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FOREWORD

This report describes the work carried out in the Solid-State

Electronics Laboratory, Department of Electrical Engineering and

Computer Science, The University of Michigan, Ann Arbor, Michigan,

on "Millimeter-Wave Circuit Analysis and Synthesis." This work

was sponsored by the Air Force Systems Command, Avionics

Laboratory, Wright-Patterson Air Force Base, Ohio, under Contract

No. F33615-81-K-1429 (Project 2002, Task 03, Work Unit 92).

The work reported herein was performed during the period

March 1, 1981 to April 30, 1985 by Drs. G. I. Haddad, D. F. Peterson,

R. K. Mains, and M. E. Elta and Messrs. R. Actis, T. L. Crandle,

J. R. East, R. K. Froelich, M. Radmanesh, P. A. Sanborn, and
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SECTION I

INTRODUCTION

The purpose of this program was to investigate various types

of' microwave and millimeter-wave devices and circuits and device-

circuit interactions in order to advance the state of the art and

understanding of these devices and circuits and their utilization

in optimizing the performance of oscillators, amplifiers, power

combiners and in other applications.

Several areas of investigation were carried out and included,

in most instances, device modeling, device characterization, circuit

design and evaluation, and device-circuit interactions. The major

areas that were studied under this program and the important results

tlitt were obtained are summarized in the following sections of this

rep ort and include the following:

1. IMPATT device design and optimization.

2. Power combining of solid-state devices.

3. FET device and circuit modeling and characterization

including monolithic GaAs integrated circuits.

4. Magnetostatic-wave device design and analysis.

Several interim technical reports, journal articles, and

:'or,*erence paper presentations, which describe in detail various

aspects of the work performed under this program, were issued and

are available. These include:

-1-j



A. Technical Report s

1. Froelichl, R. K., "Computer Modeling of Millimeter-Wave IMPATT

Diodes," Report No. AFWAL-TR-82-1107, November 1982.

2. Mains, R. K. and Haddad, G. I., "Capabilities and Potential
of Millimeter-Wave IMPATT Devices," Report No. AFWAL-TR-82-

1141, November 1982.

3. Yang, D. C., "Large-Signal Characterization of Nonlinear

Two-Port Active Networks," Report No. AFWAL-TR-84-1034,

April 1984.

4. Actis, R., "Lossless Symmetric TEM Line IMPATT Diode Power

Combiners," Report No. AFWAL-TR-84-1035, April 1984.

5. Radmanesh, M., "Magnetostatic-Wave Propagation in a Finite
YIG-Loaded Rectangular Waveguide," Report No. AFWAL-TR-

T November 1984.

6. Peck, D. E., "Measurement Methods for Accurate Microwave
Characterization and Modeling of MESFET Chips," Report No.

AFWAL-TR-84-1177, January 1985.

r. Journal Articles

1. Blakey, P. A. and Froelich, R. K., "On the Transient Analysis

of Circuits Containing Multiple Diodes," IEEE Trans. on
Microwave Theory and Techniques, vol. MTT-31, No. 9,
rT,. 781-783, September 1983.

V R. K., Haddad, G. I. and Blakey, P. A., "Simulation
' Qa. IMPATT Diodes Including Energy and Velocity Transport

cai rn," IEEE Trans. on Electron Devices, vol. ED-30,
1', .1327-1338, October 1983.

.a. r~s R. K., FI-Gabaly, M. A., Haddad, G. I. and Sun, J. P.,
Ior.;a ison oT hDeoretical and Experimental Results for

!,ii ]' i m e t e r - Vavt , GaAs IMPATT's," IEEE Trans. on Electron
vc~sv I. PT-3, No. 9, pp. 1273-1279, September 1984.

A., ains, R. K. and Haddad, G. I., "Effect

- ir 'file Variation on GaAs Hybrid and Double-Read
DT D e Performance at 60 and 94 GHz," IEEE Trans. on

Microwave n'heory and Techniques, vol. MTT-32, No. 10, pp.
I 3- ,etober 1984.

. i2-IabVy. A., Mains, R. K. and Haddad, G. I., "Effects
of Doping Profile on GaAs Double-Drift IMPATT Diodes at
33 and 44 GHz 'sing the Energy-Momentum Transport Model,"
IEEE Trans. or. Microwave Theory and Techniques, vol. MTT-32,
NC. if, 3'. 1353-1361, October 1984.
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Mains, R. K., EI-Gabaly, M. A. and Haddad, G. I., "Finite-
Difference Numerical Methods for Solving the Energy-

Momentum Transport Equations in Two-Valley Semiconductors,"
J. Computational Phys. (accepted for publication).

.. Conference Presentations

1. Yang, D. C. and Peterson, D. F., "Large-Signal Characteriza-
tion of Two-Port Nonlinear Active Networks," 1982 IEEE
MTT-S int. Microwave Symp., Dallas, TX, June 1982. Also
in Proc. pp. 345-347.

2. Mains, R. and Haddad, G. I., "Simulation of GaAs IPATT

Diodes Including Energy and Velocity Transport Equations,"

1983 Workshop on Compound Semiconductors for Microwave
Materials and Devices (WOCSEMMAD), San Antonio, TX,

February 1983.

3. Actis, R. and Peterson, D. F., "A Lossless Radially Symmetric
TEM-Line IMPATT-Diode Power Combiner," 1983 IEEE/MTT-S Int.
Microwave Symp., Boston, MA, May 31-June 3, 1983. Also

in Proc. pp. 209-211.

As can be seen from this list, significant contributions have

been made in device and circuit design, characterization, and

optimization. The following sections describe in more detail the

results obtained under this program in the various areas.

-3-
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IucrQO:Fd jierstanding of the device. However, the microwave

;I' :;tructure aocer i basic problem for the device modeler. An

\-mtri FFT has a typical doping density , with higher

S..oig ro higher frequency operation. The characteristic length

ia semiconductor material is the debye length:

L 2k T s 
1 / 2

w;.--- k = the Boltzmann constant,

T The temperature,

= the dielectric constant,

= the electronic charge and

N, = the doping.

F characteristic time is the dielectric relaxation time:

T = C (2)iqNd

where = the mobility.

The debye length is approximately C.02 im and the dielectric

izxation time is approximately 2.01 ps for an X-band FET. The

rc oIe with device modeling' in two dimensions is constrained by the

mesh size and the resulting large number of calculations. The

)r switchin prot-lem means doing a solution approximately 100

es per picosecord. Through various approximations and clever

;rsgrammin the number of calculations can be reduced to some extent.

4.2.i Simple Approximate Model. The approach used in

hi§ case is to derive f "uasi-twc-dcmenrional" solution. The

niLson and electron transport e uati:O5, altered to account for the

-17-
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SECTION IV

"ET DEVICE AND CIRCUIT MODELING AND CHARACTERIZATIJN

4.1 Introduction. The purpose of this phase of tlie oroora.

was o develop appropriate theoretical models for GaAs FET

tr'nsistors, to develop measurement techniques for experimenta.

,valuation of the devices and comparison with the models, the

atiization of these models in voltage-controlled oscillator de'

.,] implementation, and the development of monolithic irte-ra'eQ

c-rcuit: incorporatin these devices.

rThie results obtained on the various aspects of thIs ,hase f

*Ihif po,'-ram, are summarized in the following sectioi.s.

4.1 FET Modeling. Several types of models were .l eveaod,_.

ran:e from simplified ones that lend themselves easily

n:,.vtic sclution to very extensive two-dimensional com-u'er moes

require significant computer time for simulation.

Durinig The past decade the FET has become the sing

:'::.>rTar. ricrowave solid-state device. It is used in small-

ar'e-,i, ,'l ~fer':,low-noise amplifiers, oscillators , rnixerF,,

he - VET hus been the sW[tos'
.i va:rle!:; of o tr lappl ications. - ,

-' rourn'o w t[ers'~ r n.adin-g to a better understandin of its operation

,, : "ET models were analytic approximations that

1-3
,lectd te effect of space charge in the channel. With faster

. htt*r numerical methods, full solutions of the two-

.s;e,,si~us 2  carrier transport and Poisson's equations became possible.

..rso these finite-difference and finite-element solutions

-16-



N-way nonresonant combiners which are often associated with various

bandlimiting resistive stabilization techniques for suppressing

non-power-producing interactions among the devices. This combining

design requires no such stabilizing scheme. Suppression of undesired

ould modt,. ic accomplished in lossless circuits by an appropriate

c.)mbination of device and circuit which provides the necessary

condition for a stable combiner.

"An experimental realization of the simplest example of a

lossless symmetric combiner design is presented in two different

circuit mediums. A two-diode microstrip combiner and a two-diode

coaxial comLiner were developed to demonstrate the design principles.

he combiners operated in a stable nonspurious amplifier configuration.

A 3-dB bandwidth of 16 percent with 4.2 dB of gain was observed in

tLh coaxial combiner with 94 percent combining efficiency."

-15-
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SECTION III

POWE3 LtMBINING OF SOLID-STATE DEVICES

3.1 introduction. The purpose of this phase of the progrum.

w:i: to investigate the properties of a new scheme for circuit-level

:,Dwer combining of negative-resistance devices. Both theoretical and

exlerimental work was carried out in order to characterize such a

-chenme and to determine its potential. The new approach utilizes the

!roperties of symmetric lossless TEM line =cmbinintg networks, together

wit,; the bandliMited negative-resistance properties of two-terminal

4-vices, to achieve stable combiner designs having improved band-

wi ihs over other approaches. IMPATT devices were employed in an

,xi, riTnCr.'ii realization and evaluation of this scheme.

3. IMPATT Diode Power Combining. The preceding scheme was

in an IMPATT diode power combiner and the results obtained

:i .-iv<' s :etail in Technical Report No. AFWAL-TR-84- 035 entitled

"Tc-, ess S3.'netric TEM Line IMPATT Diode Power Combiners," by

I.. A:tic , A'] 1984. An abstract from this report is included here

Sf an exi-rimental investigation into a new

: ' t cuit-level power combining of negative-resistance

, " ireLentt.d. The approacn uses the properties of symmet-

< T TEM line combining networks together with the bandlimited

characteristics c:' IMPATT diodes to achieve stable combiner designs

hnaving im'roved bandwiltchs over other approaches. The combining

nFtworks utilizei in this investigation fall into the category of

_14-
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equations. Results of large-signal simulations of GaAs IMPATI's

using these numerical methods are presented and compared."

-13-
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M. A. EI-Gabaly, R. K. Mains and G. I. Haddad, IEEE Transactions

SMicrowavw Theory d Techniques, October 1984.

"Lopir, ,rol'ile parameters were varied in a computer optimization

S.hyrid and double-Read GaAs IMPATT diodes at 60 and 94 GHz. The

i-: er~.rr-omentum transport model was used to simulate each structure.

Itimum, results for the various structures that were studied are

irt,.-ented and compared."

4. "Effects of Doping Profile on GaAs Double-Drift IMPATT

l'iodes at 3B and 44 0Hz Using the Energy-Momentum Transport Model,"

L- M. EI--Gabaly, R. K. Mains and G. I. Haddad, IEEE Transactions on

Microwave Theory and Techniques, October 1984.

"Experimentally determined doping profiles for double-Read

2LALA IMPATT diodes operating at 33 and 44 ';Hz are used as starting

points for a computer optimization. A computer simulation

including energy and momentum relaxation effects was used to

simulate these devices as the lengths of the drift regions and the

integrated charge in the doping spikes were varied. The effects of

t tese doping profile variations on diode performance are presented."

.inite-Difference Numerical Methods for Solving the Energy-

rit:,,,tum Iran. , rt Equations in Tiwo-Va Iley Semiconductors," by

N.. MaiL-, M. A. E1-;abaiy and G. 1. Haddad, Journal of Comnputational

accerted f'Dr publication.

"Tw,-, 'inite-difference methods for solving the energy-momentum

ra ns;rt euations for electrons in two-valley semiconductors are

,na yzel. For each method, stability analyses are carried out

inclu'iinr the electric field terms and relaxation terms in the

-12-
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articles are included here for completeness.

1. "Simulation of GaAs IMPATT Diodes Including Energy and

V-1ocity Transport Equations," by R. K. Mains, G. I. Haddad and

P. A. Blakey, IEEI Transactions on Electron Devices, October 1983.

"Simulitions have been performed of GaAs hybrid double-drift

IMTATT diodes at CO and 94 GHz using a transport model which includes

equations for the average per-carrier velocity and energy. These

equations are obtainecd from the second and third velocity moments of

the Boltzmann transport equations, respectively. The relaxation-time

formulation is used to characterize the collision terms. Simulations

were also carried out for the same structures using the standard drift-

diffusion transport model. It was found that inclusion of the energy-

velocity equations significantly modifies the predicted carrier transport

behavior and reults in somewhat better RF performance under large-signal

conditions than that predicted by the drift-diffusion simulation."

2. "Comparison of Theoretical and Experimental Results for

Millimeter-Wave GaAs IMPATT's," by R. K. Mains, M. A. El-Gabaly,

1. 1. Haddad and J. 11. gun, IEEE Transactions on Electron Devices,

.;eptember 1984.

"Simulations are performed of GaAs IMPATT diodes for which experi-

ental re;ult.s are available at 20, 33 and 44 GHz. At each frequency,

iimulation.! are performed using both the drift-diffusion approximation

,nd the energy-momentum transport model. It is found that inclusion of

energy and momentum relaxation effects yields better agreement with

experiment."

3. "Effect of Doping Profile Variation on GaAs Hybrid and

Double-Read IMPATT Diode Performance at 60 and 94 GHz," by

-11-
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determine better design, for millimeter-wave IMPATTs and to predict

the ultimate potential of these devices.

Several IMPATT structures were simulated using both the drift-

dif:'usion and energy-momentum models. When the energy-momentum

equations were included for millimeter-wave GaAs IMPATT simulation,

primarily three effects were observed. First, the induced current

waveforms were altered from those calculated using the drift-diffusion

simulation due to velocity under- and overshoots. Second, an addi-

tional delay inthe avalanche process due to energy relaxation was

observed. Finally, the precollection process for precollection-mode

,-vices is altered by the inclusion of energy and momentum relaxation

S:'?ect s.

lo compare the simulation results with experiment, both models

were used to simulate GaAs IMPATT diodes for which experimental

results are available at 20, 33 and 44 GHz. It was found that

results from the energy-momentum simulation agreed better with

experimental results at these frequencies.

A series of studies was carried out to find the effect of

varying several doping profile parameters on device performance at

3Z, 44, t]o aod 94 GHz. Since good agreement had been obtained

etween available experimental data and th3 results of the energy-

romentum simulation, this model was used in these studies. The

overall goal was to predict optimum doping profiles for GaAs IMPATT

iiodes at these frequencies.

The methods employed in these simulations and the results

obtained on millimeter-wave GaAs IMPATTs are given in detail in

the following .journal articles and the abstracts from these

-10-
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"The model uses the first three velocity moments of the

phase-space transport equation. Terms accounting for the effects

of collisions incorporate energy dependent relaxation times and

ionization rates. These functions of energy have been evaluated

by requiring consistency with experimentally determined transport

parameters. Stable, accurate and efficient finite-difference

approximations to the transport equations were developed.

"The simulation was used to identify and examine the influence

of various transient transport phenomena, including velocity overshoot

and undershoot, and the lag of energy with respect to electric field.

The most important effect was found to be the energy lag. This

delays carrier injection, thereby improving predicted device

performance.

"The results indicate that parasitics, rather than internal

transport mechanisms, are dominant in determining the experimental

performance attainable from millimeter-wave Si IMPATrs. The maximum

frequency of operation of the IMPATT mode is subject to a fundamental

limit associated with the energy relaxation time. This limit is

approximately 500 GHz for Si IMPATTs."

The new model was next applied to GaAs diodes. Here there

were three principal objectives. First, it was desired to know how

the new effects included inthe energy-momentum transport model would

alter the device performance from that predicted by the drift-

diffusion mdel. Second, the results of both simulations were compared

to available experimental data in order to determine which could

better explain experimental results. Finally, doping profile

optimizations were carried out using the energy-momentum model to

-9-
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modifications was to include a more realistic band structure than

is *ypically assumed in Monte Carlo simulations. For consistency,

this band structure must be used when the integration over final

Ftates is performed in the calculation of the scattering rates

needed for the Monte Carlo simulation. Also, particle velocities

and energies should be calculated using a more realistic band

structure during the simulation.

A computer program was developed that numerically integrates

the scattering rate matrix elements for all the important scattering

mechanisms over an arbitrary band structure. The band structure

for GaAs obtained using the pseudopotential method was then used to

calculate a complete set of improved scattering rates for GaAs.

A new model was first employed to determine the properties

Si IMPATT devices at millimeter wavelengths. It was found that,

since the relaxation rates in Si are very fast, there was very

little difference in the results obtained from the two models up

to approximately 200 GHz. It was therefore concluded that the

'rift-diffusion model is adequate for Si up to very high frequencies.

The results on Si are described in detail in Technical Report No.

AFWAL-TR-82-1107 entitled "Computer Modeling of Millimeter-Wave

IMPATT Diodes," by R. K. Froelich, November 1982. An abstract

from that report follows.

"A model of millimeter-wave Si IMPATTs has been developed

which includes transient transport effects neglected in the conven-

tional drift-diffusion model. The new model is based on principles

of energy and momentum conservation.

-8-
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, n numerical diffusion than the other method. The problem with

t iis method is that it becomes unstable in the limit of low electric

field and low particle energy, so that it cannot be used for device

simulation. where these conditions occur. The alternative simulation

se.: a modified Lax numerical method (modified so that the particle

continuity equations are conservative). The advantage of this method

is that it remains stable in the limit of low field and low particle

onervy. To achieve this stability, the method introduces more

:umerical diffusion than the forward-time, upwind-drift method.

However, it was found that proper choice of space and time steps can

minimize the numerical diffusion of the modified Lax method to

acceptable proportions.

Details of these investigations were included in a journal

article. The article was submitted to the Journal of Computational

Physics and has been accepted for publication.

During this program, the displaced Maxwellian method for cal-

culating relaxation times was investigated extensively. Relaxation

times were calculated for many different values of constants in the

expressions for the scattering rate matrix elements. For each set

of relaxation times, the transport equations were solved in the

uniform, ic limit to determine whether a good fit to the static

velocity-electric field characteristic could be obtained. For all

the cases that were tried, it vas not possible to obtain a good fit

to the velocity-field characteristic at high electric fields.

Therefore, the displaced Maxwellian approach was abandoned.

Instead, it was decided to modify the Monte Carlo program

to be useful at high electric fields. One of the necessary

- 7-
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5:5N. Matching each device to l-Q circuit resistance gives an

u.tAimate of maximum obtainable pulsed power. Finally, CW and

ptulsed performance for all structures and materials are compared

over the entire frequency range simulated."

A very comprehensive computer model that includes energy and

momentum relaxation effects was developed and applied to Si and

GaAs IMPATT device simulation and design. Many different numerical

techniques for solving the energy-momentum transport equations were

investigated. These included both one-step methods, where the

transport equations are solved only once at each time advancement,

and two-otep, Lax-Wendroff-type methods, where the equations are

i.uved twice per time step advancement. The investigation con-

sisted of two main phases. First, the numerical methods were

tnalyzed to determine the range over which the method should be

,table, whether the numerical method accurately models the actual

equations, and whether the method conserves particle number, total

momentum, and total energy. If a particular method was promising,

it was implemented in a version of the energy-momentum IMPATT

simulation. Simulations were then carried out to test the per-

formance of the method in practice.

As a result of these investigations, two different versions

U'f the energy-momentum simulation were developed. Both versions

utilize one-step time advancement schemes since stability problems

were encountered with the two-step methods. (Another disadvantage

of the two-step methods is that they are more costly.) One

numerical method is the forward-time, upwind-drift finite-difference

method. This is the more accurate of the two methods and introduces

-6-
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Both models were employed to determine the properties of

millimeter-wave IMPATTs and, in particular, Si, GaAs and InP

devices. It was determined that the drift-diffusion model is

adequate for Si devices to very high frequencies, but for GaAs

the second model is most appropriate.

A comparison of the results obtained from these models with

available experimental results indicates good agreement. The

results obtained on millimeter-wave IMPATTs are described next.

2.2 Properties and Capabilities of Millimeter-Wave IMPATTs.

Several technical reports and journal articles were prepared

describing the results obtained in detail. All of these publications

are available and there is no need to repeat the details here.

A brief summary is given, however, for completeness.

The drift-diffusion model was employed to determine the

properties and capabilities of Si, GaAs, and InP IMPATTs at milli-

meter wavelengths and, in particular, at 30, 44, 60 and 94 GHz. The

results are given in detail in Technical Report No. AFWAL-TR-82-1141

entitled "Capabilities and Potential of Millimeter-Wave IMPATT

Devices," by R. K. Mains and G. I. Haddad, November 1982. The

abstract from this report is included here.

"Theoretical investigations of IMPATT diodes are carried out

at 3C, 40, 60 and 94 GHz. GaAs, Si and InP diodes are simulated.

Several Aingle- and double-drift doping profiles are considered.

Extensive results as a function of RF voltage amplitude and dc

current density are presented. Taking thermal resistance into

account, the expected CW performance of each structure is pre-

sented, such that the maximum allowable diode temperature

-5-



SECTION II

IMPATT DEVICE DESIGN AND OPTIMIZATION

.] Introduction. The objective of this phase of the program

w:iz to determine the potential and capabilities of IMPATT devices

f'or both pulsed and CW operation at millimeter wavelengths and to

o otermine the effects of material parameters and device doping profile

on the expected performance of these devices. In order to achieve

thEue objectives, theoretical models were developed and utilized

for this purpose. These represent the best models available for

IMPATT device simulations and can be divided into two main categories

ac follows:

1. The first model is the so-called "drift-diffusion" model.

it i.corporrites the static velocity-electric field characteristics

9 e[ectron and holes, and the ionization rates are assumed to be

dnstantanecus functions of electric field. Other than those, the

model is fairly general and gives important information relative

to device design.

2. The second model is the so-called "energy-momentum-

rolaxation" model where intervalley transfer time, energy and

momentum relaxation effects, and ionization rates as instantaneous

l'unctions of energy rather than electric field are included. This

model, therefore, takes into account velocity overshoot and under-

shoot effects which become very important in GaAs, particularly

at millimeter wavelengths.

--4-



tw,-,iimensiorai naLure of the problem, are solved in one dimension.

acvoral aria: ,tic exlressions are used to determine the geometry of

the charnel. These approximations give a set of equations that can

be solved rapidly. At the same time most of the two-dimensional

tevice physics remains.

The quasi-two-dimensional model separates a two-dimensional

F structure into a gate depletion region and a conductinp channel.

.rc electron concentration, electric field, electron velocity,

1--tror. d ffusion coefficient, and current density are assmed to

ia-n ovy on the x position with no y dependence. This geometry

.: d z ol~ure element from under the gate region are shown in Fig.

this two-dimensional volume element, Poisson's equation

E - n dl - (N-Nd) dv (3)

necomes (for unit width)

BI + BI+!
I - B+IEI+1 = (N -(N)Ax 2 )

1r T I+ +1 F d 2 '()

here : the average electric field in the x-direction on the

left boundary,

E +] = the averafe electric field in the x-direction on *he

rli ht bcundary,

= tii- iverafge electron concentration within the element,

n = the unit normal vector and

= the channel doping.

,'f a y-directed field were present, it would not change the results

in Eq. 2. The y compLrent would not cross the integration path of

Eq. 1. In the limit o' small Ax, Eq. 2 becomes

-18-
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FIG. 1 (a) FET GEOMETRY AND NOTATION. (b) VOLUME ELEMENT

GEOMETRY AND NOTATION.
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(BE) - (N -Nd)B (5)

The current continuity equation

J • dn - N dv (6)

can be written as

a ~B + B
BIJI - BIIJI+I = I1 I L- A x (7)

whereJ = the electron current density at the left and right

contacts. The electron current density is

J = Qv(E)N(x) - D(E) dijx)j (8)

Hi The Iimit of small Ax, Eq. 8 becomes

__(BJ) a(BN)= (9)Dx at

Ar-ain, any y-directed current would not change the result of Eq. 9;

however, a problem does exist. The velocity and diffusion coefficient

in Eq. 8 depend on the total electric field, not just the x-directed

component. At low fields the velocity depends linearly on the field

and the diffusion coefficient is constant; however, at high fields

The velocity is constant. The velocity along the channel depends on

tne anrle of the electric field. 7 Equation 7 overestimates the

current dopending on the angle of the current in the channel. With

this overestimate, the amount of charge in the channel dipole is

asually correct within a few percent and the resulting drain-source

t.r7njnal current is usually high by approximately 10 percent.

-20-



Before Eqs. 5 and 9 can be solved, an equation relating the

voltige :lon the channel to the depletion layer width is needed.

The voltage drop Vd across a depletion layer is related to its

width w by

Vd = dw2 (10)

with Vd found by integrating across the width of the depletion layer

along a suitable path. One possible approximation is to assume that

the equipotential lines within the depletion layer are parallel to

the gate as shown in Fig. 2. This approximation is typically used in

arialytic FET models and is correct in the limit of long gates.1-3

With this approximation, the voltage drop across the depletion layer

depends on the voltage difference between the channel and the gate.

Equation 10 can be used to find the depletion-layer width and the

resulting channel geometry factor B(x).

The problem with this approximation is that it always over-

estimates the width of the gate depletion layer. This can be shown

by referring to Fig. 3 (taken from a two-dimensional result).5

Although the constant voltage lines in the channel are approximately

parallel, they bunch together in the depletion layer near the drain

end of' the gate depletion layer. Thus a sloping straight-line

approximation can be made for the equipotential lines within the

.ate depletion layer. The two geometries are shown in Fig. 2. The

electric field lines in the sloping approximation are semicircles.

"The width of the depletion layer in this case is

w = w sinO/0 , (1)

-21-
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(a)

(b)

FIG. 2 POSSIBLE DEPLETION-LAYER POTENTIAL LINES.

(a) PARALLEL-EQUIPOTENTIAL LINES AND (b)

SLOPING-EQUIPOTENTIAL LINES.
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"-,,' w = the depleticr layer width from Eq. ] ,

= the angle of the sloping equipotential i. -. wr.

Fig. b) and

w' = the modified depletion-layer width.

' on1 T gates 0 = 0 and Eq. 11 approaches Eq. 10. The "

1. 11 compared to Eq. 10 is to reduce the depletion layer widt fcr

sh-ort devices. In the solution of the equatians, both w' and 0 depend

or. the voltage conditions along the channel. A Newton iteration is

required at each space step to find the proper value of w'.

Equations 5 and 9, along with either Eq. 10 or 11, can be used

i< find the electron and field distribution along the channel of an

:,-T if the geometry, material parameters, and bias conditions are

w pecified. A computer program to solve these equations was written

ind a variety of structures were studied. The results for a typical

Si and GaAs FET are presented and the dc results are used to describe

6small- and large-signal operation.

4.2.1a DC Results. The dc characteristics of a Si

FET are shown in Figs. 3 and 4. The device has a channel doping of

b'1 7 cm- 3 , a channel height of 0.25 pm, a drain-source spacing of

3.5 jm and a 0.2-pm long gate. The FET quantities are all per

ct,-rtimeter cf gat, width. Figure 4a shows the drain-current vs.

irain-source voltage for a range of gate voltages. Under dc conditions

!,he channel of an FET is charge neutral with the channel dipole

ch arge balanced and with the fixed doping charge in the depletion

layer balanced by the corresponding image charge on the Schottky-

barrier metal gate. Figure 4b shows the number of electrons on the

i-Lte. Increasing the gate voltage (more negative) increases the

-24-
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FIG. 4~ Si FET PROPERTIES. (a) DRAIN CURRENT VS. DRAIN-SOURCE

VOLTAGE, (b) GATE CHARGE VS. DRAIN-SOURCE VOLTAGE, AND

(c) CHANNEL CHARGE VS. DRAIN-SOURCE VOLTAGE./
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cre of the gate ieton layer. The volume and electron number

.l di erd jn tL A iri.-source voltage as shown. The number of

o×,Is elctrcns in tt.e :tccur-ulat Ion layer of the channel charge dipole

1 c :hown in _i. ec. For low drain-source voltages the mobility is

'A.r ,xim'ttciw constrat amd the channel dipole is small. Increasing

the drain-source voltage increases the channel electric field and

increases the number of electrons in the dipole accumulation region.

increasing the gate voltage (more negative) increases the volume of

the gate derletion layer. Increasing the gate voltage (more negative)

increases the size of the gate depletion layer which decreases the size

the channel dipole. Thus channel charge and gate charge go in

A: csite directions with gate voltage. The channel charge is

a,.troximately one tenth the gate charge.

The dc characteristics of a GaAs FET with the same geometry and

io; ing as the previous Si device are shown in Fig. 5. Since the low

:'ield morbility in GaAs is approximately four times larger than in Si,

At low drain-source vcltage linear region resistance is also four

times :maller. The GaAs .ievice also reaches its peak velocity at a

rc,,wer drain-source voltate. Further increasing the drain-source

vctoge drcps the average electron velocity and the current. The

-'te charge is similar to the Si results with slight differences

:'cause cf the voltage distribution along the channel and different

material dielectric constants, The shape of the channel charge vs.

drain-source voltage curve depends on the shape of the mobility vs.

electric field curve. In Si the mobility is a monotonically decreasing

function of field so the charge curves in Fig. 4 c are smoothly

increasing functions of field. In GaAs, the mobility is approximately

-26-
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ccx.staxit at Iow fiel is and drovs rapidly for fields aove the peak

\elcity fie d. In GaAs, the channel charade is apl roximately zero

"or 'eak channel fie] ds below 3500 V/cm and then increases more

rai Uil' than the Si case for larger fields or drain-source voltages.

The current, channel charge, and gate charge information shown

in igs. 4 and 5 were generated for a variety of FET structures. The

information generated by the dc computer program is stored in tables

and forms the basis of the small- and large-signal models discussed

next.

4.2.1b Quasi-Static Charge Control Model. There are

several possible approaches to describing small- and large-signal FL?'

oreration. The first approach is to use measured data and -n equivalent

circuit to model the performance.'" Small-signal data is fitted to

an equivalent circuit in order to determine the desired small-signal

l arameters over a range of bias conditions. The small-signal equivalent

circuit can then be used to predict large-signal performance and for

circuit desin. This method works well for transistor circuit

*e i n.ii

A second approach is to derive a small-signal equivalent circuit

u:ir an analytic dc s7olution as discussed in Referenoes I through ".

,:. extendsion of this metnod is given by Madjar and Rosenbaum. 1 2 The

,<x<i~rimental approach depends on using measured data that imits the

metrod to existing devices and requires time-consuming measurements.

The dc small-sir.nal method is limited by the assumptions of the

underlying dc model.

The model adopted here uses information from the dc comjputer

irnc ram to def ine a small-signal equivalent circuit. Since the

-28-
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underlying dc program uses fewer assumptions than the models of

Rel'erences I through 4 and 12, the small-signal model should also be

better. Also, most of the small-signal parameters depend on measurable

quantities, so the model can be used as a starting point for experi-

mental measurements.

The charge-control model used is shown in Fig. 6. The Q and

QC boxes are the charge stored in the gate region and in the channel

CC
region. I cis the channel current (under do conditions the channel

current is equal to the drain current). The quantities Qc' Q and Ic

are found using the dc program. Under time-varying conditions, the

gate current is

dQ g(V gV d )

g dt

and the drain current is

dQc (V vd)
d dt c(g'd (13)

A small-signal equivalent circuit can be derived from the charge-control

model by performing a small-signal expansion of Qc Q , and IC . The

small-signal expression for Qc is

(t) Q + AQ = Q + c - AV e t +-- .,, e,
o co c cc V Wg

where AQ = the small-signal channel charge,c

AV = the small-signal gate voltage andg

AVd = the small-signal drain-source voltage.

Similarly,

-29-
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Q>( + AQ e wt Q + AVejt + AV eji(,t
go g go 3v 9 g e 3V dedg

(15)

jwt d wt
I + AleJt I +'-d V e'.+
cc d do 3V g DV dg

wccrL .', = :he smaID-signal gate charge and

d = the small-signal channel current.

isini Eqs. 1- through 16 in Eqs. 12 and 13 yields

AI (t) = jwC AV + jwT AVd  (17)

1it) = gmAV, + goAV + jwT 2 AV + juCAVd (18)

S- =the gate capacitance
g

36

D Vd  '

T d

S -- =the transconductance
-±V

the output conductance

')V

-. 4-

? 3 - the output capacitance
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9 ojrou, was le.- <ed i5 but, iE reconsidered briefly to the

'..r.. at it -elates to the calculations present here.

The operation of the harmonic combiner relies or. the matching

two "ctive devices that are coupled through a physically symnetric

.rk :nto ta load. For this case, the y, matrix for the matcning

:,-work -na oad is of the form:

Iy Y
11i i2 (2

Y Y
S12 12

c-U sources are then apolied at the inputs of this two r,(2Ft

* , i-rvectors and eigenvalues of the system are given hv:

ki=m
P" : m kma

"k k 1 m

L I k 2 m 1I

, ?. : ?: :requenucy multiple,

r:ber cf identical ports being combined. It is

.or equivalent sources, the voltage on the load for

.., = I is restricted to second harmonic if hiFher-

. -are. n, -e d. The fundamental components from

- 11canoe - ancther. By properly desinin,

..- -- .. r, :ciilatiion cf the circuit can be

-,, .I ie fur most, cases the higher-order

• , .I. - . , , lonii -b,:ri, onl second-harmonic power. The

h ,-., i: circuit requires is ideally obtained by

-45-
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r~o::cs it ential for extendinv: the rowor frequency limitat lox.:,
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ca-t ion :4this circu it, along, with the development of asn a'hIrclfriate

v:ton allcw for the ortimazatior. of circuit r erformaui~co arid the

tat e> to' l> - tchniques to utr circuits Cf this type.

* resu its rersetnted he,(re describe three facets of moolithic

*-'i',it s westI as som;7e general cha,-ract-risties cf

*i cultin A hjrle' iiscussion of the cha,,r'ct erit-L

,r d,? r :sa--idertiin p5resented is. the next sct ios.

1 wn :u:cr:so Tree areas that have been 4LIvosed-c

tn.work: the fabrication of Ga-As IESF7T iand
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Ie ttmi hen armonic g-eneration efficiency of a n-1w
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f'ran a model based on : and low-freuncy parametric measurements

the device terminals."

Tt clini cal Ri ort, No. AFWAI-T-8.-l 034 entitled "Large-Signal

i:cter zaaion of' Nonlinear Two-Fort Active Networks," by D. C.

Ya.nn, Aiuil 198L. The abstract of the report follows.

"The objectives of this investigation include the development

a large-signal characterization procedure for nonlinear active two-

.rt. networks, analysis of the large-signal properties of MESFETs,

-r_ ,stablishment of a large-signal MESFET equivalent circuit model.

"An approach for characterizing the single-frequency properties

ncn. enr two-: ort network is presented. The characterization

rsulto ace useful in optirizing the external circuits for particular

a:: i ~cti : uch a, amplifiers and oscillators. The information

'iained rrtCr(Iing network properties can be used for establishing

- : [r od osc Mator design and stability criteria.

"A i]aAu M!.S.FET wa' used as the nonlinear active two-port

:.<crk, a. it,, large-signal characteristics were measured. The

r. 4'n e of the MESFET were investigated over the 7-

- ' ! rani e. The common drain configuration was studied

confiruration is particularly advantageous for

ti he characterization results were applied

S io irain MESFET oscillators, and relationships

wetr and load muedances were established. The

r*' rmanc, a a voltage-controlled oscillator (VCO) was also

. with ,a c- rle fr-quency oscillator built to verify

1- a.



t:.e ro i ram is described in great detail in the following technical

reports and a brief description of tiie results is included here.

1. Technical Report No. AFWA>-TR-8h-I177 entitled "Measurement

Metsod for Accurate Microwave Characterization and Modeling of MESFET

Chips," by D. E. Peck, January 1985. The abstract from this report

s'oilcws.

"The subject of accurate measurement and modeling of three-

terminal chip devices such as bipolar junction and field-effect

transistors has been addressed by others with varying degrees of

success. This paper discusses a two-tier approach for determining

hi,-hly accurate wide-band scattering parameters of chip GaAs MESFETs

hat are referenced at the bonding pads of the device. In a two-tier

aroruach the first level of characterization determines error correc-

tions for a measurement system. The second level is characterization

f any test fixture used in the measurement of the device. The discussion

i- d(irected at the second level of characterization in which methods

f ,_f.e-iort untermination and deembedding are extended to two-port

ssasurements and a technique known as 'cold chip' parasitic error correc-

* cr. is introduced which makes possible accurate placement of the

* -aramoeter reference planes at the terminals on the chip device.

"Microwave modeling of the GaAs MESFET can be apfroached from

iifferent airections, that of device physics and that of device

o( asure:nts. This paper examines two different measurement-based

irin methods in which accurate chip level S-parameter data is a

r:ocevc~ty. The first method uses the data directly to determine

ethorent values of' an equivalent circuit model. In the second method

t,- S-oarameter data is used for comparsion to S-parameters predicted

-42-
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Vore accurate method is required. Faricelli et al.13 studied

transient behavior using a two-dimensional transient analysis. Yang

and Peterson14 described the experimental large-signal characterization

f ,-EfTs.

A simple and efficient dc and quasi-static RF model for FET

operation was presented. This model includes much of the device

,:ics neglected by simpler analytic models, while at the same time

it. ii much lower in cost than two-dimensional simulations. The model

w vs used to predict the small-signal behavior of FETs. The model

_;Lows the importance of the channel dipole and the resulting effect

,.the transconductance. Quasi-static large-signal operation and

the resulting limits were also discussed.

4.2.2 Computer Modeling of FET Devices. A two-

('!mensional drift-diffusion computer model was developed that can

t- applied to Si or GaAs devices. Typical results from this model

, ;iaAc 5FET are shown in Figs. 11 and 12. Because of the expense

,nvoived Ln using this model, it was not used extensively to

imalate many devices. It was used, however, to compare with the

proxi mate model described in the previous section and good agreement

wai- :)ntained. The computer program was tested and appears to be

workifng properly.

4.3 Experimental Characterization of GaAs FETs. Techniques

were developed for experimental characterization of GaAs MESFETs

and for measurement of small- and large-signal equivalent circuit

parameters. This is extremely important for determining the properties

of these devices and their utilization in amplifiers, oscillators,

and in other applications. The work performed under this phase of

-39-
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tVh'. The drain current vs. time is shifted with respect to the gate

-oltage by the - delay discussed previously. The delay time for this1

case is approximately 5 ps. The current is slightly clipped at higher

eate reverse bias because of the transconductance reduction there.

Thie channel charge vs. time is shown in Fig. 9d. Two effects acting

together produce the double peak curve shown. The first peak corres-

ponds to the minimum gate reverse bias and maximum channel dipole

volume. The second peak occurs when the drain-source voltage is

approaching a maximum, producing a larger electron density in the

dipole. The drain-source voltage and operating load line are shown

in Figs. 9e and 9f.

A set of curves for the GaAs device of Fig. 3 is shown in Fig.

10. For this example, R = 1 Q, R = 0.7 Q, and w = 2 V. The gate
gd

is biased with a - I V gate voltage and a 1 V RF voltage. The three

set- of curves correspond to frequencies of 20, 50 and 100 GHz. The

combination of R and the gate capacitance lowers the RF voltage
g

across the gate terminal with increasing frequency. This, in turn,

reduces the other quantities shown in Fig. 10.

The performance of the GaAs device is similar to that of the

Si device, with small differences because of the shape of Qc. This

,imilarity points out the basic limitation of quasi-static models,

,r any model that derives large-signal information on the basis of

small-signal calculations or measurements. The quasi-static model

assumes that conditions in the channel are described by the stored

charge and the channel current. However, depending on the bias point,

RF voltage, and RF frequency, the channel conditions can be altered

by the current flowing through the gate. Under these conditions a
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F

',0,Te r-mount of charge in the gate depletion layer, resulting

% r. additional gate current IsT AV.

Trt small-sig-nal FET parameters depend on the dc operating

I . chosel. Typical small-signal parameters for tne devices depend

.ilt., araneters in Figs. h and 5. This model is a model for the

.:.:'.ieET. Additional elements would be required to describe

it losses and the effects of bondwires.

niuatic ns 12 and 13 can also be used to describe large-signal

L, c oeration. Expanding the time derivatives in these two

S(t) A 9 V 0 + Q V d  (0
a Q t Vd 3 t

QC 3aV 3Qc 9Vd

I'(t) = + - + I (vvd) (21)
g V t 3Vd 3t C

noese ecuatiora , along with information on the circuits connected to

the drai and gate, describe the large-signal operation under a

v, iriety cf irive conditions.

very :simple bias circuit is shown in Fig. 8. The FET is

£[-sedA with !- gate and drain resistance, a drain supply voltage

7 % V and a dc gate bias of - ±. V. Figure 9 shows the operation

f a Si FET shown in 4i. 4 for a 1.5-V RF gate voltage at 25 GHz.

The gate voltage is shown in Fig. 9a. The combination of R and theg

te capacitance lowers the applied peak-to-peak voltage. The phase

also delayed. The c-orresponding number of gate electrons vs.

time is shown in Fig. 9b. Figure 9c shows the drain current vs.
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.-: . ,v<'. nt. c iiz is shown in Fig. 7. The small-

..':( om _-lces of channel charge,

,, r, viver. in Figs. . and 5.

- r~ - -tix-nal cur~i es. Mos'_ na.

a;, t[he c k . t e,:r< f Ji rain-source vc.tage .eai: . i:u

c conl ut ,a.ce lerm in the equivalent circui ede

2 , 2 T 'o to the charging, and discharginf of the channel

,,'}one Lc :c is the channel region volume is pumped by the gate

laii r and ,gate voltage IT = ( Q / V )]. This charging and

2 C g

i:scharginF produces an additional channel current jwT lagging the

normal current that is due to the combination of the transconductance

nur, the gqate volta-e [lag-ing since T2 is a (-) quantity]. A typical

.:uivaenrt circuit has a gate transit-time term e T to account for

a, sur- h elay of the drain current. For a smail transit

17:r- tic. trornsconductance term becomes

o -- g(1 - jWTT) (19)

es:,nt t uivalent. circuit shows that the measured phase delay is

-u< t channe ijole conditions. Ti depends on the amount of

ahmrre in the channel dipole for various bias conditions. However,

0. characteristics of the charge dipole are approximately constant

),;,-r 't raifng of g<ate lengths, so - should not depend on gate length.

-'1- Peedback term i describes the coupling between the drain-

ouce voltage and the gate charge. Changing the drain-source voltage
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iSatricut inF. Tie entire circuit monoli4thically in a ip ysyrmietrJ 2

Lir.cture. T-he fabrs'cat],n techniquies that are described in the

ol In sect ions have all been designed with this factor in mind.

4.4..3 Results. In the course of this investig-atio.

sveril tasks were -,jerformed and are discussed in '-he following

1. G-aAs MIES7ET fPibrication. A variety of processing,, treclniques

she fabricaftion of Ga-As MESFETs were explored. They; were 1-ec

sesc tr',ctures that were evaluated for do and extra-,olated fc~r

rn.crcwave performance. '.nese show good performance and tne resulits

tre~c~sehere.

Varatctor diode simulation anid fabrication. E:::cen t

..rtnc geei .ion requires a high degree of nonlinearit. A

n-arT;losls method for providing such a nonlinearity,, is -.rcvide§

he ar sor ioe. Typcaly te desired structure for th~ese.

o~i±~isesion intmlantation to produce a vertlcal ptrofile of ti

wiv Simulatea and ,_nowed excellent caalc1c c

%!r olithic fabrication. thle fa1-risas*,ior. of .eiosc! eiz

r_-) v-actcrs, mnonolithically requires- ra me-ans c," >1 ovidin,

ri Kciic carctritison a sinrle subistrate. 'l e methiod

le-,ti~iiV iLs selective implaitatiom 1i1,,o a -,emi in tiat inc-

rr,,, ThIis ,ovi deLs .he required electrical charact.erist ics

mdnirrui of oss technical ity arnd a great deal cf design

7ici. ofthe:s tasks_ i- discussed in, more dletail in the following



4.4.4 MESFET Fabrication. Table 1 gives a skeletal

outline of' the process used to fabricate the GaAs MESFETs that are

discussed here as well as some characteristics of each processing

step. Figures 13 through 15 show measured data from FETs fabricated

:n ion-implanted low-noise material. When the methodology described

b, Fukui 1 6 is used, the maximum available power can be determined in

a straightforward manner from these plots. The gate capacitance vs.

applied voltage curve given in Fig. 15 and the transconductance that

can be determined readily from Fig. 13 make possible a simple calcula-

tion of the unity gain frequency. The FETs fabricated on this material

showed Tood characteristics and typical unity gain frequencies of

,tpproximately 8 GHz. Maximum available power for typical devices on

tiis material was also calculated and typical values of approximately

5r- W for iO0-im gate structures were obtained. A significant

improvement in both power and frequency performance of these devices

cx ec-ed for substrates with thicker more heavily doped active

bayers. The final design of the doubler circuit will necessarily

hrOiude the consideration of the characteristics of the active channel

-ircuit considerations that limit circuit power consumption.

4.5 Varactor Modeling and Process Sequence. A nearly

thc for generating harmonic power is provided by the

.a;act-r dioue. The application of a sinusoidal voltage to this

n v1 cc Co_.e:- a time variant capacitance that results in deviations

'om the purely sinusoidal current that would be obtained across a

o, stant carfacitance. To produce a large harmonic component it is

,-e',erally desirable to maximize the variations in capacitance vs.

'ime. The general characteristics that make for efficient harmonic
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i eneration can be pointed out by consideration of an unrealistic

dv.i., that nonetheless brings out the salient features. This

, riicture consists of an impulsive doiing spike at the surface to

which the Schottky contact is made. This causes the zero bias deple-

tl;An width to approach zero and allow for a subsequently large variatior

in the capacitance that is inversely proportional to the depletion

width. Beyond the zero bias depletion width it is optimal to have

intrinsic material so that the variation in depletion width with

respect to voltage is maximized. The depletion width as a function

of voltage for this case is given by:

2] 1/2 (23)
W I D

where V is the reverse voltage and ND is the doping density. Conse-

quently, the variation of w with voltage is given by:

1/2

2-w =  
(24)

It is readily apparent from this expression that the maximum variation

in capacitance occurs at small reverse voltages and low dopings.

In practice, this type of structure is limited by a variety of

cors iderations. These include:

1. The thickness of the barrier through which electrons must

tuLiel to contribute to current flow is controlled by the doping at

il,, :urface. In order to avoid a deleterious tunneling current it

is necessary to reduce the doping at the surface.

2. The peak field in a varactor diode occurs at the interface

between the metal and the semiconductor. If it is assumed that the

-51-



imjulse of doping is replaced by a highly doped region, the field in

the highly doped region is given as:

E(x) = Emx' XnTaX 0

w..ere w = the zero bias depletion width 2EVB/qIN_,

V = the barrier height and

m = 2V /w

zt scro bias. If, as suggested by the discussion of the idealized

ructu , the zero bias depletion width extends across the highly

:c;,ed r>-ijon, the width and doping of this region will be the primary

,otorminant of the breakdown voltage of the structure. It is

desirable for power and tuning considerations that the breakdown

]tc ge be maximized. It is, therefore, desirable to maximize the

brokdown voltage and thus minimize the doping at the surface or at

cxt,,n'i 'he length of the highly doped region.

.arasitic resistance through the lowly doped region detracts

'< tre seral] efficiency of the device. This must be reduced by

*i< i uct ion of a heavily doped buried layer as well as by

t.he doping of the intrinsic layer. It is important to

that the bieut variation in capacitance occurs as the depletion

ru,:-co varies around the zero bias condition. It is therefore more

o,,f'il t. have a doping profile that increases toward the buried

*irehiy doped layer.

'7hese considerations dictate that a criterion for evaluating

varactors as harmonic generation sources must relate the relative

importance of harmonic generating efficiency and resistive loss.

-52-
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'... v. : '.: . t~iat resu<lt: from the assumption that the

I.' s'Y , u inuscidal v)I;taie source gives a figure of

or a tviven load, the loss of the varactor

x
2

are "'s values cf the total and first-harmonic current,

itre series resistance of the varactor. This

izd for peak performance and can be used as

. ' between two device structures. The general

2. ,. It.CtbLed previously are readily obtainable by a

, .ertical doping profile of a properly designed

n. Ar ion implant simulation based on the Pierson IV

s implemented. This was used to evaluate the capacitance

I~' '.A, consequently, the harmonic generating capability of

r of •t' device structures. Fourier components of the current

w<vemr wr., evaluated. In addition, the vertical resistivity through

. lowly doped region and the sheet resistivity of the buried layer

w. , veiu° c so that the series resistance of a particular layout

.)nfii-urttion could be determined. This makes a comparison of two

ivic :tructures possible using the method described. Figures 16

%r. 7 svw typical implant profile and the associated capacitance-

'7 t, charcteristi. Figures .8 through 20 show an RF voltage

,!,,i t,_, res ,,rs of tis device structure to this voltage.

rf Fourier coefficients displayed or, the plot show a good harmonic

<enorating7 capability while maintaining a reasonably low parasitic

re.sistance. The fabrication procedure for these devices is similar
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Im

S.'. <.;' - Xk:2 .. .721 rC's previously with the excettion of a-

.' '.: <, i:i contacts to be formed on the buried layer.

o:. it: 1uc> is outlined in Table 1.

Monolithic Pabrication Sequence. 'The device

Srotrt ,.cued Treviously can be made monolithically compatible

t reitelyot im lantintr a GaAs wafer with the desired profiles on

ert r-Io:.s o the substrate. This can be done by masking the

er with a dielectric layer and patterning this dielectric to

,i<e tutL of FET and varactor material on the substrate; by then

; a mesa etch to isolate the devices, the lithographic requirements

S:o rl~untation are minimized.

a methodology similar to that used to predict the doosn:gp

:-,, '4i1 in t o substrate is used, the penetration of the dopant into

:l'terial ow b calculated. In this case, .owever, lhbs

+nter,,' is the number of accelerated ions that will

.t ." I,-outh -ive.. thickness of the dielectric mask. Figure

(ot cf residual fluence for the varactor prcfile

,, where the material being considered is a silicon,

Ser. The effectiveness of a mask layer can be deter-

S . y p , lot. As an added safeguard, the isolation

rfcrmed tfter the implants have been performed will

t m
2

" insirnificant number of dopant atoms that

...rrot'c, int- h GaAs substrate. 'This process,

.. : for ea :;e and -rocess flexibility that is unavailable

r + -. t'chr, owos. A brief outline of the complete fabrication

; -n i v, n n ?able 2.
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Table 1

FET and Varactor Fabrication Steps

Process Step FET Varactor

(rientation etch Deel- etch performed on Same as 7HT.
small portion of wafer
to determine crystal
orientation.

hmic contact Not required. Etch through surface
etch n-layer so contact can be

made to buried n+ layer.
In situ determination of
dopant concentration

determined by probe-

surface breakdown.

pLmic contact Ni-Ge-Au: 300 L-00 - Same as FET.
; rmation 2800 . Alloy: 2 min at

4900 C. Typical R = 1.5

x 10-6 0/cm
2 . c

Mesa etch NH40H:H 2 0:H2 0 2- 20:973:7 Same as FET.

Etch rate 2 33 /s,
Probe-surface breakdown

used to determine pene-
tration through active

layer.
o

Scottky Ti-Au: 700 - 2000 A, Same as FET.
ccntact Lithography schemes:
foroatim AZ resist = -0.75 Pm

resolution, poor lift-
off, AZ resist with
chlorobenzene = 1.5 om
resolution, good lift-
off, AZ resist = w/Si 3N 4
-0.75 Vim resolution,

gcod liftoff.
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Table 2

Monolithic Fabrication Sequence

P'rocess Step Process Description

Orientation etch Deep etch performed on GaAs wafer to determine
and alignment crystalline orientation and provide initial
marking alignment reference.

Implant FET profile Implant FET regions of wafer using Si3N 4 mask.

Implant varactor Implant varactor regions of wafer masking
'rofile and anneal with Si3N4 .

Varactor ohmic etch Etch varactor ohmic pattern so contact can be
made to n+ buried layer.

",hmic metallization Ni-Ge-Au as described in Table 1 onto etched
region for varactors and surface for FETs.

soslation etch As described in Table 1, but deep enough to

isolate both FET and varactor profiles.

Sbe-ttky contact Forms Schottky contact for both varactors and
<crmation MESFETs as described in Table 1.

Linped-element Forms interdigitated capacitors, loop inductors,
metallization or high impedance line sections; could be

included with Schottky metallization for a well-
developed process.

-62-

I -J

......................... i -- -I-I-



4.4.7 Conclusions. Monolithic fabrication of a harmonic

power combiner was explored and appears to be a feasible method of

exttndi~ir the inherent power frequency limitations of a variety of

oulid-state active devices. GaAs MLESFETs were fabricated and tested

fo). use it, this circuit. Varactor diode structures utilizing an ion

impliantation profile to produce enhanced harmonic generation capability

w.re modeled and show promise as harmonic sources. Finally, a process

s cquence that makes these devices monolithically compatible was

precented.

With these results in mind, monolithic fabrication of the d2oubler

circuit should be feasible. Implementation of the circuit will require

so, e developmental work on the most efficient configuration for the

as well as the evaluation of feedback capacitors and possibly

'ul iuctors. These can probably be fabricated in a single-level

m t liz~ion that has been provided for in the process sequence pro-

1- e re r . Once this circuit has been fabricated monolithically,

h, rinct leL; presented here should make the fabrication of higher-

crsoer comhiur circuits feasible. This should allow for greatly

m!.r'ovtf1 crformance from a variety of device structures.
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SECTION V

MAGNETOSTATIC-WAVE DEVICE DESIGN AND ANALYSIS

'i', purpose of this phase of the program was to carry out a

t*,ieoretical investigation concerning the magnetostatic modes of wave

propagation in a magnetized YIG slab in a waveguide. An analysis

was developed for a finite YIG slab and the properties of magneto-

static modes of wave propagation were obtained as a function of

various parameters including the slab dimensions and its location

in the waveiouide structure as well as magnetic field.

the results obtained from the study were described in

Technical Report No. AFWAL-TR-84-1174 entitled "Magnetostatic-Wave

:r' :ttc'i. in a Finite YIG-Loaded Rectangular Waveguide," by M.

hadnanesh, November 1984. The abstract of this report follows.

"T? e objective of this investigation is to study magnetostatiL-

w:vv propagation in a recta.gular waveguide loaded with i finite YIG

1t, r Jurerstand the effect of physical parameters on the disper-

r.. uti time-delay characteristics, and to ol rain better deign

r, ;-if flm" %-netostatic-wave devices.

was carried out for two ba. c geometrica ss-

ft WI sa of arbitrary thickness place-i

c;c:.slc,, c wi'ta -v w.h each sidewall and (2) a thin Yl, s 1

te w~ith laced symmetrically inside a waveguide Furt, t.at the.ore

i:; r. ejl air gap between the slab and each sidewall. ( en.,

these basic geometries, the magnetic bias field was as-, aned t) be

either jarallel or normal to the slab in the transverse plane of
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the waveguide. For Case i , the mode analysis technique w-:s used to

,btain the dispersion relations while in Case 2 the integral equation

rnetod was used to derive the approximate dispersion relations.

"Numerical simulations were carried out for varioub geometrical

-on:figuratirns. Sample numerical calculations of the propagation con-

stant and delay characteristics are presented in the frequency range

of 4 to 10 GHz. These numerical results were obtained as a function

of the geometry and magnetic field. The results obtained from the

numerisal simulation will be important in the design of magnetostatic-

wave devices.

"The general formulation presented in this study contains all

the information given by the degenerate cases previously published.

The special cases of interest are obtained imply by permitting

some of the dimensional parameters to take on their limiting values."
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SECTION VI

CONCLUSIONS

Several important contributions were made during the course

of this program. These were described in the body of the report as

well as in detailed technical reports, journal articles and conference

presentations. Significant contributions were made in th following

areas:

1. Very comprehensive and excellent computer models were

developed for IMPATT device simulations. These models were employed

to compare with experimental results, where the agreement was found

to be very good, and for optimum device design and prediction of the

poterntial and capabilities of these devices for millimeter-wave power

ernerati on.

2. Both simple and approximate as well as comprehensive computer

models were developed for GaAs MESFET simulation. These models were

em] loyoi to determine small- and large-signal equivalent circuits

Por these devices and their dependence on material parameters and

3. New measurement techniques were developed for characterizing-,

*'W2.':,vices an] these techniques were ernloyed to measure the small-

Iarge-:igrnaI equivalent circuit parameters.

4. New ideas were developed and analyzed for power combining of

-terminal negative-resistance devices as well as three-terminal

A symmetrical fundamental and harmonic power-combining scheme
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wa; developed that should be useful in extending the frequency of

operation of solid-state devices.

The important elements, such as FETs and varactors that arc

needed for implementation of the symmetric power-combining scheme in

a monolithic integrated circuit form, were fabricated and characterized.

6. A theoretical analysis was carried out on a finite YIG slab

in a rectangular waveguide and for properties of the magnetostatic-

wave propagation modes and their dependence on the YIG slab dimensions

and its location as well as the magnetic field were determined.

-67-



TIST OF REFERENCES

Shuckley, W. , "A Unipolar 'Field-Effect' Transistor," Froc. Inst.
Radio Eng., vol. 4C, No. 11, pp. 1365-1376, November 1952.

Pucel, R., haus, 1;. and Statz, H., "Signal and Noise Properties

of Gallium Arsenide Microwave Field-Effect Transistors," Advances
in Electronics and Electron Physics, vol. 38, Academic Press,

Inc., New York, pp. 195-265, 1975.

Shur, M. and Eastman, L., "Current-Voltage Characteristics, Small
Signal Parameters, Switching Times and Power-Delay Products of
GaAs MESFET's," Int. Microwave Symp. Digest, Ottawa, Ontario,

. ]50-152, June 1978.

4. Dawson, R. and Frey, J., "A Signal Model for Determining Effects
cf Negative Differential Mobility on the Performance of Schcttky
Barrier Field-Effect Transistors," Solid-State Electronics,
vol. 22, No. 3, pp. 343-346, March 1979.

Kennedy, D. P. and O'Brien, R. R., "Computer-Aided Two-Dimensional
Analysis of the Junction Field-Effect Transistor," Semiconductor
Device Modeling for Computer-Aided Design, Herskowitz, G. and
Szhilling R. (Ed.), McGraw-Hill Book Co., Inc., New York, 1972.

Himsworth, B., "Two-Dimensional Analysis of Gallium Arsenide
Junction Field-Effect Transistors with Long and Short Channels,"
Solid-State Electronics, vol. 15, No. 12, pp. 1353-1361,
December 1972.

Wada, T. and Frey, J., "Physical Basis of Short Channel MESFET
Qperation," IEEE J. Solid-State Circuits, vol. SC-I, No. 4,

r. 39-411, April 1979.

iiimswortT, B., "A Two-Dimensional Analysis of lndium Phosphide
uncti.Jn Field-Effect Transistors with Long and Short Channels,"
lolid-State E(etronics, vol. 16, No. 8, pp. 931-939, August 1973.

Laux, S. E., "Two-Dimensional Simulation of GaAs MESFETs Using
the Finite Element Method," Tech. Report No. 148, Electron
Physics Laboratory, The University of Michigan, Ann Arbor,
February 1981.

I). Willing, H. A., Rauscher, C. and DeSantis, P., "A Technique for
Predicting Large-Signal Performance of a GaAs MESFET," IEEE
Trans. on Microwave Theory and Techniques, vol. MTT-26, No. 12,

pp. 1017-1023, December 1978.

-68-

I _ 4



11. Rauscher, C., "Large-Signal Technique for Desigrning Sinvie-

Frequency and Voltage-Controlled GaAs FET Oscillators," IEEE

Trans. on Microwave Theory and Techniques, vol. MTT-24, No. 4,
pp. 293-304, April 1981.

12. Madjar, A. and Rosenbaum, F. J. , "A Practical AC Largre Signal

Model for GaAs: Microwave MESFETs," Int. Microwave Symp. Digest,
Orlando, F1,, pp. 399-401, April-May '979.

13. Faricelli, J., Frey, J. and Krus.lus, J., "Physical Basis of
Short-Channel MESFET Operation ii: Transient Behavior," IEEE
Trans. on Electron Devices, vol. ED-29, No. 3, pr. 377-388,
March 1982.

14. Yang, D. and Peterson, D., "I arge-Signal Characterization cf

Two-Port Nonlinear Active Notw, rkR;," Int. Microwave Sym.,
Dallas, TX, pp. 316-347, June 198?.

15. Peterson, D. F. , "Harmon Lc Power ComllinirgF Microwave Solid-

State Active Devices," IEEE Trans. on Microwave Theory and

Techniques, vol. MTT-30, No. Ii, pp). 60-26(, March 1982.

16. Fuku., H., "Determination of the Basic Device Paramreters of a

GaAs MESFET," Bell System Tech. J., vo]. ,8, No. 3, no. 771-
797, March 1979.

-69-

*U . P ' O~



I',ATE

ILMED


