Q. 
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The stability was verified with a HP7704A oscilloscope with a 7A24 

plug-in unit and a 1 - 20 GHz PM7800 panoramic receiver (see figure 

4.16). An attenuator had to be used at the inputs of the instruments 

to make sure that the assumption of a 50 n load at the end of 

transmission line L (see figure 4.13) was valid. Without this 

attenuator, the DBRT did oscillate. 

fixture 

osc 
panoramic 
receiver 

Fig. 4.16 stability check for 20 ~m device 

No oscillations were observed in this set-up which means (with P 
osc 

the power produced by the device if an oscillation were present, 

calculated from the minimum sensitivity of the instruments): 

o - 200 

1 - 18 

MHz 

GHz 

Posc < 20 ~W 

P < 10 ~W osc 

Further no anomaly was observed in microwave measurements in the range 

of 0,1 - 18 GHz (chapter 5). This leads to the conclusion that the 

device was stable. 

-Measurement results 

Figure 4.17 gives the resulting J-V curves. They show no steps in the 

NOR regions. This indicates stability [Ref. 391. 

Probably, the shifts in valley current density (with respect to fig. 

4. 1) are caused by pressure on the device. The screw carrying the 

device (fig. 4.12) could not be adjusted well enough to control this 

pressure. An increased pressure can give a greatly enhanced valley 

current density whilst leaving the peak current densi ty practically 

unchanged [Ref. 11. 
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During microwave measurements, the device was mechanically damaged, 

reducing its effective area. The measured J-V curve for this case is 

given as a dashed line in figure 4.17, indicating that the remaining 

device was a DBRT device. 
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,/1 
20 um 

NEGATIVE BIAS 

Fig, 4,17 J-V curves of stable 20 ~m devices 

Also, a second DBRT device was measured in this fixture, giving the 

solid I ine in figure 4, 17. The stabil ity of this device was not 

checked with the panoramic receiver, nor with an oscilloscope directly 

connected to the transmission line, see figure 4.,16. Instead of this, 

the bias voltage was monitored on an oscilloscope and possible 

microwave signals were observed with the network analyzer (see par. 

5,6,2), No anomalies were observed in the range from DC to 17,9 GHz, 

Thus it is assumed that the device was not oscl.llat ing. This device 

shows the low valley current measured earl ier, which leads to the 

assumption that the pressure on the device was low, Further, a bias up 

and down measurement was done at several points of the J-V curve, 

including the valley, giving no hysteresis. This supports the 

conclusion in paragraph 4,1,4, that there is no hysteresis in the J-V 

curves of our DBRT devices. 
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From the measured J-V curves, the Negative Differential Conductance 

(NOC) can be calculated. This is done in figure 4.18 for the NOR 

regions. The NOC of larger devices can be estimated by assuming that 

the NOC scales with the area of the devices. 

, , , , , , , , 
-' 

" " 

20 /lm device 
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neg. bliiS pol ... l1.y 

--, volt.iIIge [VJ --) ,",0 I t Ige rV] 

.OS .7 .75 ., -25 
.35 .4 .45 ., 

Fig. 4.18 HDC of 20 /lm devices in HDR regions 

For positive bias polarity a maximum NOC of 17.5mS is found, 

corresponding to a minimum NOR of 570. For negative bias polarity the 

minimum NOR is 50 O. 

4.2.2 Measurements at very low bias voltage 

The triangular device and the 100 /lm device were measured at very low 

bias voltages (Appendix I>' No zero bias anomaly has been observed 

[Refs. 6, 40, 411. The results are given below: 

resistivity (Ocm2
) 

100 /lm device 

0.012 

45 

triangular device 

0.012 
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5. AC CHARACTERIZATION OF DBRTS AND TEST FIXTURES 

AC measurements were done with a modified HP-8410B network analyzer 

and an HP4275A multi frequency LRC meter. This was done for packaged 

devices in E-3 and F-5 packages. Also, the 20 ~m device in the fixture 

of figure 4.12 was measured. 

5.1 Determination of device capacitance at 10 KHz 

In order to determine the device capacitance, an E-3 packaged device 

was measured with a HP4275A LRC meter at 10 MHz. The instrument was 

calibrated with empty packages and shorted packages (with bonding wire 

of same diameter as used in packages with bonded DBRTs). A new test 

holder was constructed to prevent changes in measured inductance 

between subsequential measurements because, in the old test holder, a 

contact could vary from measurement to measurement (see figure 5.1). 

BNCl BNC2 

isprlng 

BNC3 BNC4 BNCl BNC2 

jpackage 
.: part s 1 and 2 may contact 

at any place 

BIIC3 BNC4 

jpaekage 

Fig. 5.1 Test holders for capacitance measurements 

Device resistance and capacitance could not be evaluated directly from 

the instruments display. With the circuit given in figure 5.2 for a 

packaged device. 

0----1CR:::=1---t! O~~+---'---'[J 
Z' --? s Z ~ 0-----------'-10 C R 

Fig. 5.2 Packaged device 
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it follows that: '. 

Z = jwL - R 

2 Im(Z) ~ wL - wC.Re(Z) 

By evaluating real and imaginary part of the measured data, this gives 

the following result for a 200 ~m device in E-3 package at zero bias: 

R = 34 Q, Cd = 65.8 pF corresponding to 2.2 mF/m2
. dey ev 

Apparently the assumption w2 R2 C2 « 1 was correct. Appendix 6 contains 

the measured data. The table indicates a defect i ve 100 /lm device 

(first device, resistance too low). This was verified with a 

DC-measurement; a large current in parallel to the device was found. 

5.2 Network Analyzer measurements from 0.1 GHz - 18 GHz 

By means of a network analyzer, the microwave impedance(s) of a 

structure can be determined by measuring reflection coefficient (s) 

[Ref. 32,42,43,451 in a transmission line. The analyzer measures the 

reflection coefficient at a reference plane (one-port measurement, see 

figure 5.3), or an S - matrix (two-port measurement, see figure 5.4) 

of a network between two reference planes in transmission 1 ine. The 

network analyzer is calibrated at these reference planes (calibration 

planes) by means of known impedances (calibration standards). 

The reflect ion coefficient of an impedance is p wi th p = bfa, the 

complex division of wave amplitudes A and B at a reference plane, 

where a is the complex ampl itude of the incoming wave and b is the 

47 



complex amplitude of the outgoing wave [Ref. 321. A scattering matrix 

(S-matrix) also relates complex amplitudes of in and outgoing waves at 

two or more reference planes (p is a one dimensional S-matrix). Figure 

5.4 gives the S-matrix for a two-port microwave network [Ref. 321. 

network 
analyzer 

L 
transmission 

-i-7 

•• • 
~! 
• reference plane 

a 

b 

line, e.g. coaxial line 

Ccrowave 

•• • impedance 

L_---' 
reflection coeficient p ; b/a 
a,b : complex amplitudes of waves at reference plane 

Fig. 5.3 Reflection coefficient measurement (One port measurement) 

port 1 • 

network 
analyzer 

port 2 • 

r--: transmission line, e.g. coaxial line 
b . 
1~i-. 

• • • 
[ ::,J [ Sl1 S12)[ a 1) 

: 
a

1 
;-7 ; 
. 1 

microwave S21 5zz aZ 
network 

,. 
ref. \ planes 

b1 : 
wave ampl. at a1. ' 

aZ ,2 ref. plane 1 
-:~ 

• • a,~ . b2: wave amp 1. at ,. 
ref. plane Z 

bZ~i 

Fig. 5.4 S-matrix measurement (Two port measurement) 

5.Z.1 Output power of Network Analyzer 

The network analyzer uses a microwave signal to determine the 

reflection coefficient or the scattering matrix of the network that is 

presented to the analyzer. The power of this signal varies with 

frequency. The output power can be varied with an attenuator in steps 

of 10 dB from 0 dB to 60 dB. The output power at port 1, for a one 

port reflection coefficient measurement, was measured without any 

attenuation, at the output port of the analyzer. A HP 436A power meter 

was used wi th a HP 8481A head. The head (3.5 mm coaxial line) was 
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connected to an APC-1 to SMA connector which was connected to port 1 

(7mm coaxial line) of the network analyzer. Figure 5.5 gives the 

result. 

30 

P (uW 

I 25 

20 

15 

10 

5 

Output power network analyzer Port 1 
Attenuatton: 0 dB 
Power meter: HP 436 A 
~Ith head: HP 8481 A 

--) rreq. (GHz) 

Fig. 5.5 Output power of network analyzer 

The accuracy of the network analyzer depends on the ampl i tude of the 

signal reflected by the load that is to be measured. The accuracy 

decreases with decreasing signal amplitude so it is desirable to to 

use as little attenuation as possible. The signal amplitude V 
signal 

V 
sIgnal 

= 10 / p 
signal 

(Voltage amplitude between center conductor 

and outer conductor of wave in 50 Q coaxial transmission line related 

to power tansported by that wave). 

The device under test (load) may be a nonlinear device. In order to 

determine a small signal impedance, the amplitude of the test signal 

must be sufficiently low. If the device has a large reflection 

coefficient (Ipl > I) then the amplitude of the reflected wave is Ipi 
times greater than the ampl i tude of the incoming wave. This means 

that the amplitude across the device is greater than V 
Signal 
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5.3 Network Analyzer measurements in 7 mm coaxial line 

5.3.1 Package and Junction models in 7 mm coaxial line 

Figure 5.6 gives a packaged device mounted at the end of a 7 mm 

coaxial line (outer diameter: 7 mm, inner diameter: 3.04 mm, medium: 

air>. 

COAXIAL MOUNT 

JunctIon 
coaxial line 
and radial 
lIne sectIon 

radial line 
section 

~ 4 package 

~ HETAL 

m CERAMIC -
II PACKAGE 

PACKAGE 

• SUBSTRATE 

Fig. 5.6 Packaged device at end of coaxial line 

The structure can be divided into four regions [Ref. 46-48]: 

1. coaxial line 

2. Junction between coaxial line and radial line section 

3.radial line section 

4. package. which can be divided in: 

1. area contributing to package capacitance 

2. area contributing to post and substra t., inductance 

3. area contributing to substrate package capacitance 

1. Coaxial line 

The reference plane of the network analyzer can be corrected for a 

piece of transmission line in order to compensate for the phase shift 

caused by the transmission line in region 1. 
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2. Junction of coaxial line and radial line section 

Formulas can be found [Ref. 46, 49] to calculate a x-network model for 

the Junction. However, other measurements [Ref. 50] give contradicting 

results for the capacitances in this network, so they will have to be 

determined by measurement (par 5.3.2), see figure 5.7. 

•..... -f"'II'V'V"\--.* . i L . 

L---ifc 
fl 

APC-7 
coaxial 
line 

physical location of 
elements in x network 

rvvvvY"\ 0 __ ,-_--, 

coaxial-t 
line Cn 

L 
0 

Cf2 f f o ___ -L _______ -L __ 
0 

1I network 

7adial 
line 

Fig. 5.7 lI-network for junction coaxial line and radial line section 

The inductance can be calculated from the given equation [Ref. 46]. 

L; "h 
2x 

3-Radial line section 

a coaxial inductance with : 

D outer diameter coaxial 
0 

D. inner diameter coaxial 
1 

h height junction 

" magnetic permeability 

(5.1) 

line 

line 

(air) 

Getsinger [Ref. 46] gives formulas describing a radial line section as 

a x-network, referring to Marcuvitz [Ref. 51] but also indicating an 

error in the formulas. Therefore, the formulas describing the 

impedances in the x-network are derived here from the radial line 

section current to voltage relationships given by Marcuvitz. Figure 

5.8 gives the radial line section and current and voltage definitions 

at its terminals, as well as a x-network which will be used as a model 

for the radial line section. 
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The radial line section has: 

r inner radius 

r outer radius 
0 

h height 

c dielectric constant of medium (air) 

f! magnetic 

junction 
coaxial & 
radial 
11 nes 

7 .... 
coaxial 
11 ne 

I (r 

permeabil ity of 

r 
o 

I ( r ) 

medium 

Ih 

r 

r : 

r , 
0 

h , 

I(r) I(r I 
o 

inner 

outer 

height 

+ o":::'~)I ___ -[=:;===}-__ I--==)~" + 

Y12 
V(r) 

- o __ -L ___________ -L ___ , _ 

VCr ) 
o 

Fig. 5.8 Radial line section 

radius 

radius 

From [Ref. 51] relations between currents and voltages can be found 

VIr) = VIr ) Cs(x,y) - j 2 I(r) sn(x,y) 
000 

2 I(r) = 2 I(r) cs(x,y) - J VIr ) Sn(x,y) 
000 

Where: x = k.r y = k.r 
o k = w.r;iC 

2 = <.hl2rrr = l/Y 

And 

Cs(x,y) 
J

l
(y) 

= 

cs(x,y) 
No(y) 

= 

2 =<.hl2rrr = l/Y 
000 

NO(x) - Nl (y) Jo(x) 

2/rry 

J l (x) - Jo(y) Nl (x) 

2/rry 
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Sn(x,y) 
Jt(y) Nt (x) - Nt (y) Jt(x) 

= 2/ny 

sn(x,y) 
Jo(y) NO(x) - NO(y) JO(x) 

= 2/ny 

with Bessel functions: J O' J t , NO and Nt· 

In order to determine the equivalent network, the current voltage 

relations have to be written in an admittance matrix description: 

From eqs. 5.2 we find that: 

V(r) ) 
VCr ) 

o 

VCr) - VCr ) Cs(x,y) 
o 

Z I( r ) = --....--:=-r~:-r---o 0 -j sn(x,y} 

(5.3) 

Z I(r) 
VCr) - VCr ) Cs(x,y) 

o 
= ---J'. """'s=n"'("x,.=,':-y"}:----· cs (x, y) - j V (r 0) Sn (x, y) 

With eqs 5.3 and figure 5.8: 

Y
12 = 

Thus: Y 11 = 

YZZ = 

Yt2 = 

= 

I(r) I 
vrrr- V(r )=0 o 

I(r) I - VTi'J 
o VCr)=O 

j Y 
cs(x,y) 
sn(x,y) 

j Y Cs(x,y) 
0 sn(x,y} 

j Y. sn(x, y). 

j Y 1 
sn(x,y} 0 

= I(r ) I 
V(r~ V(r)=O 

0 

Cs(x,y) cs(x,y) + Sn(x,y) sn(x,y) 

sn(x,y) 2 
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For sufficiently low frequencies (length of radial line section much 

shorter than wavelength in radial line section) Y 11 and Y22 are 

frequency dependent capaci tances and Y 12 is a frequency dependent 

inductance. The equivalent network is given in figure 5.9. 

coaxial line ---:--I.,----1rv;:: .. ---I ... -~ package 

o __ =r:L-r~a=d=1~ ______ =r:-L~r~a~2 

Fig. 5.9 Equivalent network of radial line section for sufficiently 

low frequencies 

If the inner radius is zero, then (r ~ a and x ~ 0): 

1 
= J Yo sn(x,y) 

1 

= a 

Y221 x~o J Yo 
Cs(x,y) 

J Yo' 
Jl(y) NO(x) - Nl (y) Jo(x) 

Ix~ = sn(x,y) = Jo(y) NO(x) NO(y) Jo(x) 

Jl(y) 
tlNol ~ .. and J

O 
., 1) (5.4) = J YO JO(y) 

This is a frequency dependent capacitor for sufficiently low 

frequencies which condition is met in our measurements. This should be 

expected because the situation corresponds to a coaxial line 

terminated by a capacitive gap. From Marcuvitz [Ref. 51] a low 

frequency approximation can be found for the value of this capacitor. 

It corresponds to the value given by eq. 5.4 (see appendix 3). 

Appendix 3 also compares the equations given by Marcuvitz to the 

correction given by Getsinger. 

54 



4. Package 

The network model given in figure 5.10 is assumed to be valid for the 

package [Ref. 46, 47, 50, 521. 

PACKAGE: 

Fig. 5.10 Network model package 

1.area contributing to package capacitance, C 
p 

C 
P 

The package capacitance is mainly determined by the ceramic ring 

(AI 0 , c '" 9) with a high relative dielectric constant. Each 
2 3 r 

capacitance in area 1 can be calculated from [Ref.461 C ; Acid. With 

A: area perpendicular to field direction E; c: relative dielectric 

constant; d: length in field direction. This corresponds to a 

parallel plate capacitor with the same field direction (E) as in 

the radial line section. 

2a. area contributing to post and substrate inductance, Lp 

These inductances are calculated as coaxial inductances (eq. 5.1) 

with the package diameter as outer diameter. The field direction 

corresponds to the H-field direction in the radial line section. 

2b. bonding wire inductance 

The inductance can be estimated from [Ref. 471 

-4 10 Lb'" 2.10 d [2.3. log(4d/D - 0.075) with: d: length bonding wire 

D: diameter of wire. 

3.area contributing to substrate-package capacitance 

This capacitance is calculated as a parallel-plate capacitor, with 

the field direction shown in figure 5. 10. 
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Figure 5.11 gives the total circuit model from ccaxial line to device, 

including a device model [Ref. 53-58]. 

Junctl on 
package device coaxia.l line: radial llne· 

So: radia.l llne[ section ! 
O~~~~~~~=~L~ 

R dey 
L L/ L L 

f cad p b 

" " S(~r 

C C i/ C C / C C 
f1 f2 r1 r2 p 2 

0 

R C 
fr~quency 
I dependent 

dey deY 

Fig. 5.11 Circuit model for packaged device in 7 mm coaxial line 

5.3.2 Determination and verification of circuit models from additional 

measurements 

The circuit parameters of the models described in paragraph 5.3.1 can 

be determined and/or verified by extra measurements. 

- Determination of C and C (fig. 5.7) at junction of coaxial line 
f1 f2 

and radial line section : 

The impedance of a shielded open 7 mm coaxial line can be measured 

(see figure 5.12). 

0 

I I 
" ... 

y L 
f -Ie / ~ -4 1 +c =c Tc C 

f2 rad 
0 

~_fl f2 ft ~_ .. 2 

~y 
m 

NETWORK MODEL 

Fig. 5.12 Capacitive gap in 7 mm coaxial line 

For very low frequencies, the measured capacitance~ C will be equal to: 
z 

C =C +C +C I =C +C I z f1 f2 rad w=o ft rad w=o 
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This capacitance can also be calculated according to [Ref. 51} giving 

(a,b,d in [m) and YO = 1/50, see also figure 5.12): 

2b 
n:c 

n:b a-b 
In(b/a) [ ~ + In(---d---) for 2n:d/A «1 

d 
and a-b «1 

From eq. 5.4 CradiW=Q can be found. Thus Cft is known. There is only 

one unknown parameter left: Cf2 (L
f 

can be calculated with eq.5.1). By 

measuring the impedance at one higher frequency (such that wL
f 

» 1) 

Cf2 can be found. 

1 1 

-1 jwC . jwC 
[ jWLf + 

r 
jwC 1 1 

jWC 
+ ·wC J r 

lIY = with C = Cf2 and C = Cradiw m 1 1 r 
jwC . ·wC 

-1 J r 
jWC + jWLf + and Y = jWC 1 1 m m 

jWC + jWC r 

giving: 

C - C r m 
2 

W L
f 

C2 
+ (C + C ).C + ( C C + m r r m = a (5.5) 

By solving eq. 5.5 C (= C
f2

) can be found. 

- Determination/verification of C
p 

+ C
2 

(package capacitance) 

Since the fields inside the package obviously do not correspond 

exactly to those in a parallel plate capacitor, it is important to 

measure these capaci tances. An empty package is inserted into the 

coaxial holder. The results are transformed to the package terminals 

by means of the established circuit model. Then the circuit model is 

given in figure 5.13. 

2 
W L C «1 

p 2 

Fig. 5. 13 impedance of empty package 
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As shown in figure 5.13, Land C can be mutually exchanged under the 
p 2 

assumption that w2 L C «1. In this case, a single capacitor (C + C ) 
P 2 P 2 

will give a good match between model and measurements (which is the 

case for our measurements with F-5 packages). 

- Determination/verification of Lb + Lp (post, substrate and bonding 

wire inductances) 

A shorted package with bonding wire of same diameter and approximately 

the same length is used. The measured impedance is transformed toward 

the package. The package capacitances C and C are eliminated (as is 
p 2 

done in fig. 5.13l. The resulting inductance is L
t
/ Lp. 

- Verification of Lf and Lrad 

A dummy metal package with the same dimensions as a real package is 

inserted into the coaxial holder. The circuit model for this case is 

given in figure 5.14. 

o 

o 

o 

o 

junction 
coaxial line 
& radial line 

L'" • 
f 

= ~ 
f1 

L L/ 

C ~ 
f2 

~~ 

f rad 

2 

~! 

radial line 
section 

i ~ C 

-"-L/' • 
rad 

c i 
r1 r2 

• frequency 
/ dependent 

~ 

C = ~ / ~ = C / c 
f2 r1 f1 

~ 
C 

r2 

DUMMY PACKAGE 
INSERTED IN 
COAXIAL 
HOLDER 

SIMPLIFIED 
CIRCUIT 
MODEL 

W(L +L ).(C +C +C )«1 
f rad fl f2 rl 

Fig. 5.14 Verification of Lf and L 
rad 

2 If w (L
f 

+ L
rad

). (C
f1 

+ C
f2 

+ C
rad

) « 1, the circuit can be reduced 

to the second model in figure 5.14. This will give L
f 

+ L
rad 

and thus 

give a measure for the height h of the 

region 2 of figure 5.6. 
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5.4 Models for Network Analyzer measurements in 3.5 mm coaxial line 

5.4.1 Circuit models for SMA test fixture with DBRT device 

Figure 5.15 gives the fixture of figure 4.12, used for the 

measurements of the unpackaged 20 ~m devices, with the chip capacitor 

replaced by a mica capacitor. 

HlCA 
CAPACITOR 

SHD 
RESISTOR 

C 
strip 

STRIPLlNE: 

front vleuw 

L 
m 

Z 
Hblas 

C 
J2 

50 Q, LEN 21 

HETAL 

LEN 1 

C 

outer 
conductor 

cen t e r 
conductor 

SMA 
connector 

~ 

L 

C 
J 1 

J 1 

50 Q, LEN 

side vieuw 

d 
strlp 

0 

0 

1 

substrate 

<----------» ,.., _-:,:--
. strip 

Fig. 5.15 Test fixture 20 ~m device and circuit model 
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If junction 1 is taken to be well matched (C jl' and L jl neglected) and 

L is neglected, the circuit model can be simplified (see figure 
m 

5.16) . 

L Z 
slr lp .J,..blas network 

cstr1f..---r-<¢:,¢ r, o 

o 

SO a,LEN 21 50 0, LEN 1 

Fig. 5.16 simplified circuit model 

5.4.2 Determination and verification of circuit models from addltional 

measurements 

- Determination of impedance bias network. 

The simplified circuit model in figure 5.16 contains one unknown 

circuit element: the impedance of the bias circuitry in parallel to 

fringing capacitance Cf2 . Lstrip and Cstrip can be estimated by 

assuming that they are the capacitance and inductance of a micro strip 

line of length lstrip' height hstrip thickness dstrip and width 

Wstrip' If the screw, carrying the device, is loosened slightly such 

that device contact is broken, the bias circuit won't be altered. The 

measured impedance will closely approximate 

impedance. 

the bias network 

The circuit model in figure 5. 15 contains several unknown elements 

tha t must be determined in order to find the impedance of the bias 

circuitry. 

- Junction 1 

The values of the junction capacitance and inductance can be 

determined by measuring the complete S-matrix of the structure in 

figure 5. 17 which represents a back to back connection of two SMA 

connectors with a short air line. The structure is symmetrical and LEN 

1 and LEN 2 correspond to the lengths given in figure 5.15. 
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SMA connector 
plane 

LEN 2 

SMA connector 
plane 

TEFLON : 
SHA LINE 50 QI 

LEN 2 

T JUNCTION 1 T JUNCTION 1 

i ( LEN 1 t--:-L-=ECCN:--C1'---->' i 
, ., ... ,.,.. . ... j j--'-

o __________ _+-<~~~~:-----------+-----------~~:~~~~----------o 

7]1 7 J1 
o-------------+-------____ ~ ____________ ~ ________________ ~--------~------------o 

50 Q,LEN 21 j 50 Q,LEN 1 50 Q,LEN 11 50 a,LEN 21 

Fig. 5.17 determination of junction capacitances 

The 

the 

capacitance C jl and inductance L Jl 

circuit model to the measured data. 

can be determined by fitting 

This can be done with program 

"APLAC", see also paragraph 5.2.6 for more information. 

Appendix 5 gives a different method to determine a circuit model for 

junction 1. 

The impedance of the bias circuitry and the fringing capacitance can 

be determined by removing the screw carrying the device and replacing 

it by by a dummy sealing the hole, see also figure 5.18. 
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C 
strip 

~~ 

Fig. 5.18 measurement of impedance bias circuitry and fringing 

capacitance at end of coaxial line. 

By correcting the measured data for junction 1 the impedance Zb is +s 
found. It consists of the impedance of the bias circuitry Zb in 

parallel to fringing capacitance Cf2 and an extra capacitance Cstrip 

an~ inductance Lstrip' For sufficiently low frequencies Lstrip 

(w LstripCstrip « 1) can be eliminated. Cstrip can be approximated by 

the capac i tance of an open-ended micro strip-line of the same length 

lstrip and height hstrip' The inductance of the strip section Lstrip 

plus the inductance of the screw carrying the device can be determined 

by using a short instead of the device (see figure 5.19). 

Fig. 5.19 determination of Lt. 
s rip 

b+m Zb C 
f2 

L 
strip 

-'C 
strip 

Z--:]] 
o ________ L-____ ~ 

short 
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The measured impedance is corrected for junction 1, giving L . Here, -b+m 
it is assumed that the field pattern for the bias circuitry and the 

fringing capacitance Cf2 is not 

the short. This gives the 

influenced too much by the presence of 

circuit model of figure 5.19. If 
2 

w LstripCstrip « 1, the capacitance Cstrip and inductance L can strip 
be mutually exchanged. The previously measured impedance Zb (fig. +s 
5.18) can be used to transform the measured data, giving L strip' 

5.5 Determination and verification of circuit parameters with APLAC 

and COMB I. 

APLAC is a program. written for the minimization of the largest error 

between an objective function and a target function. The objective 

function can depend on up to 10 parameters. The program is written 

specially for microwave optimization problems. The objective function 

can be an S-parameter (or several S-parameters) of a given network. 

For a given circuit, the circuit element values can be used as 

optimization parameters. Valtonen [Ref. 59] gives a full description 

of the program. APLAC has been used to determine and verify various 

parameters of the models used to describe the measured networks, 

including the device parameters. 

COMB I is a program written to convert measured data through 

ladder-networks consisting of, resistors, capac i tors, inductors, 

transmission lines and impedances obtained by measurement or 

calculations, to find a desired impedance. Further, it will calculate 

the rr-network representing a radial line section of given dimensions 

with polynomial approximations of the Bessel functions [Ref. 60] in 

the formulas given in paragraph 5.3.1. 
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5.6 Measurement results in 7 mm coaxial line 

5.6.1 Determination of package and mount model for F-5 package 

Figure 5.20 gives the dimensions of the F-5 package and the dummy 

package which has the same dimensions as the F-5 package in the 

coaxial mount. 

~[:::::~:-
~ .......... ~ .. : ... ~.~ ...... ~ .. ~_ .. _... . ...... _ .. __ ... 1 .. _ ....... _ .. _ .. _ .............. 7 

~I:=--~········· .... ·.· .. ·:·::· :.= .. : •• ~.~~:=== c. a. 0.26 mm 

0.5 mm lc.a· ....... r= ... , ..................... , 1.27 mm 

Fig. 5.20 Dimensions of F-5 package and dummy package in coaxial mount 

The impedance of: an empty mount (fig. 5.12, par. 5.3.2) 

were measured. 

two dummy packages (fig. 5.11, par. 5.3.2) 

an empty package (fig. 5.10, par. 5.3.2) 

a shorted package (see also par. 5.3.2) 

The network analyzer was calibrated at the end of the center conductor 

(top of the package) so the reference plane of the measurements was 

not shifted. From the dummy package measurements a new estimate was 

made for the height of the package, which was 51 ~m higher than given 

in figure 5.20. The radial line impedances (see par. 5.3. 1) were 

calculated with this height and the package radius and the center 

conductor radius as dimensions for the radial line section. For the 

measurement with the empty mount, the radial line impedance was 

calculated with the inner radius set to zero. 

The circuit model given in figure 5.12 was used to model the 

capacitive gap in the measurement of the empty mount. Eq. 5.5 was used 

to estimate Cf1 and Cf2 . With these starting condItions, the model was 

fitted to the measurement data giving a good fit: 

Cn = 36.1 fF Cf2 = 54.3 fF 
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,. 

4. 

OHM ,. 

,. 

,. 

The open package measurement was used to determine the package 

capacitance giving: 

The inductance of the bonding wire was found from the measurement of 

the shorted package, giving: Lb + Lp = 431 pH. The impedance of this 

Uinductance" is given in figure 5.21. 

, .. 
IMAGINARY PART REAL PART 

1.5 

OHM 

1.0 

.., 

·.~~t'~~4~~'~~*'~~I.~~I~'~-'~4~-T."~-7,,, 
f"r-ak .... CC;Hz) 

0.0a~~},~-t4~~,~~,~-,I~.~-t,,~-7'4'-~I~'~~'" 
F"t'li!k",. CGHzJ 

Fig. 5.21 Inductance of bonding wire + post of shorted package 

The increasing resistance for increasing frequency might be caused by 

the skin effect in the bonding wire. Calculations of the AC resistance 

of the bonding wire with R 
AC 

[Ref. 61] with skin depth A: 

show that the maximum increase 

in resistance is 0.3 Q, which is not sufficient to account for the 

increase in resistance. The bonding wire length (c. a. 0.48 mm) is 

shorter in packages with devices (0.37 mm due to the height of the 

substrate) and the contact resistance of the devices is in the order 

of a few ohms (triangular device in F-5 package), which is much larger 

than the variation caused by the skin effect. For these reasons the 

skin effect in the bonding wire is not taken into account. 
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5.6.2 Determination of package and mount model for E-3 package 

Figure 5.22 gives the dimensions of the E-3 package in a coaxial 

mount. 

cent. cond.~ 
pack. cap ~ 

~out. cond 

3.04 

ceramIc ---7 

L 

0 
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22. 
C C 
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o T° .~ 

2.00 -? 

7.00 %= 

All dimensions in mm 

L L 
r p 

109 186 
C 

r p 77 7° 
C 

2 

\195 

Capacitances in fF, inductances in 

L 
b 

165 ] ... , .. 
pH 

Fig. 5.22 Dimensions of £-3 package in coaxial mount and equ.ivalent 

circuit of £-3 package 

The figure also gives an equivalent circuit for .a E-3 package in the 

coaxial fixture [Ref. SO]. Disregarded the post height the dimensions 

of this package are the same as the dimensions or the E-3 package. In 

this case, Cz is much larger than C
p 

(see also figs. 5.10 and 5.13) 

and they cannot be joined to one package capacitance Cp + Cz. 

The dimensions of the radial line section are such that the presence 

of a fully formed radial mode is unlikely [Ref. SO]. The length of the 

section is much shorter than one wavelength at 18 GHz, therefore the 

radial line section is modeled with coaxial inductance L and parallel 
r 

plate capacitance C . 
P 

Measurements with, a dummy package, an empty mO\lnt, an open package 

and a shorted package were done. The measurements were distorted by 

"resonances" at 4 and 12 GHz. These may have been caused by contact 

problems during the measurements or by an error in the calibration 
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procedure. They cannot be explained from the circuit model for the 

coaxial mount and the package. For this reason the measurements were 

used up to 1.7 GHz only and the circuit model representing the package 

and mount was simpl ified to an inductance in series wi th a 

capacitance. Here the inductance represents the low frequency 

inductance of the shorted package and mount: Lps e Lj + Lr + Lb + Lp' 

The capacitance represents the low frequency capacitance of the open 

package: C ~ C + C + C ps-fl f2 r + C 
P 

+ C
2

. Land C were determined 
ps ps 

from the measurements with an empty and a shorted package, giving a 

good fit for frequencies below 2 GHz. Figure 5.23 gives the model and 

the estimated values of C and L ps ps 

O~--------r---------. 
L 1.06 nH 

s 

C 332 £F device 
ps 

O------------------~---------' 

Fig. 5.2 Simplified circuit model for F-3 package and device 

5.6.3 Measurements with DBRT devices 

Several values of Network analyzer output signal attenuation A were 
n 

used. One measurement was done with an attenuator with attenuation A a 
in between the network analyzer output port and the coaxial mount, see 

also figure 5.24. 

Port 1 
ATTENUATOR 

NETWORK ANALYZER 
Output Allen. : A dB A dB 

n a 

T T Coaxial 
mount 

Bl as 1 eads to APC 7 APC 7 
bt as fi 1 ter of conn. conn. 
network analyzer 

I J 111 
0-

~ D 
0 0 0 0 , ~ 0 .... bias 
0 ...... source 
0 + 

oscIlloscope 

Fig. 5.24 Measurements with coaxial mount 
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-t~<I.00 

The circumstances under which the measurements were done are 

collected in table 5.2, giving: 

- Device and package used in the coaxial mount, 

- Attenuations An and Aa' 

Table 5.2 Conditions measurements with coaxial mount 

measurement device. A (dB) A (dB) package 
data set n a 

A triang. 10 0 F-5 

B triang. 0 10 F-5 

C triang. 0 0 F-5 

D 100 Ilm 0 0 F-3 

The measurement data was corrected for the coaxial mount and the 

packages, except for the bonding wire inductance. 

The measurement data sets A and D have irregularities around 12 GHz. 

Figure 5.25 gives two examples where the sol id Line represents the 

reflection coefficient modulus and the dotted line the phase. 

Data set A Data set D 

llI'j~,: I'JU'J o,'-:'! ill 1:':'11::';1 w --~--.------ - --.---~ .. - .... - .. ------.- -.-

(~".'M' . 

S>, 

." 

1J.('~\:;-'--"J....i...LJ_c I_L~' , , , ! " ~--'-'-..l...J..~.;~"...~L-~~~c-'-.c;'? rrrq 

~ ~ " (~~,) 

Fig. 5.25 Irregularities in measurement data around 12 GHz 
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The irregularities are present in measured reflection coefficients 

with the same netwo['k analyze[' calib['ation and st['uctu['es such as 

empty mounts, empty packages 0[' dummy packages. They cannot be 

explained f['om the ci['cuit model ['ep['esenting the device mount and 

package and they ar-e thought to be caused by eithe[' a p['oblem in the 

cal ib['ation p['ocedu['e 0[' by a contact p['oblem, e. g. in the coaxial 

mount. Fo[' this ['eason, the measu['ement data between 10.1 and 14.2 

GHz is not used fo[' data set A. Data set D is st['ongly disto['ted and 

the measur-ement data is used f['om 0.1 to 1.7 GHz only. A simple model 

(see par-. 5.6.2) is used to co['['ect fo[' the mount and package. 

The stability of the measu['ement ci['cuit was ve['ified with an 

oscilloscope ac['oss the biasing leads and by watching the spot width 

on the pola[' display of the netwo['k analyze['. This spot was b['oadened 

in the case of a oscillations (which we['e obse['ved unde[' some biasing 

conditions). Also the I-V cur-ves of the devices we['e compar-ed to the 

['eadout of the mete['s (V and A in fig. 5.24). The cu['['ent to voltage 

['elationship usually gets disto['ted if the ci['cuit oscillates. The 

measu['ed ['eflection coefficient was st['ongly disto['ted fo[' an 

oscillating device, figu['e 5.26 gives an example. 

OSCILLATING DEVICE::::"'-_I---.:R:::EFL. COEFF. 0-18 GH:t 

Fig. 5.26 Oscillating device, measured reflection coefficient 
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Low frequency « 200 MHz) oscillations were also detected on the 

oscilloscope. Measurements with unstable biasing conditions were not 

used to determine circuit models for the devices. 

The results of fitting a model as given in figure 5.27 representing 

device and bonding wire to the measured reflection coefficients are 

collected in table 5.3. 

·~C~T-~ 

L R t 0 bond s 
C C (conductance) 

• ______________________ -L ___ d_e_v __ ~ deY 

Fig. 5.27 Hodel representing device and bonding 'fire 

Table 5.3 Results of fitting model to measured reflection coefficients 

Vbias % Rem. Lbond(nH) R ((1) Cd (pF) G
d 

(mS) 
s ev ev 

device err. set 

0 mV 3.4 A 0.350 3.26 0.717 0.663 

0 mV 2.6 B 0.357 3.63 0.708 0.304 

0 mV 4.8 C 0.357 3.96 0.717 0.866 

577 mV 4.3 A 0.337 3.46 0.478 12.56 

634 mV 8.1 A 0.308 5.42 0.M9 -5.180 
• 

0.70 V 4.4 B 0.340 5.96 0.565 -7.801 

710 mV 7.6 A 0.315 5.40 0.6:21 -8.635 

801 mV 4.1 A 0.342 4.49 0.507 -0.418 

995 mV 3.6 A 0.343 4.11 0.494 3.924 

0 mV 9.4 0 0 0.23 11. 49 8.20 

0 mV 9.4 0 0 0.20 11. 47 8.21 

614 mV 6.9 0 0 0.031 8.08 98.99 

782 mV 8.9 0 0 0.17 8.40 8.69 

.: The measurement data points from 0.2-14.1 GHz were not used. 

In some cases the measurement data in between 0.2 and 14.1 GHz was not 

used. In these cases a high reflection coefficient was measured with a 

low attenuation A + A of the output signal of the network analyzer. 
n a 

This means that the signal amplitude across the OBRT well-barrier-well 

region was high. 
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In the biasing point with maximum NDC, the NDC of the devices strongly 

depends on the device voltage (see figure 4.18J. Nonllnearities are 

thought to cause the irregulari ties in phase and amplitude of the 

measured reflection coefficients. These irregularities prevent a 

good fit between model and measurement. Figure 5.28 gives an example. 

NONLINE:ARITY CAU_S_ED_+-_.Y~HIGH SICNAL AMPLITUDE 

8-18 GHz 

, 

Fig. 5.28 Heasured data showing nonlinearity of device due to 

measurement signal amplitude. 

At high measurement frequencies, the AC voltage 

the device 

across the 

capaci tance barrier-weI I-barrier region is low because 

shorts the region. At 100 MHz, 

analyzer is low (see fig. 5.5). 

the output power of the network 

Wi thout attenuation P t 9! 1 /lW and 
ou 

9! 20 mY. Thus the peak to peak vol tage of the outgoing wave V t 
ou ,pp 

the voltage across the device and the nonlinearity of the device will 

be limited at 100 MHz (see also chapter 7). For these reasons the 

measurement data at 100 MHz and at high frequencies can be used to 

determine circuit models. 
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If only Cd and Gd are used as variables, the results collected in 
ev ev 

table 5.4 are obtained. First, the model was fitted with 

Cd as variables ev 
fittings with sets 

and L
bond 

set to the mean value of 

A, Band C; and with set D. Then, the mean 

of these fittings was used to obtain the results collected 

G
d 

and 
ev 

previous 

value R 
s 

in table 

5.4. This was done for measurement data sets A, Band C and with 

set D. 

Table 5.4 Results of fitting model to measured reflection coefficients 

V % Rem. Lbond(nH) R (0) Cd (pF) G
d 

(mS) 
bias s ev ev 

device err. set 

0 mV 8.3 A 0.341 4.45 0.767 -0.461 

0 mV 7.4 B 0.341 4.45 0.790 -0.380 

0 mV 8.2 C 0.341 4.45 0.300 -0.405 

577 mV 6.9 A 0.341 4.45 O.Q92 11.98 

634 mV 15.6 A 0.341 4.45 0.562 -5.462 
• 0.70 V 13.6 B 0.341 4.45 0.566 -7.470 

710 mV 19.0 A 0.341 4.45 0.579 -8.386 

801 mV 4.1 A 0.341 4.45 0.509 -0.442 

995 mV 4.1 A 0.341 4.45 0.501 3.452 

0 mV 9.4 D 0 0.16 11. 47 8.26 

700 mV 9.4 D 0 0.16 11.46 8.33 

614 mV 7.0 D 0 0.16 8.32 99.85 

782 mV 8.9 D 0 0.16 8.40 8.71 

.: The measurement data pOints from 0.2-14.1 GHz were not used. 

The results from fitting the model to t.he measurements get 

significantly worse for sets A, Band C. Apparently the models are 

sensitive to small deviations in Lbond and Rs' The irregularity around 

12 GHz in measurement data set A (see fig. 5.25), which does not have 

the same strength in each measurement, can cause such deviations. 

~ond and Rs are mainly determined by the high frequency behavior of 

the devices and it can not be assured that the measurement data is 

correct within a few percent for frequencies above 14.1 GHz. 

Measurement data set D was f it ted to the mode I up to 1. 7 GHz only, so 

the previous discussion does not apply to this case. 
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The measurement data sets A, Band C were also fitted with a model 

with an extra inductance in series with the conductance Gd in figure ev 
5.32. The results gave a value of about 40 pH for this inductance, but 

the goodness of the fit (error percentage) did not significantly 

improve so the result is not reliable. 

The extra inductance represents the delay caused by the time electrons 

spend in the well [Ref. 62]. It limits the oscillation frequency of 

DBRT oscillators and is thought to become effective for frequencies 

above 50 GHz. Thus in order to measure the delay measurements at 

higher frequencies should be done. 

5.7 Measurement results in 3.5 mm coaxial line 

5.7.1 Determination of equivalent network for test fixture 

The SMA test fixture was modeled as a piece of transmission line 

loaded by an 

figure 5.15) 

impedance Zb because the influence of Junction 1 (see +s 
could be neglected. Appendix 5 describes the method used 

to measure and model the junction. 

The impedance Zb was measured (see figure 5.18). In this case +s 
~ 40 fF and L t i < 0.24 nH (par. 4.2.1) thus w2 

L tiC t . s r p s r p s rlp 

C strip 
< 0.12 

« 1 at 18 GHz. This means that Zb can be used throughout the entire +s 
measurement frequency range to represent the impedance of the bias 

circuitry and the fringing capacitance C
f2 

(see fig. 5.18). The 

impedance Zb+s was determined for three different bias networks: 

1) Bias network as shown in figure 5.15 

2) Bias network as shown in figure 4.12 

3) No bias resistor and capacitor in SMA test fixture 

In the second bias network a chip capacitor is used to shunt the leads 

of the bias source. The capacitor does not sufficiently short these 

leads. Reflections from the coaxial line going to that source disturb 

the measurements. A Smith diagram of the measured Zb shows many +s 
loops caused by these reflections, this is not the case for bias 

network 1. Figure 5.29 shows the impedances of both bias networks. 
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BIAS NETW. J 
B-Ill GHz 

Fig. 5.29 Smith chart representation of impedance of bias network 2) 

respectively bias network 1) 

For bias networks 2 and 3, no measurements were made with a. dummy 

sealing the hole of the screw carrying the devlce. Here the screw 

carrying the device was loosened considerably and the resulting 

impedance was used as an estimate for Zb . 
+s 

For each bias network. the impedance was measured with the screw 

carrying the device loosened slightly. such that device contact was 

broken. By comparing the result with the 

estimate of the capacitance C
f3 

shunting 

previously measured 2b . an 
+s 

the DBRT mesa was found. See 

also figure 5.30. C
f3 

is the capacitance between the top of the 

substrate and the protruding center conductor. 
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Fig. 5.30 Capacitances C
t3 

shunting the device and C
t4

in series with 

the device. 

However, if the distance from mesa top to the protruding center 

conductor, d
m

, is too small, then C
f4 

will be large and C
f3 

alone will 

not be sufficient to give a good fit to the measurements. In this case 

a model of the device at zero bias in series with C
f4 

must be added to 

the model. 

This gives the following results: 

Bias network 1) C
f3 = 73 fF; C

f4 = 00 fF 4.3 % Err. 

2) CfJ = 64 fF; Cf4 = 00 fF 4.3 % Err. 

3) CfJ = 00 fF; Cf4 = 166 fF 5.8 % Err. 

The measured device capacitances were corrected for C
f3

. 

The SMA test fixtures were not measured with a short (screw) instead 

of the device. This might damage the surface of the protruding center 

conductor (see fig. 5.24). A rough surface, roughness in the order of 

a few micrometer, would make contacting with a device impossible 

because the height of the mesa is only about 3 flm. Thus the test 

fixture would be useless. 

5.7.2 Measurements with DBRT devices 

The measurements wi th DBRT devices were done wi th several values of 

input attenuation A of the network analyzer. Also attenuators with 
n 

attenuation A were used with the SMA test fixture, see also figure a 
5.31. 
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NETWORK ANALYZER 
Output Allen.:A dB 

n 

Bias leads to 
bias fil ter of 
network analyzer

t 1 ' 

Port 1 

i 
SMA 

conn. 

ATTENUATOR 
A dB 

i 
SMA 

conn. 

Fig. 5.31 Heasurements with DBRT devices 

2 2' 

SMA test. 
fixture 

The circumstances under which the measurements were done are collected 

in table 5.5, giving: 

- Network at terminals 2-2' or 1-1';a 500 resistor or the bias source 

BS, 

- Device used in the SMA test fixture, 

- Attenuations A 
n 

and A • a 
- Bias network of test fixture (see also par. 5.7.1). 

Table 5.5 Conditions measurements 

measurement termin. termin. dev. A (dB) A (dB) 
data set 1-1' 2-2' n a 

A 50 Q BS 20 Il 10 6 

B 50 Q BS 20 Il 20 I) 

C BS - 20 Il a I) 

D BS - 200 Il a I) 

• E - BS 20 Il a 10 

bias netw. 
test fixt. 

1 

1 

1 

3 

2 

.: Damaged 20 Ilm device, DC measurements indicate that about 39 " of 

surface Is lefl and functions properly as a DBHT device. This was 

verified with a microscope. 

The measurement data was corrected for the SMA test fixture, 

including the bias network. 

The stability of the measurement circuit was verified with an 

oscilloscope in parallel to the bias leads and by checking the spot on 

the polar display of the network analyzer (see par. 5.6.3). 
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The results of fitting a model as given in figure 5.32, representing 

the device plus strip line inductance and contact resistance, are 

collected in table 5.6. 

O-lVV1~==:I--r-~ 
L R 
strip cont 

C 
dev 

G (conductance) 
dey 

o ________________________ ~ ______ ~ 

Fig. 5.32 Device and strip line section model 

Table 5.6 Results of fitting model to measured 

coefficients; see next page. 
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V
bias 

% Rem. Lstrip(nH) R t (0) Cd (pF) G
d 

(mS) 
con ev ev 

device err. 

0 mV 4.3 A 0.213 3.93 0.379 0.689 

578 mV 3.3 A 0.223 3.35 0.224 7.052 
• 

644 mV 3.2 A 0.145 7.19 0.388 -13.34 
• 652 mV 3.9 A 0.124 6.53 0.454 -15.94 
• 654 mV 3.9 A 0.130 7.12 0.436 -15.95 
• 656 mV 3.7 A 0.116 7.75 0.477 -16.29 
• 

658 mV 3.5 A 0.158 8.43 0.356 -14.09 
• 678 mV 2.4 A 0.167 7.03 0.339 -8.469 

694 mV 4.7 A 0.185 6.97 0.303 -4.642 

795 mV 3.7 A 0.212 4.03 0.262 0.536 

0 mV 4.2 B 0.193 9.58 0.392 0.195 

588 mV 3.4 B 0.219 10.33 0.202 7.272 

629 mV 3.8 B 0.190 8.85 0.274 0.218 

675 mV 8.5 B 0.147 8.36 0.351 -8.550 

686 mV 5.7 B 0.166 7.20 0.317 -5.702 

697 mV 4.8 B 0.169 6.24 0.308 -3.867 

706 mV 4.5 B 0.175 5.59 0.300 -2.687 

717 mV 4.4 B 0.179 5.08 0.293 -1. 804 

787 mV 3.9 B 0.193 8.65 0.264 0.581 

1196 mV 4.7 B 0.196 10.52 0.244 5.73 

0 mV 4.7 C 0.170 3.29 0.383 0.312 

797 mV 3.9 C 0.164 3.47 0.259 0.548 

0 mV 6.0 D 0.208 0.678 54.99 27.87 

780 mV 5.8 D 0.208 0.982 42.34 9.52 

781 mV 5.8 D 0.208 0.952 40.64 10.64 

807 mV 5.8 D 0.209 0.948 35.22 64.63 

0 mV 4.8 E 0.312 3.12 0.691 0.772 

583 mV 4.3 E 0.326 1. 71 0.692 3.340 

650 mV 5.1 E 0.309 2.21 0.789 1.004 

668 mV 6. 1 E 0.289 3.09 0.837 -1.556 

684 mV 7.5 E 0.276 4.17 0.880 -3. 785 

688 mV 7.5 E 0.276 4.17 0.884 -3.740 

692 mV 7.4 E 0.277 4.08 0.879 -3.620 

848 mV 5.1 E 0.310 1. 98 0.928 0.992 

1376 mV 4.6 E 0.316 0.852 0.796 6.06 
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-: The measurement data polnts from 0.2-14.1 CHz were not used, see 

par. 5.6.3. 

In order to obtain a good fit between model and measurement, the 

measurement data obtained with the damaged 20 I'm device is used for 

frequencies below 10 GHz. The estimated device capacitance seems to be 

too large. This could be explained by assuming the presence of a 

capacitor in parallel to the device, caused by the substrate which 

could be very close to the protruding center conductor (see fig. 

5.25). This conductor can bend upward if the mesa is pressed against 

it. Since the mesa is only 3 I'm high and the substrate is about 150 I'm 

x 150 I'm the substrate can come very close to the protruding center 

conductor. The damage of the mesa indicates that the forces on the 

mesa have been relatively high. 

If only Cd and Gd are used ev ev as variables, the results collected in 

the mode 1 was fi t ted with R t' Gd 
table 5.7 are obtained. First, 

and Cd as variables and ev 
fittings. Then, the mean 

con ev 
L t i set to the mean value of the previous s r p 
value R t was used to obtain the results con 

collected in table 5.7. This was done for each measurement data set. 

The results achieved with measurement data sets A and B get worse when 

Rand L are set to a fixed value. The contact between the cont strip 
DBRT device and the protruding center conductor is very sensitive. It 

changes with the temperature of the fixture. During measurements it 

repeatedly occurred that device contact was broken after which it had 

to be restored by turning the screw carrying he device. Thus contact 

resistance and inductance may have varied during the measurements and 

a good fit between model and measurements cannot be obtained with a 

single value for these elements. 

79 



Table 5.7 Results of fitting model with fixed R .t and L i' con str p 

V
bias % Rem. Lstrip (nH) R t (0) Cdev(pF) G

d 
(mS) 

con ev 
device err. set 

0 mV 10.3 A 0.167 6.99 0.450 -1. 410 

578 mV 6.4 A 0.167 6.99 0.278 6.307 
• 

644 mV 7.4 A 0.167 6.99 0.354 -13.24 
• 

652 mV 10.9 A 0.167 6.99 0.367 -15.72 
• 654 mV 11. 2 A 0.167 6.99 0.367 -15.90 
• 

656 mV 15.7 A 0.167 6.99 0.379 -16.37 
• 

658 mV 8.9 A 0.167 6.99 0.359 -14.20 
• 

678 mY 2.5 A 0.167 6.99 0.339 -8.465 

694 mY 5.9 A 0.167 6.99 0.316 -4.883 

795 mY 7.8 A 0.167 6.99 0.298 -1.180 

0 mV 4.8 B 0.183 8.57 0.401 1.064 

588 mY 4.4 B 0.183 8.57 0.206 8.389 

629 mY 4.1 B 0.183 8.57 0.277 0.504 

675 mY 11. 3 B 0.183 8.57 0.327 -8.400 

686 mY 7.9 B 0.183 8.57 0.294 -5.765 

697 mY 8.3 B 0.183 8.57 0.291 -5.009 

706 mV 8.4 B 0.183 8.57 0.281 -4.230 

717 mY 8.8 B 0.183 8.57 0.282 -3.530 

787 mY 4.3 B 0.183 8.57 0.269 0.699 

1196 mY 4.1 B 0.183 8.57 0.247 6.315 

0 mY 4.8 C 0.167 3.46 0.386 0.087 

797 mY 4.0 C 0.167 3.46 0.258 0.549 

0 mV 5.9 0 0.208 0.89 61. 86 25.47 

780 mY 5.9 0 0.208 0.89 41. 10 8.091 

781 mV 5.9 0 0.208 0.89 40.54 10.90 

807 mY 5.9 0 0.208 0.89 38.88 62.00 

-: The measurement data points from 0.2-14.1 GHz were not used, see 

par. 5.6.3. 
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5.8 Summary of measurement results 

The device conductances and capacitances have been estimated in the 

previous paragraphs. In figure 5.33 and figure 5.34 they are plotted 

as a function of the device DC bias voltage. The figures give the 

capacitance per amount of area and the conductivity of the devices. 

The estimated differential conductances agree well with the 

differential conductances found from DC measurements. 

Legenda for figures 5,33 and figure 5.34: 

X 
# 

* 
a 
8 
$ 

% 

measurement data sets A, Band C; 7 mm coaxial line, table 5.3 
measurement data set D; 7 mm coaxial line, table 5.4 
measurement data set A; 3.5 mm coaxial line, table 5.6 
measurement data set B; 3.5 mm coaxial line, table 5.6 
measurement data set C; 3.5 mm coaxial line, table 5.7 
measurement data set D; 3.5 mm coaxial line, table 5.7 
measurement data set E; 3.5 mm coaxial line, table 5.6 
measurement at 10 MHz of 200 ~ device, see app. 6. 

solid line: DC measurement 
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Fig. 5.33 Device conductance as a function of bias voltage 
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Fig. 5.34 Device capacitance as a function of bias voltage 

For low bias vol tages, the device capacitance decays with increasing 

bias voltage. In the NDR region the capacitance value has a peak, this 

is believed to be due to charge storage [Ref. 641. The device 

capacitance does not depend strongly on the bias voltage for higher 

bias voltages and slowly decays with increasing voltage. The decay of 

device capacitance with increasing bias voltage may be explained by 

the growth of the depletion layer width on the anode side. 

Finally figure S.3S gives the device impedance for the triangular 

device at zero bias and in the NDR region. Smi th charts of several 

measurements and models can be found in appendix 4. 
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Fig 5.35 Impedance of the triangular device with 0 mV and with 634 mV 

bias voltage, measurements and models from table 5.3 
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6 CONCLUSIONS 

Due to a quantum mechanical effect DBRT devIces have negative 

differential resistance (NDR) regions in their I-V curves. 

The stabil ity of circuits containing NDR devices can be verified by 

Routh-Hurwitz testing of the characteristic polynomials of these 

circuits, or by plotting impedance (as a function of frequency) curves 

of packaged devices and terminating networks in whkh the packages are 

mounted. 

Packaged NDR devices can be stabilized If the bonding wire series 

inductance is limited. They are stabi lized if they are used wi th a 

terminating network such that the total circuit does not oscillate 

under any bias condition, including bias in the active regions. For 

this purpose, terminating networks such as resistors, resistors and 

capacitors, LC or RLC ladder networks can be used. 

If the I-V curves of devices that are not stabilized are measured then 

the DC current-voltage relation can be distorted i" the NDR region. In 

this case different terminating networks give different results. 

The peak and valley voltages of our DBRT devices are not the same for 

positive and negative bias polarities. Their I-V curves, measured in 

stable cireui ts, do not have hysteresis loops and the devices behave 

resistive for low bias voltages « 10 mY; at room temperature). 

Peak and valley currents are temperature dependent. The peak current 

decreases and the valley current increases with temperature if -20 ·C 

< T < 40 ·C. Above this temperature, up to 80 ·C, both currents 

increase. The peak current to valley current ratio decreases with 

• • temperature for -20 C < T < 80 C. 

Up to 18 GHz, D8RT devices can be modeled by a conductance in parallel 

to a capacitance (device capacitance), In series with a reSistance 

(contact resistance) and an inductance (bonding wire and device 

inductance). The conductance can be estimated from the different ial 
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conductance of the devices I -v curve in the corresponding biasing 

point. 

The device capacitance strongly depends on the bias voltage. The 

amount of capacitance decreases with voltage for low bias voltages. It 

has a peak in the NDR region and is lower than the zero bias value and 

not strongly voltage dependent for higher bias voltages. 

The inclusion of an extra inductance representing the electron 

traversal time of the barrier-well-barrier region does not improve the 

acurracy of the models in describing the measurements. 

The amplitude of the test signal used in reflection coefficient 

measurements must be limited, to prevent nonlinearities. 

Reflection coefficient measurements in circuits that are not stable 

(oscillate) can strongly deviate from measurements in stable circuits. 
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7 RECOMMENDATIONS FOR FURTHER INVESTIGATIONS 

7.1 DC measurements 

The 20 Ilm devices should be mounted In packages, such that they are 

protected from external influences like pressure on the devices, which 

can eventually destroy them. 

Networks should be constructed for packaged triangular and 50 Ilm 

diameter devices such that they can be biased In any point of their 

I-V curves, without causing oscillations (see also chapter 3). 

7.2 AC measurements 

The cause for the irregularity (resonance) around 12 GHz (par. 5.6.1 

and 5.6.2) that occurs in the 7 mm coaxial line measurements should be 

Investigated and eliminated, to obtain more reliable results. More 

devices, Including 20 Ilm devices should be packaged and measured in 7 

mm coaxial line because the highest measurement accuracy can be 

obtained in this type of coaxial line. This would give a better 

insight in the spread of the device parameteJ's amongst several 

devices. 

A second SMA test fixture, identical to the f:lxture used in the 

network analyzer measurements, should be made with a short instead or 

the device. With this fixture, the amount of inductance introduced by 

the strip line section (par. 4.2.1) can be measured without damaging 

the fixture used for the measurements with DBRTs. 

Measurements on devices with a high reflection coefficient should be 

done with a high attenuation of the the output signal of the network 

analyzer. The amplitude of the voltage across tho. devices should be 

limited to about 10 mV , In order to prevent nonllnearlties (see fig. 
pp 

4.18). The reflection coefficient of the D8RTs is high for low 

frequencies (100 MHz). At these frequencies, the J'eactive elements in 

the packages ,fixtures and devices do not play an important role and 

the amplitude or the signal across the tunnel diode IVdevi can be 
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estimated from: 

with: 

Ai complex amplitude output signal net. anal. 

A complex amplitude signal refl. by dev. 
o 

P reflection coefficient 

Thus the pp. output voltage of the network analyzer should be limited 

to: 10/(1 + Ip IJ mV P in mW 
out 

in 50 Q transmission line. 

This leads to a low limit for the output power of the network analyzer 

(e. g. : Pout = 0.1 IlW if Ip I " 3). At high measurement frequencies 

where the devices reflection coefficient becomes low, this will lead 

to a low reflected signal amplitude and thus a low accuracy of the 

measurements. Therefore it is recommended to do these measurements 

separately, with a higher output power. 

In order to get abetter understanding of the voltage dependence of 

the device capacitance, microwave measurements should be done with 

bias voltages increasing in small steps from zero to a value higher 

than the valley voltage. Figure 5.34 gives the curve that should be 

expected (see also Ref. 64). 
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Appendix 1. DC-measurements at very low bias voltage 

In order to determine the presence of a zero bhLS anomaly [Ref. 211. 

the I-V curves of a 100 11m device and a tr:iangular device were 

measured at very low bias voltage in the range of 0 to 50 mV and 0 to 

100 /lV. 

figure 1. 

The measurement was done in the configurat ion given in 

ser 1 es resistor 

R 
V Jieter HP 3490A 

2 

" E V 
2 

Jieter Fluke B050A 

E Source D 030 _. 0.3 
OUT: device under test 

Fig. 1 Heasurement at very low bias voltages 

Voltage meter 

resolution of 

Vis connected 
1 

in parallel to the device. It has a 

1 /lV. In series to the device t;here is a resistor R 

which is connected to voltage source E. The output voltage of the 

source is measured wi th Voltage meter V
2

' The voltage across the 

device is given by:V = V - V • 
dey 1 1 • offset 

Where V is the 
1 ,offset 

voltage given by meter 1 when the voltage 

source is at 0 V. The offset voltage is assumed to be caused by a 

thermal EtiF. This vol tage was measured be:fore and af'ter each series of 

measurements giving the sarr.e value in both cases and was in the order" 

of -3 /lV to 3 /lV. The measurements were corrected for this vol tage. 

The current through the device is given by: 

I = (V - V ) I R 
dey 2 dey 

For the 100 /lm device 

for the triangular device 

R = 105.02 kQ and 

R = 5.003 Mil 

The results are given in figures 2 and 3 for the triangular device and 

the 100/lm device respectively. The solid and dashed lines represent 

positive and negative biasing polarities respectively. 
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r 
0.005 

LOW BIAS VOLTAGE 

TRIANGULAR DEVICE 

.. �.r---__ -, __ -----,--~--_r--~-./~ ... U.r------, 

LOW BIAS VOLTAGE . 

,RlRNGULRR D<VlCE ./,../ 2 
A/c:rn 

r 

':1.1115 

,./.// .. 
,.. 

.,,' 
/" 

0.e0.~--------,---"----.~.---"----.~'---"--~I~.'2---"--~,.5 
• --) mV 

Fig. 2 Current density of triangular device at very low bias voltage 

•.• ,.,r---__ --r_-, __ -,--__ --~---r--_r----~ 

2 
A/em 

0.2105 

LOIol BIAS VOLTAGE 

11210 urn 

2.5 

lOW BIAS VOLTAGE 

100 urn 

0.0000~~----~2~.---"----,~.---"--~.~.--~--~.~.---"--~, •• 
--) uV 

0.0e~------~I~.---"--~2~.---"--~,~.--~----,~.---"---J5. 
--) mV 

Fig. 3 Current density of 100 11m diameter device at very low bias 

voltage 

Clearly the devices behave resistive with a resistance of 0.012 Ocm2
. 

There is no zero bias anomaly. 
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Appendix 2 Particle wave description of electron in barrier well 
barrier structure 

From [Ref. 221 the following description of an electron in a 

barrier-well-barrier structure can be found. The phenomenon of an 

electron tunnel ing through a barrier well bar"ler structure with a 

high tunneling probability (higher than can be expected from the total 

width of the barrier well barrier structure) Is known as resonant 

tunneling and was first proposed by Tsu and Esaki [631. Consider the 

band structure of figure 1. 

region 1 2 

®--~ 
incident 

electron 
wave 

3 4 

W 
4 

5 

) i 

Fig. 1 Electron tunneling across a double potential barrier 

The solutions of the time-independent Schrodingers equation in the 

five regions of figure 1 are: 

'k 
"'1(z) = A e J 1

Z 
+ B 

-jk z 
e 1 -co < 2 < 21 

"'2(z) = C 
-a (z-z ) 

e 2 1 + D 
a (z-z ) 

e 2 1 zl < z < z2 

"'3(z) = E 
jk (z-z ) 

e 3 2 + F 
- jk (z-z ) 

e 3 2 z2 < z < z3 

"'4(z) = G 
-a (z-z ) 

e 4 3 + H a (z-z ) 
e 4 3 z3 < z < z4 

"'5(z) = 
K Jk (z-z ) e 5 4 24 < z < co 

Where k
2 

k
2 

k
2 

= 
2mE 

= = 
7 1 2 3 

2m (Vo - E) a
1 

a
2 

= 
7 
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and A, B, C, D, E, F, G, H and K are amplitudes of wave functions in 

regions 1, 2, 3, 4, and 5. One has to solve the above five equations 

and their derivatives, satisfying continuity in boundaries z = z. to 
1 

find the amplitude factors. The expression for the transmission 

coefficient across the double barrier is 

T = 

[ e 
( 1X

2
W

2
+1X

4
W

4
) j(~2+~3+~4+~5-k1z1-k3W3) 

Where 5 = { e 

j(~2-~3-~4+~5-klzl+k3W3) 
} e 

(-1X
2

W
2

+1X
4

W
4

) 
{ 

j(-~2+~3-~4+~5-klzl+k3W3) 
e e 

e 
j(-~2-~3+~4+~5-klzl-k3W3) 

} 

(1X
2

W
2 

-1X
4 

W
4

) 
{ 

j(~2-~3+~4-~5-k1z1+k3W3) 
e e 

The only chance for having practically useful values for T, is that to 

reduce S as much as possible. This condition is met if: 

The first condition is satisfied if both barriers are symmetrical in 

such a way that the reflection coefficients from each barrier within 

the quantum well are exactly equal. 
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The second condition impl ies a destructive interference of mult iply 

reflected electron waves within the potential ,,'ell of width W3 under 

suitable circumstances. 

Satisfying the above two conditions results in an increase of 

transmitted wave intensity for specific energies E
tn 

in region 5 which 

is what we desire. 

Etn = h2 
k32/2m I 

100 

k W =.p +.p -nJ[ 
3 3 3 4 



Appendix 3 Comparison of formulas given by Karcuvitz to formulas given 

by Getsinger. 

Getsinger [46] gives formulas describing a radial line section in a 

rr-network, referring to Marcuvitz [51] but also indicating an error in 

the formulas of Marcuvitz. Therefore, the formula's are verified here. 

Figure 1 gives the radial line section and current and voltage 

definitions at its terminals, as well as a rr network which will be 

used as a model for the radial line section. The radial line section 

has: 

r inner radius 

r outer radius 
o 

h height 

c dielectric constant of medium (air) 

~ magnetic permeability of medium 

Voltages and currents at the inner and outer radius are defined as 

shown in figure 1. 

r (r ) r (r) 
0 

~ 
r : inner radius 

~ ~ 

r : outer radius 

VCr ) 
0 

VCr) 
h 

0 

: he 1 ght 

r r 
0 

! ( 

I(r) I(r ) 
0 

+ 0 
~ ~ 

0 + 

Y12 
V(r) VCr 0) 

Y
U

- Y
12 Y22- V12 

- 0 0 -
E-- E--

Fig. 1 Radial line section 
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From Marcuvitz the relations between currents and voltages can be 

found: 

VCr) = VCr ) Cs(x,y) - j Z I(r) sn(x,y) 
000 

Z I(r) = Z I(r) cs(x,y) - J VCr ) Sn(x,y) 
000 

Where: x = k.r y = k.r 
o 

k = w . .f/i£ 

Z = C.hl2nr = 1/Y Z =C.hl2nr = 1/Y 
000 

And 

Cs(x,y) 
J

1
(y) NO(X) - N1 (y) JO(x) 

= 2/ny 

cs(x,y) 
NO(y) J 1 (x) - JO(y) N

1
(x) 

= _. 
2/ny 

Sn(x,y) 
J

1
(y) N1 (x) - N1 (y) J

1
(x) 

= _. 
2/ny 

sn(x,y) 
JO(y) NO(X) - NO(y) JO(x) 

= _. 
2/ny 

with Bessel functions J O' J 1, NO and N1· 

(1) 

(2) 

w: angular frequency 

C = 1/1) = .; Il/e 

~ Cs(y,x) (3) 

l Sn(y,x) 
x 

(4) 

l 
x 

sn(y,x) (5) 

If r = r then x = 
0 

y; Z=Z' 0' 
V(rO) = V(r) and I(r 0) = I(r) thus: 

V(r) = VCr) Cs(x,x) - j Z I(r) sn(x,x) 

Z I (r) = Z I(r) cs(x,x) - j VCr) Sn(x,x) 

From eq. 1 and 2 it follows that Sn(x,x) = sn(x,x) = 0 which gives: 

Cs(x,x) = cs(x,x) = 1 (6) 

In order to determine the equivalent network, the current voltage 

relations have to be written in an admittance matrix description: 

= 
V(r) ) 
VCr ) 

o 
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From eq. 1 and 2 we find that: 

V(r) - V(r ) Cs(x,y) 
o Z I(r ) = --~~,....::~---

o 0 -J sn(x,y} 

Z I(r) 
V(r) - V(r ) Cs(x,y) 

o 
= ----J~s-n7(x....::., y-}~--. cs(x, y) - J V(r 0) Sn(x, y) 

With eq. 7 and figure 1: 

Y12 = 

Thus: Yll = 

Y22 = 

I(r) I 
vrrT"" VIr )=0 o 

I(r ) I 
Y22 = - V(/} 

o 

I(r) I = I (r ) I - V[i'") 
o V(r)=O V(r) VIr )=0 

0 

J Y 
cs(x,y) 
sn(x,y} 

J Y 
Cs(x,y) - -J Y cs(y,x) 

0 sn(x,y} - 0 sn(y, x} 

V(r):;Q 

Y12 = J Y. sn(x, y). 
Cs(x,y) cs(x,y) + Sn(x,y) 

sn(x,y) 2 

j Y 1 = sn(x,y) 0 

With Y = lIZ and YO = 1/Z0 

Marcuvitz gives the following formula's: 

Yll - Y12 = -JY ct(x,y) + I¥. cst(x,y) 1 x 

Y
22 

- Y
12 = -JY [ -ct(y,x) +r. cst(x,y) 1 0 y 

Y12 = -j Iyyo· cst(x,y) 
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(9) 

sn(x,y) 

(10) 

(11) 

(12) 

(13) 



2 cst (x,y) = 1 + ct(x,y) Ct(x,y) 
t;(x,y) 

(14) 

Getsinger states that the plus signs should be minus signs. This is 

correct only for equations 11 and 12, as will be shown below. 

here ct(x,y), Ct(x,y) and t;(x,y) are defined as follows: 

ct(x,y) -cs(x,y) J
1

(x) NO(y) - N1 (lC) JO(y) 
= sn(x,y) = JO(x) No(y) - NObel JO(y) 

(15) 

Ct(x,y) -Cs(x,y) J
1

(y) NO(x) - N1 (1') JO(x) 
= Sn(x,y) = J

1
(x) N1(y) - N1 (lC) J 1 (y) 

(16) 

t;(x,y) 
sn(x,y) Jo(x) NO(y) - NO(lC) JO(y) 

= Sn(x,y) = J
1

(x) N1 (y) - N1 (lC) J
1

(y) 
(17 ) 

We start with comparing eq. 13 and eq. 10 From eq. 14, 15, 16 and 17: 

1 + 
cs(x,y) CS(X,y) 

2 -sn(x,yl -Sn(x,y) cst (x,y) = sn(x,y) 
Sn(x,y) 

= Sn(x,y) sn(x,y) + cs(x,y) Cs(x, y) 

sn(x,y) 2 

With: Cs(x,y) cs(x,y) 2 
(2/ny) = 

J
1

(y) NO(X) NO(y) J
1

(x) - J
1 

(y) NO(x) JO(y) N1 (x) -

N
1

(y) JO(x) NO(y) J
1

(x) + N1 (y) JO(x) JO(y) N
1

(x) 

And: Sn(x,y) sn(x,y) (21ny)2 = 

J
1

(y) N
1

(X) JO(y) NO(x) - J
1 

(y) N
1

(x) NO(y) NO (x) -

Nl(y) J
1

(x) JO(y) NO(x) + Nl (y) Jl(x) NO(y) JO(X) 

Thus: 2 cst(x,y) = 

[J1 (y) NO(X) No(y) J
1

(x) - J
1

(y) N
1

(x) NO(y) NO(x) -

N1 (y) J
1

(x) Jo(y) NO(x) + N1 (y) JO(x) Jo(y) N1(x)]1 

[(2/ny)2 sn(x,y)2] 
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= [J1 (y) NO(y) - N1(y) JO(y)]. [NO(x) J 1 (x) - N1 (x) JO(X)]/ 

2 2 [(2Irry) sn(x, y) ] 

[J
1

(y] NO(y) - N
1

(y) rry ..L rrx 
= JO(Y)]·-Z- -Z-x 

[NO(x) J
1

(x) - Nl (X) 
2 JO(x)] / [sn(x,y) ] 

Cs(x,x) 
2 

= Cs(y,y).y/[x.sn(x,y) ] with eq. 6: 

= _~y,-/_x_-= 
2 sn(x,y) 

From eq. 13 we find: 

= _ y2 
o 

1 
2 sn(x,y) 

eq. 14 

= 
y/x 

-Y YO' --'-'-~"'2 
sn(x,y) 

(18) 

From eq. 

value of 

10 we find the same 
2 

result so Marcuvitz gives the correct 

cst(x,y) . This gives 

Y1Z = -J YO' .I ~ cst(x,y) = -J Y . .I ~ cst(x,y) 

Assuming that the result given by Getsinger is correct for eq. 11 and 

lZ (+ signs changed to - signs) we find: 

Yll = -jY ct(x,y) - ./Y. . x 
cst(x,y) I + Y1Z 

eq. 15 cs(x,y) 
= -jY ct(x,y) = J Y sn(x,y) 

YZZ = -JY [ -ct(y,X) -~. cst(X,y) I + Y1Z 0 y 

oq. 15 Y cs(y,x) 
= -JY (-ct(y,x)) = -J 0 o sn(y,x) 

This is the same result as obtained in eq. 8 and 9. 
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Apparently the previous assumptions regarding eq. 11, 12, 13 and 14 

were correct and they should read: 

V11 - V
12 

= -jV ct(x,y) -.f¥. cst(x,y) 
x I ( lla) 

V22 - V12 
= -jV [ -ct(y,x) -~ cst(x,y) I 0 y 

(12a) 

V12 = -j /vvo · cst(x,y) (13a) 

2 1 + ct(x,y) Ct(x,y) 
cst (x,y) = 

~(x,y) 
(14a) 

If the inner radius of the radial line section is zero then V 12 Is 

zero and (eq. 3, 5, 9, 10): 

because No(x) 7 co and .JO(x) 7 0 for 
x 7 O. 

Marcuvitz gives: V
22 

~ jVo.y/2 

V22 ~ -JVO tan(y - n/2) 

for y « 1 

for y » 1 

These approximations correspond to the values given by eq. 15. 
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Appendix 4 Smith charts of measurement results and 

models 

In the Smith charts presented in figures 1, 2 and 3, reflection 

coefficient measurements from 0.1-17.9 GHz are shown as solid lines. 

Figures 4 to 18 contain measurement data and models. The models are 

given in chapter 5 and the device parameters are listed in tables 5.3 

and 5.6. The measurement data is represented by dots, one dot for each 

measured reflection coefficient. The models are represented by solid 

lines, with a dash at each frequency for which the impedance of the 

model was evaluated. In all cases the outer radius for the charts 

represent Ipi = 1 (reflection coefficient Ipl). In some cases, the 

plotted reflection coefficient was multiplied with a factor. The 

multiplication factor is given in these figures. 

In each figure is given: 

The type of device used in the measurement. 

- The bias voltage across the device. 

- The measurement data set (see chapter 5). 

- The measurement frequency range and step size. 

- The model frequency range and the model evaluation step size. 

- If necessary, extra information. 

- The start frequency marked with a x. 
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- No device 

- SMA test fixture 

- bias network 1 

- Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

BIAS NETH. 
Ia-18 GHz 

Fig. 1 Bias network 1 measured reflection coefficient 

- No device 

- SMA test fixture 

- bias network 2 

- Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

BIAS NET. 
2 

Fig. 2 Bias network 2 measured reflection coefficient 
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No device 

SMA test fixture 

bias network 3 

l1easurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

BIAS NETW. 3 
111-18 GHz 

Fig. 3 Bias network 3 measured reflection coefficient 

No device 

Shorted F-5 pack. 

l1easurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Model: 

0.1 - 17.7 GHz 

step 0.4 GHz 

x 

.... ~ .... . . ... ~ .. 
•. ..--~------------= . .. "" .. -'" \ ....... , 

••• \, ......" l ... 
•• \\ ,.... \ .. -----------.l .... , .. ";-{ .. ), , ............. ... . .. " .... , , ...... , 

•• """ , .. '" J.. ...... ", • ,'.......,; ' .... -_ .. ,---.... "t \ 
.. " .... "1.' "........ ~ ...... " \",\ , .. .. , , ". 

..,' " ...... "I' ", '~ ______ .. ,~. 
...... .:.. " .......... " ".... ;,,, '. ..,c.".:-~ 
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No device 

Shorted F-3 pack. 

Measurement: 

18 GHz 0.1 

step 0.1 GHz 

- Hodel: 

0.1 - 1. 7 GHz 

step 0.1 GHz 
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Fig. 5 Shorted F-3 type package 

Triangular device 

F-5 type package 

o V bias 

Data set B 

7 mID coaxial line 

Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

, , , , 
............. \----------- ............. I ... , .., .. . " 

---- .. _-j' ....... ........ .. 
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Fig. 6 Reflection coefficient of triangular dev.lce at zero bias 
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Triangular device 

F-5 type package 

801 mV bias 

Data set A 

7 mm coaxial line 

Heasurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

- Hodel not fitted 

from 10 - 14 GHz 

Fig. 7 Reflection coefficient of triangular device biased in valley 

100 flllI device 

F-3 type package 

782 mV bias 

Data set D 

7 mm coaxial line 

Measurement: 

0.1 18 GHz 

step 0.1 GHz 

- Hodel: 

0.1 - 1. 7 GHz 

step 0.1 GHz 

Fig. 8 Reflection coefficient of 100 ~m device biased in valley 
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Triangular device 

F-5 type package 

5'1'1 mV bJ"g 

Data set A 

7 mm coaxial line 

Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

- Hodel not fitted 

from 10 - 14 GHz 

Fig. 9 Reflection coefficient of triangular dev.!ce biased in positive 

differential resistance region : 

Triangular device 

F-5 type package 

634 mV bias 

Data set A 

7 mm coaxial line 

Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

- Hodel not fitted 

from 10 - 14 GHz 
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Fig. 10 Reflection coefficient of triangular device biased in NDR 

region 

112 



Triangular device 

F-5 type package 

710 mV bias 

Data set A 

7 mm coaxial line 

Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

- Hodel not fitted 

from 10 - 14 GHz 

RErL. 
* 0.4 

-'-

.' 

·X 

, 
'. 

Fig. 11 Reflection coefficient of triangular device biased in NDR 

region 

20 jll1I device 

SHA test fixture 

o mV bias 

Data set A 

3.5 mm coaxial line 

- Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

, , , , , 
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I : .... __, ....... .J....... .. ,." \ ....... : 
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" - ----!- ___ : .... :::l:::-.............. 

Fig. 12 Reflection coefficient of 20 ~m device at zero bias 
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20 I'm device 

SHA test fixture 

787 mV bias 

Data set B 

3.5 mm coaxial 

- Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

line 

Fig. 13 Reflection coefficient of 20 I'm device biased in valley 

200 I'm device 

SHA test fixture 

780 mV bias 

Data set C 

3.5 mm coaxial line 

- Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

Fig. 14 Reflection coefficient of 200 I'm device biased in valley 
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20 /lm device 

SHA test fixture 

588 mV bias 

Data set B 

3.5 mm coaxial 

- Heasurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

line 

Fig. 15 Reflection coefficient of 20 /lm device biased in positive 

differential resistance region 

20 /lm device 

SHA test fixture 

717 mV bias 

Data set B 

3.5 mm coaxial line 

- Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1-17.7GHz 

step 0.4 GHz 

Fig. 16 Reflection coefficient of 20 I!m device biased in NDR region 
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20 JUll device 

SHA test fixture 

686 mV bias 

Data set B 

3.5 mm coaxial 

- Measurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

line 

Fig. 17 Reflection coefficient of 20 JUll device biased in NDR region 

20 JUll device 

SHA test fixture 

656 mV bias 

Data set A 

3.5 mm coaxial line 

- l1easurement: 

0.1 - 17.9 GHz 

step 0.2 GHz 

- Hodel: 

0.1 - 17.7 GHz 

step 0.4 GHz 

- Hodel not fitted 

from 0.2 - 14.1 GHz 

Fig. 18 Reflection coefficient of 20 /lm device biased in NDR region 
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Appendix 5 Determination of equivalent network for junctions 

SMA test fixture 

The equivalent network of junction 1 in the SMA test fixture given in 

figure 1 had to be determined. This was done with a special, 

symmetrical and cylindrical test fixture, given in figure 2. Junction 

1 in this test fixture is identical to junction 1 in the SMA test 

fixture. The cylindrical test fixture consists of two halves 1 and 2 

that may not be perfectly aligned. Therefore an extra capacitance C
J2 

is added to the circuit model describing the fixture (see figure 2). 

CHIP 
CAPACITOR 

L 
m 

C 

Z 
Rblas 

J2 

a KETAL 

c 
J1 

L 
J1 

1 

LEN 1 

~---L--------__ ~ ________ -+ ______ ~ _____________ o 

Cstrip 50 D,LEN 2j 50 0, LEN 1 

Fig. 1 Test fixture 20 ~ device and circuit model 
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50 Q 

port 1 LEN 2 LEN 2 port 2 
JUNCTION 1 JUNCTION t 

LEN 1 LEN 1 

L 
J 1 

c 
J 1 J L 

50 C,LEN 2 50 C,LEN II 50 C,LEN 1 50 Q, UN 2 i 

Fig. 2 determination of Junction capacitances and inductances, test 

fixture and model. 

This fixture was measured with three known impedances Z at port 2: 

- a short 

- a 50 Q load 

- an open (inner conductor terminated, outer conductor not terminated) 

Port 1 and 2 are SMA female connectors. The three impedances were 

measured behind a SMA female connector and the resul ts were used to 

represent them in the circuit model (see figure 2). 

The capacitances C Jl 

inductance L
J1 

can be 

measured data. This 

and C J2 transmission line length LEN2 and 

determined by fitting the circuit model to the 

can be done with program "APLAC", see also 

paragraph 5.2.6 and appendix 5. The transmission line length LENl is 

equal to 3.125 mm (coaxial line, 50 Q, medium: aid. 

The results show that L Jl and C Jl can be neglected and C
f2 

'" 25 fF. 

The short circuit measurements give the best estimate of the length 

LENl: LENI = 11. 24 mm. Table 1 collects the results given by "APLAC". 
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Table 1 Results of fitting model test fixture to measurements 

Z L (pH) C
J1

(fF) CJ.(fF) LEN (nun) err. (Yo ) 
Jl 

short 4.8 -0.32 27.0 11. 227 8.2 

open 2.1 -0.84 24.9 11. 150 10.7 

short 0 0 27.9 11. 240 8.4 

open 0 0 25.5 11. 146 10.9 

load 0 0 22.7 9.930 5.9 

- Calibration and measurement procedure 

The network analyzer was calibrated behind a section of 3.5 mm coaxial 

line, see figure 3. 

SKA connector 

I 1 <- open 
3.5 mm coaxial line 

Port 
1 i medium: medium: olr <- short 

N.It. teflon 
f f ill 

f- fixed Irod 
«2 CHz 

I 
if- ~lldlng lood 
: >2 GHz) 

plane 1 plane 2 
l' 

APC-7 connector fi: male connector f: female connector 

Fig. 3 Calibration of Network Analyzer 

After this, a female short at plane 1 (see figure 3) was measured. 

Figure 4 depicts the measurements of of the impedances Z (see fig. 2) 

with a SMA f-f connector. 
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Port 1 

N.A. 

l' 
APC-7 

I 
SMA connector 

1 h [1]% 

~ : Z; short, 

'" rl 
open, load 

medium: .edlum: teflon '" teflon '" [ [ '" !!! lSMA '" '" , ii1 

I plane 1 

connector m,: .a.le connector [: female connector 

Fig. 4 Measurements with SMA f-f connector 

Figure 5 depicts the measurements of the impedances 2 behind the SMA 

cylinder test fixture. 

Port 1 

N.A. 

l' 

: Z; short, open, load 
SMA connector 

I 1 rr;::1 ====::=:;--11 ~ 
L-~ ______ ~ ____ ~ SMA 

I 

medium: 
teflon 

!!! [ 

plane 1 

cylindrical 

test 

I f'lxture I 

[ 

APC-7 connector m: male connector f: fem.!ll e connector 

Fig. 5 Measurements with SMA cylindrical test fix,ture 

The calibration plane ,plane 2 in figure 2 can be shifted to plane 1 

(see fig. 2) by estimating the length of the 3.5 mm coaxial line 

section from the measurement with the short at plane 1. This gives 1= 

15.61 mm. The reflection coefficient amplitude in this measurement 

becomes lower than 1 (2.4 Yo) for some measurement frequencies. This 

would mean that the coaxial line section plus a mactive load reflects 

more power than a short. This is not possible so the measurement error 

is at least 2.4 Yo. Further, amplitude (peak-peale) variations in the 

order of 7 " are observed. 

The medium of the 3.5 mm coaxial line section is air, the medium in 

the SMA connector is teflon, thus the inner and outer radius of the 
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coaxial lines cannot each have the same diameter on both sides of a 

junction (plane 1 in figure 3). This gives a fringing capacitance at 

plane 1 and the measurements should not only be corrected for the 3.5 

mm coaxial line section length 1, but also for this capacitance to 

find the impedance seen from plane 1. The fringing capacitance can be 

estimated from the measurement of the short behind the SMA f-f 

connector (see fig. 4; the open and the load are not ideal) by varying 

the correction of the measurement data to give the best fit to a 

shorted line section. 

The loss of the line section is not taken into account because the 

measurement of the open behind the SMA f-f connector yields a 

reflection factor greater than one (in the order of 5%, which means 

that the measurement error is at least of this magnitude). 

The improvement achieved with introducing the fringing capacitance is 

in the order of 2 %, less than the measurement error. If the measured 

data is corrected for this capacitance then the results of fitting the 

models for the SMA test cylinder get worse. Thus the fringing 

capacitance is neglected in the circuit models because it does not 

attribute to their accuracy. 
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Appendix 6 Capacitance measurements at 1 and 10 MHz 

The impedances of a 200 ~ device was measured on a HP427SA LRC meter 

(see paragraph 5.1). The impedance magnitude and phase were measured 

at 1 and 10 MHz at several DC bias voltages. The measurement data is 

given in table 1 for 1 MHz and 10 MHz. 

With the network model given in figure 1 it can be· derived that: 

Fig. 1 Packaged device 

2 Im(Z) 50 wL - wC.Re(Z) 

222 2 In these measurements w R C «1, Re(Z) and Im(Z) are given in table 

2. 

For any pair of measurement data points, an estimate of the device 

capacitance can be made by calculating: 

This is done in table 3. At 10 MHz the argument of Z (see table 1) is 

larger and a better estimate can be made for the imaginary part of Z 

and thus the device capacitance. The result indlcates a capacitance 

that becomes small for low values of Re(Z). 
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Table 1 Impedance measurement of DBRT device at 1 and 10 MHz 

Voltage device 
across 
device 200 !.1m 10 MHz 200 J.IM 1 MHz 

(V) Z (0) arg(Z) (deg) Z (0) arg(Z) (deg) 

~ ~ 

0 34.108 -7.455 34.235 -0.777 

0.1 20.630 -4.021 20.586 -0.422 

0.2 9.3400 -1. 777 9.2682 -0.218 

0.3 5.1923 -1. 093 5.1512 -0.146 

0.4 3.4726 -0.922 3.4450 -0.128 

0.5 2.2051 -0.947 2. 1838 -0.134 

0.5301 1. 7398 -1. 048 1. 7255 -0.141 

Table 2 Impedance of DBRT device at 1 and 10 MHz 

Voltage device 
across 
device 200 !.1m 10 MHz 200 !.1m 1 MHz 

(V) Re(Z)2 Im(Z) Re(Z)2 Im(Z) 

0 1144 -4.425 1172 -0.464 

0.1 424 -1. 447 424 -0.152 

0.2 87.16 -0.290 85.9 -0.0353 

0.3 26.95 -0.099 26.53 -0.0131 

0.4 12.06 -0.056 11. 87 -7.70e-3 

0.5 4.861 -0.036 4.769 -5. 11e-3 

0.5301 3.026 -0.032 2.977 -4. 25e-3 
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Table 3 Capacitance of DBRT device at 1 and 10 MHz. 

Voltage 
across 
device 200 I'm 

(V) 1 MHz 10 MHz 

0 66.93 65.83 
0.1 54.93 54.69 
0.2 59.51 50.38 
0.3 58.67 46.07 
0.4 58.03 43.11 
0.5 76.47 38.16 
0.5301 
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Appendix 7 Dimensions of E-3 and F-S type packages 

SEMICONDUCTOR 
DIODE 

PACKAGES 
TYPE E 

Dimensions in inches and (mm) 

8 PE DIMENSION 'X' 

'"0''' '~~!n~~ EE,3 019((1~8)/OI~(o.J8) 

~ 
·()l.(.(Qafil/030(O.16) 

r.: E4A ,I)I.O(I.02V·0361Cl91) 

\ 

-+ [Oll!11!) E5 .02eItl.71V.01~(o.61 
011 /018) \ I 079 (2DCt 

:109 (0 2J) ....... I I +--110Cl05) 
I " I 118 (1 (0) I 

~'!C' 'X' 
I 06:;::;- '\ ..... n '; (It,'(!~5) '-

l'5(l6a) _ 

I OOITo1O)-==--= I: I ·--~1.611 
+ _~~ ___ : I .OSC:,.521 

, ., 
()1O.,~· CHI.MFl:~/'--+ I 

(0.,75) I 
4' 

3 

SPECIFICATION 
o CI'fK~nlricity Within .005': 
o Braze M. P.:7800 C. 
o Vacuum tight,] x 10 'IOee/sec. He 
o Tensile strength: II Kg.min.push 

flanBe to pedestal. 
oPIating' 3 microns pure gold over 

2 minons nickel. 

o Concentricl!; ~ O.12mm pr'h 
o B:asagc : pomt de rU~](:~ro78QOC 
o [Ianthe au vIde, I ill J 0 ,,/sec He 
o Resistance minirnalc en pourec 

II Kg.(colkrrttr/l'embase) 
o Placage: J microns d'or pur sur 

2 microns de nickd. 

o Ml1ti~"ei! liegl innC'rhalb 0.12 nun. 
o Harlolen : Schmdzpunkl 780°C 
o Vakuum diehl. I x IO-'ctc{sec. HC'. 
o Mmimum Wledcrslanduug 

II Kg.(Flansche/SCKkel) 
o F'lal1inung: ~ Mlkron fringold iiber 

:.' MlkJon NICkel. 

+-,06311601 
·061(15!.) 

L ·040. 11,02) 
"·-·onto.961 

L.E.W.TECHNIQUES LTD 99 Taunton Trading Estate, 
Norton Fitzwarren. 
TAUNTON, 
Somerset, 
England. 

Jan. 76. 

Fig. 1 Dimensions of E-3 type package 
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TYPE F 
SEMICONDUCTOR 

DIODE 
PACKAGES Dimensions in inches and (mm) 

L.E.W.TECHNIQUES LTD 

Ian. 76. 

SPECIFICA nON 
o Concentricity within .oos ': 
o Braze M. P.:7800C 
o Vacuum tight, I x 1O'10cc/ se,:. He. 
o Tensile strength: 9 Kg.min. push 

flange to pedestal. 
oPIating: 3 microns pure gold over 

2 micron~ nickel. 

o Concenlricit{ l O.12mrn prls. 
o Brasage : pOinl de fusion 780°C. 
o Elanche au vide, I x lO'lOcc/sec. He. 
o Resistance minimale en poussu 

9 Kg.(collerttle/l'embase). 
o P1acage: 3 microns d'or pur sur 

2 microns de nickel. 

o Miltig\..eit liegt inne-rhalb O.I:! mm. 
o Harlolen : Schmelzpunkt 7800e. 
o Vakuum diehl, I x JO'IOCC!st·c. He. 
o Minimum Wiederstandszug 

9 Kg,(Aamche/Sockel). 
o Plattif.'rung: 3 Mikron FeinEold iiber 

2 Mikron Nichl 

99 Taunton Trading Estat". 
Norton Fitzwarren, 
TAUNTON. 
Somerset, 
England. 

Fig. 2 Dimensions of F-5 type package 
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