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ABSTRACT (Cont inued)

Investigation of self aligned gate FET s have shown hig h gate resistance
and feedback capacitance, and correspo nding low gain , resulting in a
decision to r evert  to r eali z ed gate FET’s.

Interdigita l capacitors with values up to 2 pf have been fabricated
for use as tuning capacitors.

A one bi t  phase shif ter has been desig ned using lumped elements and
Schottky barrier chip diodes. Testing was delayed however by a mask
error which is being corr ected..
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ABSTRACT

In the materials  area , effort on this program during the f i r s t  six months

has been devoted to process technology development and mat erials study
and qualification. Equipment delays and malfunctions have limited progress ,
however , di rect implants and implants into both VPE and LPE wer e investi-
gated with encouraging results.

Investigation of self-aligned gate FET’s have shown hig h gate resistance

and feedback capacitance, and corr esponding low gain, resulting in a deci-

sion to rev ert to realigned gate FET’s.

Interdigita l capacitors wi th values up to 2 pf have been fabricated for

use as tuni ng capacitors.

A one bit phase shifter has been designed using lumped element s and

Schottky barrier chip diodes. Testing was delayed however by a mask error
which is being corrected.
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. SUMMARY

The f i rs t  six months of the program have primarily been d evoted to process

technology development, and materials study and qualification. The program

has been d elayed due to late deliveries of some equipment and subseqnent re-

velations of equipm ent malfunction and improper assembly. These probl ems

are being worked out, and in the meantime arrang ements have been made and

impl emented to have ion implanting and capping done externally.

A major conc ern in the program is a reliable supply of qualifi ed GaAs.

Altho ug h a 3 inch crystal puller from Metals Research Corpo ration of Malvern

England has been order ed , it will not be delivered and operating for som e

time. We have rec eived and evaluated wafers from several vendors and have

a larg e supply on order from M etals Research.  These latter wafer s are  from

• a boule pulled on a machine identical to the one we are  getting , and which

should pass the Westing house qualification tests.

Altho ugh it is advantag eous to implant directly into SI GaAs without the

expense and extra processing involved in buffer layers, it is not yet established

that consistent  high quality implants can be achieved due to the high background

dopants in unbuffer ed material. Direct implants, and implants into both VPE

and LPE are  cur r ently being investigated. The data from direct implants

made to date have geen encouraging but inconclusive. We must evaluate the

test  data from additional implantation runs and decide on a single technology

to concentrate our efforts on. Specifically we must:

(1) determine if the lower mobilities resulting from direct im-

plana tion into SI GaAs observed at Westing hous e and other laboratories is an

inher ent deficiency,

(2) determine the expected magnitude of the difference in
mobility ,

vii
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(3) pr edict the performance degradat ion if any of the act ive  de-

vices (particularly the power FET’ s) due to the r educed mobili ty,  and

(4) evaluate the re la t ive value of the per formanc e degradat ion if

any versus  the monolithic circuit  processing simplification and projected

yi eld and cost benefi ts  due to eliminating the di f f icul t  buffer layer growth

steps.

At the start  of the program our main device effort was directed toward

self-al igned gate techniques , and the f i rs t  several  runs of FET ’ s made used

them . Problems with hig h gate res i s tance  and feedback capacitanc e result-

ing in low gain caus ed us to reconsider . The last  run of FET ’ s wer e made

with realigned gates using our new Kasper mask ali gner .  Pr eliminary re-

suits have shown good gain , but disappointing power output and effi ciency.

The best results were obtained on wafers  which wer e directly implanted .

In order to obtain high power output in a small ar ea , an eff ic ient  means

of heat sinking is required. The discre te  devices fabricated to date use con-

ventional heat sinking , i. e. the GaAs chip is thinned and mounted on a copper

heat sink, with the drains wire  bonded together on the top surface. A critical

ar ea in our program is the technique of etching throug h the back of the sub-

strate and plating in a metallic structure to provide heat sinking and low in-

ductance source interconnections. We have demonstrated the etchi ng and

plati ng process with good results, but we need to test many devices over a

wide rang e of temperatures to check for any thermal s tress problems and

th eir impact on tota l process yi eld.

• Interdigital capacitors have proven to be reliable, well controlled lumped

elements for applications through X-band for capacitances up to 2 pf. Low

yi eld was experi enc ed on the early devices  due to improper handling of the

substrates and poor metallization. Later runs with a b etter sur face finish

have shown a greatly improved yield. Althoug h the interdigital capacitor is
• sa t isfactory for all of the important  tuning capacito r requirements , it can-

not provide the much larg er capacitance needed for bypass and feed through
II
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appl ica t ions , and it is incompatibl e with VPE buffer lay ers produced to date .

The r e s i s t i v i t y  of the io
14 VPE mater ia l  is only 13 0cm. This results in a

shunt r e s i s t ance  term across the capacitor and yields an unsati sfactory low

Q of 0. 7. This is another  strong point  in favor of dir ..~ t implants. Bypass

and DC blocki ng applications require  a hig her capacitance tha n can be pro-

vided by in te rd i gi tal  capaci tors .  For these , overlay capacitors are  necessary

but a hig h Q is not required . Preliminary invest i gation of anodi z ed aluminum

capacitors has shown thei r fabr ica t ion  process to be hig h yield and well con-

troll ed.

A one bi t  phase  shif ter  has been designed and built using lumped el ements

and Schottky bar r ie r  chi p diodes. Ther e is a mask error which will prevent

the d evice from working and a new mask is being generated.  Circuits made

wi th  the de fec t ive  mask will be RF tested to provide a limited amount of

data .

The principal program thrus t s  during the next few months will be directed

• toward ) l )  ident if y ing and correct ing the causes of low power output of the

real igned ga te  FET’ s, and (2) obta ining the information required to make a

decis ion on direct  implanatiori versus  buffer  layer growth and subsequent

implanta t ion .
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1. NEW EQUIPMENT STATUS

1.1 WAFER A LIGNMENT SYSTEM (KASPER 2 00 1-HRZ)

A Ka sper 200 l-HRZ high resolutio n mask aligner was received dur ing the

f i r s t  six months of this program and has been used to make our realigned

gate power FET’ s. We have recently installed an improved illuminator with

better collimatio n to enha nce the visibility of the micron-sized FET details

• during alig nment. There is still a fault  in the mainbody casting of the

ins t rument  which causes the optica l microscope to d efocus between alignment

and exposure steps. This is an inconvenience, but does not interfere  with the

operation of the machine. A new casting is expected in October . The resolu-

tion of geometries at one micron has been achieved with no trouble.
1.2 LFE PLASMA NITRIDE DEPOSITION SYSTEM

The LFE low temperature nitride deposition system provides a plasma -

enhanced reactio n of silane and nitrogen to produce uniform film s of Si3N 4
• at a low temperature. The system, as delivered, had many errors including

defective logic for operating the value sequences and a 3-way gas valve that

was installed backwards. These item s have been corrected. A more serious

problem is the presence of leaks in the piping of the system that allows oxygen

to contaminate the ni tr ide f i lms.  Many of these leaks have been located and

cured , and a new ba sep late for the va cuum jar is bei ng machined to eliminate

others .  No suitable S13N4 capping layers for  GaAs have been produced by

this machine as yet.

1.3 VARIAN/EXTRION 400 kV ION IMPLANTER

The Varian/Extrion 400 kV Ion Implanter provides sufficient energy for the

deep implants required for power FET channels . The essential services

(water , gas , electric) have been connected and the system is presently being

1
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leak-checked. We expect an ion beam by the end of September and full opera-

tion in October .

1.4 AsC 13 VAPOR PHASE EPITAXIAL REACTOR

A vapor phase epi taxial reactor for the growth of hig h purity GaAs buffer

layer s is nearing completion . The furnace tub e, oven with sodium heat-pipe ,

mass-flow controllers, and piping are all completed . The system is now

being leak tested and the control panel for the solenoid valves must be wired

in. The f irs t  runs on thi s fu r nace should start  in early October.
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2. MATERIALS PROCESSIN G

2. 1 GaAs SUBSTRATE MATERIAL

Polished semi-insulating GaAs (100) surface wafers for buffe r layer

epit axy and ion implantation have been obtained from boat grown and (LEC)

Czochralski g rown ingots. Boat grown wafers were obtained from Crystal

Specialities (65 in 2), Morgan Semiconductor (100 in 2) and Sumitomo Electric

(70 in 2) (Japan). Czochralski grown wafers were obtained from Metal s
• Research (70 in 2) (England) . These wafers we re purchased polished, the boat

• grown material polished using the Sodium hypochiorite technique while the

• LEG wafers were polished using bromine-methanol.

Substrate wafers having a minimum resistivity of io8 ohm-cm were

qu alified for epitaxy and for direct ion implantation by two technique s shown in

figure 1. Wafers  were considered qualified for epita.xy providing the resistivity

did not degrad e after heat treatment at 750° C for 2 hours in hydrogen. Wafers

for ion implantation were qualified by heat treatment of a S13N4 encapsulated

wafer at 850°C for 15 minutes in H2. The resistivity prio r and after heat

treatment has been measured using a 4-point probe and strong light on the

sample as depicted in figure 1. More recently however, resistivities have

been evaluated using the Van der Pauw Hall technique.

Figu re 2 shows substrate supply and qualification results. Sample wafers

from the front and t ail ends of boat grown ingots from Crystal Specialities and

Morgan Semiconductor were evaluated prior to ingot acceptance. Ingot

CS-3828 was accep table for epi taxy, but only the back half of the ingot was

suitable for 12. Of two MS i ngots, a heavily chromim doped MS 9-5 was

suitable for epitaxy, but only the front half for 12. A second light chromim

doped ingot MS 11-5 was unsuitable for either epitaxy or 12. Wafers from

3
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Figure 1. Qualification Tests for VPE and ton Implantation of GaAs

• Sumitomo wer e prequaUfied type III, reported to show no thermal conversion

after a 780°C heat treatment using the 4-point probe evaluation procedure .

• Wafers from MR were pr equalified by heat treatment at 750° C under an

arsine atmosphere. All MR wafers evaluated by Westinghouse were qualified
for epitaxy and 12

. Wafer size varied from 9 cm2 
for boat grown material

to 19 cm2 
LEG wafers.  For ty-f ive  square centimeter wafer s are  the target

for larg e LEG grown material in the future.

Three hundred-square inches of LEC grown substrate material have been

ordered from MR for future use. These wafers will be received unpolished,
in order tha t Westinghouse can control the surface fi nish using a bromine-

H methanol etch. Additiona l ingots of boat grown material  from CS and MS

will be evaluated as ingots become available. Wafers of Laser Diode

• material, from Westinghouse in stock supplies , have been evaluated for

epitaxy . About half of the ingots tested have qualified.
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2 .2  BUFFER GROWTH

Undoped epitaxial “buffer ” layers  for ion imp lantat ion have been grown on

semi- insulat ing substrate s by AsCL 3 vapor phase epitaxy at Westing house

and by liquid phase epitaxy at Cornell .

2 .2 . 1 VPE Materj al

Eig htl y VPE epitaxial layer runs have been made thi s period , with approxi-

mately 25 wafers  us ed for ion implantation experiments. The oth er wafers

were us ed for evaluation of growth parameters and electrical properties.

The target properties are  a 5 pm thick epitaxial layer , with a net carrier

concentration of io 14 cm
3 or less , and a smooth surface morphology for

device fabr icat ion.

The impurity concentra t ion  was evaluated by the Schottky barrier

capacit~ nce technique and by Van der Pauw Hall mea surements. For eva lua-

tion purposes , it was necessary  to grow layers thicker tha n 5 pm to avoid

surface depletion effects .  At N i x the Schottk y depletion depth is

approximately 11 pm , and 35 pm at 1 x i0~~~, therefore, to evaluate concentra-

tion and mobility 20 to 35 pm thick epi taxial layers were grown and evaluated.

The mole fract ion effect  in GaAs is well known 1, and is commonly used to

suppress incorporation of the dono r silicon into the epitaxial grown layer .

Silicon is a system contaminant in VPE GaAs due to the reaction of gallium

with the silica vessel. A hig h mole fract ion of AsCL 3 increases the HCL

content and represses Si incorporat ion . Buffer layers are  grown with a mole

• 1 f raction of greater  tha n 5 x 10~~ to obtain carr ier  concentrations below

1 x l0 ’~~. Substrate surfaces  were misorientated 2 to 4 degrees off the (100)

towards the (110) to decrease the occurance of hillock growth as a consequence

of the high mole fraction.

The Hall mobility at 78° K, a commonly used measure of purity, ranged

from 50 , 000 to 89, 000 cm2
/volt -sec  in the thickly grown n-type layers. The

carr ier  f r eeze -ou t  ratio ’ s ranged from 0.99 to 1.16 and shows good control

of the oxygen content in the epitaxial layers . Net car r ie r  concentrat ions 
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ranged from 7 x io lZ to 9 x 10
14 

cm
3, which is within the targ et range for

ion implantation.

• A problem which has occured is the growth of p-type undoped epitaxial

layers. These layers are in general compensated and of high resistivity

making measurements difficult. The source of the p-type impurity is unknown,

althoug h considerable effort  has been undertaken to determine this.

a. One would suspect tha t the residua l silicon would render the buffer

layer n-type, and that changes in mole fraction would change the net carrier

concentration,  Thi s, however, has not been shown to occur.

b. When the p-type growth was f i rs t  observed , the epitaxial growth

reactor was dismantled and throug hly cleaned, and new sources of AsCL 3
and gallium used. Thi s did not resolve the problem.

c. Substrate wafer s from five different suppliers also did not chang e

the p-type result.

d. A separate VPE reactor was used to grow buffer layer GaAs . The

same p-type results were obtained , therefore, effectively eliminating local

contamination as the source of high resistivity p-type epitaxy, a n d  fixi ng

the problem on the source batch of either AsCL 3 or gallium. Accordi ngly,

a different  lot of AsCL
3 

was procured from Mining and Chemical Products Corn-

pa ny , and a di f ferent  lot of high grade special gallium obtained from Alusu.isse.

The new AsCL
3 was used in one rea ctor , the new gallium in the second reactor.

While the results are still being evaluated at this point, a number of n-type

high mobility layers wer e grown using the new batch of AsCL
3.

One of the p-type layers which was grown 34 ~.&m in thickness was analyzed

using a conventiona l Hall bar . 
2 

The net carrier concentration and mobility as

a function of temperature are  shown in fi gures 3 and 4. The net carrier

conc entration N
A

_N
D 1.68 x 1014 

cm
3
, while N A 2.03 x io 14 cm 3 and

N D = 3.46 x 10 13 cm~~
3 at 298° K. The linear region of fig ur e 3 shows an

• activation energy of 0. 34 eV. At this level, Fe and Ni are possible ca ndidates

as impurities. Samples of the gallium lot, and of the gallium source used in

growth of this layer were submitted for chemical analysis.  At present Ni has7
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Figur e 4. Hall Mobility of P-Type GaAs Buffer
Layer versus Temperature

been seen at the 5 to 10 ppm level in both the pur e gallium and source gallium,

by emission and atomic absorption spectroscopy . Thi s resul t has yet to be

H confirmed and quantified. No analysis of the AsCL
3 

has yet been undertaken.

Analysis to identify the source of the p-type growth will be continued.

It is of interest  to note the r elatively hig h mobility of this p-type sample

shown as a function of temperature in f igure 4, with a room temperature
2value of 580 cm /VT-sec.

The surface morphology, uniformity of the epitaxial layer, and rep eatability

of the layer thickness from run to run are important in device processing.

Twelve consecutive runs were made with an averag e 5. 0 ,im thickness and

deviation of 0. 53 pm , where the run parameters were kept constant. Six

runs were also mad e under identical conditions to grow thicker layers for

evaluation, with the result a 2 1 ,7  pm average thickness and a 1. 5 pm average

deviation. Growth parameters have been adjusted to gi ve smooth bright

surface morphologies suitable for device fabrication.
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2. 2. 2 New VPE Reactor Status

Prior to beginning of this project, Westing house undertook the design and

construction of a large VPE reactor using the most recent  reactor technology.

This reactor was desig ned to accommodate 3-inch diameter substrate wafers

and to have pr ecise control of gas flow, gallium source and deposition kinetics.

This reactor has now been completely assembled and will be leak checked and

tested in the next few weeks. A schematic of the reactor (f igure 5) shows the

essential layout of the horizontal reactor.  The furnace is a 6-zone  Lindberg,

with a sodium filled heat pipe to provide a uniform temperature region over

the gallium source. This furnace will slide over the reactor tub e for  etching

and growth. Loading the substrates will take place in a clean laminar flow

hood. The gas flow control is shown in greater detail in fi gure 6. Of the

three bubblers , two will be used to control GaAs etching and growth, while

the 3rd is available for either A SCL
3 or a liquid dopant . The bubbler s are

thermostated to control T wi thin less than 0. 5°C. The gases , H2, AsH

and the doping gas H2
S are controlled with ty lan mass flow controllers with

a dilutio n scheme for the H2
S source. Sequence control is presently manua l

L operat ion of teflon solenoid values, but computer control can be conveniently

added. The H2 source is pd purified and all gases filtered and pressure

controlled. The reactor tube can be a double source, with a pur e gallium

and a doped gallium (or GaAs) source as desired. This reactor then will be

capable of multilayer epitaxy , as well as the controlled growth of undoped or

semi-insulating butter layers.

2. 2. 3 LPE Buffer Growth (Work Performed at Cornell Univerity)

Due to the uncertainty of the availability of hig h quality Semi-insulating GaAs

substrates, it Is necessary to have in ha nd several  bu f f e r  layer options. The

LPE technique offers  a technology capable of producing Semi-insulating buffer

layers suitable for ion implantation. The approach bei ng taken is to reduce

the residual or “ba ckground” impurity conc entration as much as possible,

and to invest igate the g rowth and properties of the critical Cr-doped LPE

buffer layers.

10
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Wafers  have been analyzed by both Hall measurements  and deep level

t rans ient  spectroscopy (DLTS) . as well as conventional C-V profiling.

The reproducible background impurity concentration in LPE GaAs is now

around 1 x 10 14 net , and low-to-mid 1014 tota l ionized impurities per cm
3.

Such backg round concentrat ions appea r to result  from the equilibrium dis-

sociation reactions for Si02 in the presence of hy drogen, carbon , and gallium

and therefore, represent  an asymptotic chemical limit which will be approached

by “clea nt ’ LPE systems, if baked sufficiently initially, and following exposure

of the graphite crucible to air , as was described by Mor ko c and Eastman4 in

1976 . A recent  and s ignif icant  advance resulting from the present effort has

been L i e  successful growth of high purity layers without the need for prolong ed

baking between runs .  This was accomp lished in a boat designed so that during

the substrate  reload operatio n, there is no need to disturb or br eak up the

GaAs crust surrounding the melt. The intact crust prevents oxidation of the

Ga in the melt resulting from exposure to air or to gases which desorb from

the g raphite crucible during fur nace warmup. Also in progress are experi-

ments to determine the effect of various surface treatments on the gas de-

sorption from the grap hite occurring during warmup after the crucible has

been exposed to air for loading. Both pyrolytic graphite coating and a new

surface impreg natio n process available from Ultra Carbon are being investi-

ga t ed . These treatments both appear to reduce the porosity of the graphite

near the surface and may decrease the quantity of O
~ 

abso rbed from the air ,

without sacrificing the basic purity or chang ing the elemental composition

of the crucible material.

• In the current  experiments, layers were grown within one hour of the time

the reactor reached growth temperature. Purity achieved was comparable to

previous runs having 24-hour bake periods. Purity has not been found to be

adversel y affected by either of the coating treatments.

It is anticipated that reduced baking periods should not only improve the

cycle time of the reactor but also reduce surface degradation of substrates.

13
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Reduced outgassing of 02 from the graphite should not only improve puri ty

but also alleviate surface wetting problems . Fur ther, it should be possible

to do more definitive studies on the out-di f fus ion of deep acceptors  from the

substrate into layers grown by LPE since now purity can be maintained down

to very short preba ke times. Previously, most of the out-diffusing deep

acceptors were either lost in the long purification prebake , or masked by

high impurity concentrations following short bake out. Densif icat ion or

coating of the graphite surfaces should also reduce the genera t ion  of graphite

dust by the moving parts in sliding boats.

In the buffer  layer Cr doping experiments , melt prebake r equirements for

both removal of Cr included impurities and subsequent re-equi l ibrat ion of

back ground silicon impurities have been established. Cr doping has been

investigated at two growth temperatures. From Hall mea sur ements the dis-

tribution coefficient of Cr and GaAs has been estimated to be about 5. 8 x 10
-6at 700° C, and 1.8 x 10 at 780°C. Deep level t ransient  spectroscopy has

also been employed in an effort to corroborate the Hall measurements.  At

present, the agreement is withi n a factor of 2 , with the DLTS showing lower

Cr concentrations. The DLTS of Cr levels , however, presents some special

difficulties which are currently under further  investigation on a separate

program, and it is hoped that a completely consistent picture will emerge.

Semi-insulating layers have now been achieved at both 700° C and 780° C

growth temperatures. At 780°C , a higher background can be compensated

due to the higher distribution co efficient. Experiments are  in progress  to

determine the stability of Cr doped epi layers against  conversion during sub-

sequent processing at elevated temperatures, especially in the case of

annealing ion-implanted layers.

2. 3 ION IMPLANTATION

2. 3. 1 Encapsulation

Westinghouse R&D is currently employing “pyrolyt ic” SiN for encapsulation

of ion implanted GaAs. The “pyrolytic” system is similar to that described by

J. P. Donnelly of Lincoln Laboratories. Samples are  rapidly heated to 680° C

14
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• and 300 to 500 A of SIN is deposited at rates of ZOO to 300 A/minute, 2000 A

of pyrolytic Si02 is then deposited on both the front and back surfaces. This

encapsulant retains its cosmetic integri ty to 950°C and 850°C for semi-

insulating and VPE buffer  substrates respectively; the lower limiting tempera-

ture in the buffer case is associated with failur e at growth hillock. The

largest sample that can be capped in this system is 1-1/8 by 5/8-inch as a

result of both the temperature profile of the strip heater and the mixing

profile of the reactant gases.  Although 80 percent y ield can be achieved with

the system, the SIN layers are presumed not to be oxygen free and this re-

sults in Ga out diffusio n and anoma lous surface activity. This activity is

confined to the f i rs t  500 to 1000 A for deep Si implants.

The magni tud e of this anomalous activity is examined in the third step of

the current  Westing house qualification procedure: (1)  750° C ann ea l (H 2 )

and 4-point probe, (2)  850° C anneal (encapsulated) and 4-point probe, and

(3) 5 x 10 lZ
/cm

a 300 kV implant - 850° C anneal (encapsulated) and C-V

profile . Althoug h an early shipment of GaA s (Cr)  from Sumitomo Electric

Industr ies  (SEI) passed these tests , subsequent shipments have all failed

part 3. Sel ected Morga n ingots and all Metals Research LEC ingots pass

these tests and are  currently being used for di r ect implants. All VPE buffe r

layers have passed these tests.

An LFE model PND-301/MQ plasma enhanced SIN depo sition system has

been installed at the R&D center. This syst ~~~ is capable of encapsulating

3 inch wafers  and includes mass flow controller s and a capacitance manometer

for reactant  gas control. As delivered, the system also included several

vacuum leaks , logic faults , and gas manifold assembly errors .  The system

is current ly being r ebuilt to meet the requirements of GaAs encapsulation .

Initial resul ts  indicate that d eposition at 340°C and 100W RF power using 3

cm3/rnin (s tandard cubic cm per minute)  N 2 and 36 cm3/min of 1. 5 percent

SiH4 in Ar yield the best encapsulant uniformity.  Prof. Benjamin Streetman

of the Univers i ty  of Illinois has been used as a consultant to assist in bring ing

15
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the plasma nitride system on line. He has demonstrated tha t Westinghouse

wafers  capped in a proven plasma system show little or no anomalous surface

activity.

2. 3. 2 Sulfur Implantation

Figure 7 shows Miller capacitance n(x) vs x profiles taken from the test

pattern on a processed, sulfur implanted wafer .  The substrate was SEI

material, implanted with 5 x 10 12 5++ at 150 kV , and annealed at 860° C for

30 minutes . The n(x) profile shows characteristics of sulfur in and out

diffusion. Somewha t better uniformity in depth and concentration is achieved

by buffer implants , but these variations are , in genera l , typical. “Fat” FET

mobility calculations y ield values of only 3600 to 3650 cm
2
/V-sec.

Differential Van der Pauw measurements are in progress in order to

determine mobility profiles. Figure 8 shows the profi le obtained from a

SEt slice that failed qualification test
3. The specimen was implanted with

3. 5 x iO 12/cm~ S~~ at 150 kV and annealed for 60 minutes at 860° C. Stri pping

was performed by anodizatio n in critric acid and ethy lene glycol. Discrete

data points were obtained by difference calculations and the solid curves by

curve fitting to o and R 5 a

Sulfur implantation is not consider ed to be a viable technique for channel

doping as a result of the out-diffusion profile, relatively poor profile control ,

and low mobility. It is retained as a reference standard, for qualification

testing, and possibly for n~ source and drain implantations. It is not expected

that sub stitution of plasma SiN encapsulation will alter this judgement.

2. 3. 3 Silicon Implantation

Figure 9 shows Miller capacitance n(x) vs x profiles taken from the test

pat tern  on a processed, silicon implanted VPE buffer layer. The sample was

implanted to a dose of 5.5 x 10
12 5j ++ at 200 kV , annealed at 830°C for 15

minutes, and etched back 2000 A to adjust the pinch off voltage. The curves

exhibit good conc entration and deep profile control. The deep standard

deviatio n is 960 A ±30 A , and the shallow standard deviation measured

before thinning is 1400 A ±200 A (R values for 300 , 350, and 400 kV Si
m

16
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implants are 2900 , 3100, and 3500 ±100 A respectively). “Fat” FET drift

mobility measurements made on these test chips y ield 4400 cm2/volt-seá.

Van der Peuw differ ential mobility and carr ier  concentration profile mea sur e-

ment s are in progress.

Figure 10 shows Miller capacitance n(x) vs x profiles taken from a silicon

implanted, semi-insulating substrate 4. 5 x lO l Z
/cm 2 Si ++ was implanted at

150 kV and annealed at 860° C for 15 minutes. Again , the data exhibit good

concentration and deep profile control , but Rm is somewhat smaller than

observed on identical implants of VPE buffer  layers.

Controlled activation of Si implants into VPE buffer is more difficult than

S implants and Si implant s into semi-insulating material  is still move difficult.

This sequence is associated with demand s placed on the encapsulant. It is

expected that substitution of plasma SiN for “pyrolytic” SiN will improve

both cap reproducibility and quality. The feasibility of improved quality has

been demonstrated and reproducibility studies are in progress.  The “pyrolytic ”

facility will, be maintained while this changeover is being made.
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3. FET RESULTS

During the f i r s t  six months of this contract Westinghouse has fabricated

both self-aligned gate and re-aligned gate GaAs FET’s on sul fur and silicon

ion implanted wafers.  The best RF results have been obtained from the

re-aligned gate devices which show up to 9 dB small signa l gain at 8 GF{z

from a 900 pm periphery transistor.

3.1 SELF-ALIGNED GATE DEVICES

Since the goal of thi s program is the integration of a 3-stage amplifier,

the mask set to be us ed for both self-aligned and re-aligned includes devices

with five different peri pheries from 300 pm to 3000 pm. Thi s will allow

complete characterization of each device size likely to be used in the fina l

amplifier . The basic design rules for the FET’s include a 1 pm long gate

with 150 pm wide individual gate fi ngers. The source-drain spacing is

4 pm. The 3, 000 pm device is conservatively expected to give 2W output

power.

The two masks needed for the self aligned device fabrication are shown in

fi gur e 11. The isolation mask is shown in figure h a  while figur e l ib  shows

the drain-source oxide pattern. No separate gate mask is needed with the

• self-aligned approach. Not all devices are visible in these pictures, but the

900 pm and 1200 pm devices are completely visible as well as the test pattern.

An overall patter n of three 3000 pm , three 1200 pm, five 900 pm, two 600 pm

and two 300 pm devices pius the test pattern is stepped and repeated across

the masks. The test pattern contains structure for measuring N D(X), co ntact

resistance, Hall mobility, drift mobili ty, selective implant isolation and gate

metallization resistance.
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drain voltage. The silicon implanted device shows superior gm (24 mmho vs

20 mmho) and less looping. FET’ s from the silicon wafers  show drain-source

breakdown voltages of 14 to l6V at low currents .  In general, the silicon de-

vices are  superior and exhibit somewhat better gain.

The device uniformity in these wafers  was degraded by nonuniform plat-

ing of the source-dra in  overha ng s. This was caused by mask problems which

have since been corrected . All devices have been thinned to 75 to 100 pm

before mounting to provid e adequate heatsinking . Altho ug h the self-aligned

gate devices show good dc performance, the RF results have been disappoint-

ing. The small sig nal S-parameters  of a three-drain Si implanted device

(900 pm gate width) were  measur ed from 6 to 10 GHz . The larg e signal per-

fo rmance was measured at 8 GHz. The small sig na l gain measured at 8 GHz

was 2. 8 dB , comparing favorably to the maximum available gain of 2. 92 dB

calculated from the S-parameter data . At an output power of +2 1. 3 dBm the

gain dropped to 1.7 dB , with a drain  voltage of 6 volts and drain current at

80 mA. This shows a drain efficiency of 28 percent  and a power added

efficiency of only 9. 1 percent.  Small signal measur ements of several 300 pin

devices have shown maximum available gains rang ing from 3. 0 to 8. 5 dB at

6 GHz.

• : There are several problem areas in the self-alig ned gate devices. One

difficult  area involves access to the active region of the device, i. e., the

source-gate-drain region, for either visual inspection or further  processing

after the device has been comp leted . Due to the Au-plated meta l overhangs

above the source-gate  and gate-drain spaces , gate lengths va riations or the

o rigin of shorted electrodes are hidden from view. To passivate or at least

protect this r egion from contaminants or dirt is very diffi cult. The only

possibility may be a low-pressure CVD layer of Si02, but it is not clear tha t

even thi s will penetrate underneath the Au overhangs.

Fur ther  problem s include the lack of a thick (>0. 4 p m )  gate metal and

elimination of stray feedback capacitance. When 0. 4 pm or more of tota l

L
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gate metal thickness is us ed, the  y ield of working devices drop drama tically

due to shorted gates. This phenomenon is not predicted by an examinat ion of

the presumed electrode spacing s during the gate evaporation. The thinner

meta l results in higher input res is tance  losses. Also , due to the device

topology used for the self-aligned gate  fabr ica t ion , the ga te -d ra in  feedback

capacitance is high.

3. 2  RE-ALIGNED GATE DEVICES

To overcome some of the problem s with the self-a l igned ga te  devices ,

four  wafers  of the GaAs FET ’s with realigned gate s t ruc tures  have been

fabricated. The wafers  are:

• ZOA Si~~~ into buffer

• ZOB Si~~ into buffer

• ZOC Si~~ into SI substra te

• 15B S++ into SI substrate
O + for isolation

The doping profiles of 20B and 20C were  shown in fi gu re  8. The run 15B

wafer used an oxygen implant for isolation r ather  than mesa etching . No

RF results are available as yet except on 20C.

The re-aligned gate devices utilized Au-Ge/Ni ohmic contacts and

Cr/Pd/Au Schottky bar r ie rs . The fabrication sequence was straight forward.

• Isolation Etch

• SiC2 Deposition

• Ohmic Contact Deposition

• Photolithographic Defi nition thru Si02

• Alloy

• Gate Definition through Si02

• Gate Evaporator and Rejection

• Thinning Back and Back Metallization

A photograph of a typical device just  prior to the gate metal  evaporation

is shown in fi gur e 14. The gate opening s in the photoresist  a re  clearl y

• 
• visible with the gate interconnection bus to the rig ht sid e of the photo. The gate
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Figure  15 . S-Parameters  of 900 pm Periphery FET
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3. 3 HEAT SINKS FABRICATION

The problem of heat removal from the power FET’s is a monolithic power

IC can be solved by selective thinning of the GaAs under the active devices

only. The Westing house approach is a 150 micron thick chip for rigidity

which is thinned to 50 microns under the power FET’ s and plated with a 50

micron thick gold heat sink. In addition, by ion milling 50 micron deep holes

from the top of this slice, the source metal of the FET can be grounded to the

heat sink, providing a low inductance source interconnection.

The proposed procedure for fabricating these heat sinks and source inter-

connections is:

a . As the f i rs t  processing step (before any FET’ s or circuit elements
• have been made) ion mill and etch 50 micron deep holes into the front sur face

(act ive layer side) of the GaAs wafer . These holes are positioned in the

source pads of the power FET’ s of the f inished chip.

• b. During the metallizat ion of the sources of the power FET’s, the
4 0

50 micron deep holes will be coated wi th 5, 000 to 10, 000 A of AuG e and Au.

c. Af te r  all the chip fabricat ion for the FET’ s and microwave circuitry

• has been finished on the active layer side of the slice, wax the slice active

layer down to a quartz  lapping block and bring the overall wafer thickness

down to 150 microns.

d. Keep ing the wafer waxed down, mask the back with photoresist,

align a troug h etching mask under the power FET’s with an IR ahigner ,

expose and develop. The troug hs can then be etched 100 microns deep to

catch the 50 micron deep metalhized holes which were put in the sources of

the power FET’ s in steps 1 and 2.

e. Evaporate Cr -Au  and plate up 50 microns of Au in the thinned

reg ions to carry the heat away from the FET’ s .

Most of these steps have now been carried out on bare GaAs test slices.

The backs of test slices have been etched with the 100 mic ron deep troughs

described in step (e) and plated with 50 microns of gold. No breakage or
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cracking has been observed in these pieces but thermal cycling will be used

to further  stress them.

The front  source posts (steps (a) and (b) ) have been fabricated on a bare

slice , metallized and exposed in the bottom of the 100 micron deep troug h

etched from the back. A cross sectio n of this is shown in f igure  16. The

150 micron thick (0. 006 in. ) GaAs slice is upside down in the figur e. The

Au source metallization and etched source post appear on the bottom of the

sketch while the etched troug h comes down from the top and exposes the

meta l at the bottom of the source post. Also shown is a photograph of two

source posts which have been exposed in the bottom of a 100 micron (0. 004 in .)

etched trough. This has been done on several pieces and there are  no pro-

blems obtaining the required alignment  of the masks on the bottom of the

wafer using the IR aligner .

Several area s need furthe r work to complete the sel ectively plated heat

sink approach. First, the plated heat sinks must be thermally cycled and
• carefully examined for cracks due to stress or separation of the heat sink

from the GaAs substrate. Then the process must be tried on a wafer  of

• actual FET’ s to determine process compatibility and any effects  on FET

yi eld. Work on these steps is now underway .

3.4 DEVICE MODELLING

• GaAs FET modules have been used by workers  at Cornell Univers i ty

• (Shur and Ku) to predict the expected drain breakdown voltage for power FET’ s

and model the va rious small signal device parameters .  The drain breakdown

voltage for the power FET is assumed to be limited by the hig h field break-

down in the Gu nn domain in the channel region between the gate and drain .

This assumes that some means (eithe r n1 contacts or a recessed channel)

has been used to eliminate breakdown due to current crowding at the drain

contact. The model uses an analytic approach based on the accumulated charge

in the Gunu domain remai ning a small fraction of the total ionized charge

densi ty  in the chann el (—Nd). Using this approach , the predicted drain break-

down has been calculated for various doping densit ies .  At 10 17 cm
3 a
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breakdown voltage of 80V shoul d be possible. But the extent of the Gunn

domain is also important and the gate-drain spacing must be able to accom-

modate it without the hig h fields reaching the drains contacts. At io l7 
cm

3

this implies a gate-drain spacing of over 2 p m.

A small-signal FET model based on earlier devices has been us ed to pre-
dict the area s of the devices which need improvem~~~t. This has shown a

higher C
GD 

and parasitic input resistance in the self-aligned gate devices

which causes premature gain roll-off . In addition, the small signa l model

was used to predict the effect of doping variations on t h e  s -parameters  of

an FE T and the gain of a 5 to 10 GHz amplifier ba sed on that device. Assuming

that N D was the only va riant and that C
GS and gm were the primary device

parameters affected by N D. The 5 to 10 GHz amplifier showed ±1 dB

maximum gain variation at the low frequencies when N
D was changed by

±20 percent  from 10
17 

cm
3
. This work will be continued using the

measur ed variation of s-parameters from wafers of fabricated devices.

I
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4. LUMPED EL EMENTS

4. 1 INTERDIGITAL CAPACITOR FABRICATION

At the start of this program it was planned to us e overlay capacitors
throughout the monolithic circuit. Dielectric thickness can be readily

controlled and a wide range of capacitance values are obt ainable. Their

major drawback is that deposit ed SiC2, which produces the highest Q’ s
reported in the literature, needs to be densified at 700 to 10000 C in order
to reduce RF losses. Thi s densification step is not compatible ~~ th pro-

cessed FET’s and would have to be done simultaneously with the annealing
step. This extra processing before annealing would complicate an al ready
difficult step and has been rejected.

Interdigital capacitors were not considered because wi th gap widths of
• . 25~j ,m a more, necessary for  normal photolithographic processing with thick

metallization, larg e areas would be required to obtain the desired capacitance
values of 0. 5 to 2. 0 pf. Besides being wasteful of GaAs surface area, the

capacitors would be electrically “large” at 10 GHz and would not behave as

a truly lumped element. Two processing techniques have bee~i developed

which have produced 1 i.m gap s in 2 ~m thick gold, which gives high values of

capacitance in a small area, and made interdigital capacitors useful in the
monolithic circuit.

Interdigit al capacitors were analyzed by Alley5 
who presented a simple

lumped mod el that can be us ed when the physical size of the capacitor is small
compared to a waveleng th and a distr ibuted model used when the size becomes
signi f icant  fract ion of a wavelength . At the fr equencies of interest for this

program, the capacitors used can be model ed accurately by the lumped
• equivalent ci rcuit.
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Three runs of interdigital capacitors we re fabric ated using ion milling. In )
this process, 2 pm of gold were deposited over a thin chromium film. A thick

photoresist layer is spun on and the pattern is exposed using a well collimated

light source. The photoresist covering what are to become the gaps is washed

away and the subst rate is exposed to the ion beam. Both the gold and the

• photoresist are eroded by the ions, with the photoresist eroding at a slower

rate. When the gold is removed the chromium layer mills slowly and p iotects

the underlying GaAs. Figure 17 shows 3 I~tm lines and 3 ~i.m gaps ion milled

- • through 2 p~m of gold on a sapphire substrate. The trapezoidal shape is

• characteristic of ion milled structures. The yield on this batch of capacitors

• was low, due primarily to a poor su rface finish on the metallized substrate

caused by excessive handling. A second run of capacitors was made with

2 ~m of gold on a polished GaAs wafer. This batch was ruined, however,

by 2 to 5 Ii.m “lumps ” of gold which were carried over during sputtering.

These modules kept the mask from making intimate co ntact with the photo-

resist and also teided to short out the finished capacitors after ion milling.

H A third run wa s made using a smooth carefully controlled 6 000A thick layer of gold

• onpolished Si GaAs. A very high yield of 3 pm g a p  capacitorswas obtained

butwith  the expected r educed Qdue to thehig h loss of the 6000A thick gold.

• Interdigital capacitors have also been made by plating through thick photo-

resist. This was done by, first, evaporating a thin layer of chrome and l000A

of gold on the polished face of a gallium arsenide wafer. A 2 pm thick layer

of photoresist was then applied ove r the gold and baked hard ; the capacitor

• pattern was developed in the photoresist and was plated up. A commercial

plating bath was used at its rated current density, but at a temperature of

2 0 C  below that recommended by the manufacturer.  This was done in an

attempt to protect the photoresist and to prevent swelling of t ’ e photoresist

lines which would, in turn reduce the size of the final gold lines. Thi s was

only partially successful as shown by the accompanying scanning electron

microscope photos, figure 18.

- • 
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r The f i r s t  plating attempt of 12 minutes produced well defined lines 1 u r n

thick; the second attempt of 30 minutes resulted in 4 ui- rn lines that mushroomed

at the top. The third try of 20 minutes plated out well defined lines 2 urn
thick. However, the subsequent SEM photos showed a very course granular

deposit, which when the thin chrome and gold between the lines was etched

away, became even more rough.

The SEM photo s also show what appears to be undercutti ng at the base of the
lines . This was caused by the build up of photoresist around the edge of the

wafer and thus prevented intimate contact of the photomask and the photoresist
in the immediate area of the device pattern. Thi s has been over come by use
of a two step pho to process in which , f i rs t ,  all the photoresist except tha t in -

•

the device area is exposed and then developed away thus eliminating the thick
edge buildup completely . Th en the device pattern is expos ed and developed
in the r emaining photoresist .  -

•

A fourth batch was fabricated using the two-step photo process and
plating at a higher temperature and at a lower curr~ i t density than before.
Useable capacitors were produced, but the yield was not good and the plated
gold was mo re porous than evaporated gold.

4.2 LUMPED ELEMENT MEASUREMENTS

Lumped element s used in monolithic circuit s can be divided into two
categories, those used in tuning applications arid those used for RF bypass

applications. The tuning elements need to be carefully controlled reactances
with high Q’s to minimize loss in the circuit. Bypass elements present a
low impedance to the RF and a poor Q in them is tolerable in many instances.

In the measur ements of lumped elements to be used in a tuni ng application we

need to determine thei r precise equivalent circuit. For bypass elements

however , their impedance is so low, tha t it is difficult to get a good equi va-

lent circuit, and we are normally satisfied to see that it is perfo rming its
intend ed function well.
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Lumped elements could be tested, of course, by simply connecting them )
across a known transmission line and measuring the impedance. Thi s is

difficult to do, however, due to the parasitic r eact ances involved in connecting
to the lumped element. A more accurat e method is to build a resonant
circuit  and measur e the resul tant  impedance versus frequency. Figure 19

shows a circuit used to measure interdigit al capacitors and single tu rn
inductors. Using this circuit, it is possible to measure the capacitor by

itself and by bonding in two inductors and another capacitor to measure

three resonant circuits. By analyzing the equivalent circuits shown in
figure 20 and fitting to the measured dat a, it is possible to calculate the

values of inductance and capacitance and thei r respective Q’ s.
The best results were obtained with interdigital capacitors with 3 urn

finger s and gaps, and with 2 urn of gold. The theoretical capacitance was

0. 856 pf and the calculated Q was 54 at 6 GHz. The me asured capacitance

was 0. 75 pf arid the range of Q was 40 to 55 at 6 GHz. The capacitors with

5 urn fingers and 1 urn gaps had a capacitance of 1. 6 pf and a Q of 32 to 40

at 6 GHz. The inductors were 275 p.m and 430 p.m in di ameter with a width of

50 p.m and had inductance of 0. 875 and 1. 10 nIl. The Q of the inducto r has

not been accurately determined due to the small number of circuits  tested.

The best estimate at this time is a Q of 60 at 6 GFIz. The run of capacitors
with 600 ) A of metal had a Q of approximately 10. Table I summarizes the RF
results  on lumped elements to date.

Although the y ield of interdigital capacitors up to thi s point has not been

good , it appears tha t with proper care in metallization and photoresist ex-
po sure, ion milling will produc e useful hig h Q capacitors. Ther e is , howev er ,

a difficulty which has not yet been resoLved . All capacitors to date have been

fab ricated on either sapphire of semi-insulating GaAs. If the capacitor is
made on a conductive substrate, we can express total Q as

40

~~~~ 

— — — 

S 

•. -•-—-
~ 

—

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  -~~-~~



______________ ~1;:!

t.

75.054148-3

Figure 19. Mask for Interdigital Capacitor Test
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Figure 20. Equivalent Circuits of L-C Combinations
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where Q is the Q due to metallization loss, Q is due to dielectric loss,
m D

and
Q =D G

where
1

- 

q~~ .1 n

If the devices are made directly onto semi-insulating GaAs there is no

problem, but if a buffer layer is used it must be accounted for. The VPE

buffe r layers now being g rown have a concent ration, n, of about 1 x 10
14.

From Sze , the resis t ivi ty  is 12 ohm - cm y i elding a 0 at 7. 5 GHz of 0.7.

In order to be useful, eithe r the buffer must be reduced in concentration to

10
12 

or below, or the buffe r must be etched away beneath the capacitor.

4. 3 ANODIZED CAPACITORS

Ove rlay capacitors w~~e made by depositing aluminum on GaAs, anodizing

the aluminum and evaporating a top conductor over the dielectric layer

• formed. Using this technique, a one hundred percent yield was achieved,

and uniform dielectric thickness was maintained both across a single wafer

and fro m wafer to wafer.

• The capacitors fabricated had a capacitance of 25 pf, a breakdown voltage

of 100 volts and a low frequency 0 of 30. RF Q measurements on large

capacitors (25 pf) are difficult to make because of the low impedances involved,

but are relatively unimport ant. These capacitors would be used only for RF

bypass applications and 0’s as low as 1 to 5 could be tolerated in many

circuits. Using one of the 25 pf anodized capacitors as a sho rt ci rcuit at

the end of a 50 ohm microstrip transmission line on a 0. 6 mm thick alumina

substrate yielded a reflection coefficient of less than 0. 2 dB from 7 to 14

• GHz. While this return loss is adequate for RF bypass applications, the use

of these capacitors in a monolithic circuit requires further study to check

compat abiity with other FET processing operations arid also reliability

studies to insure that the aluminum capacitor is adequ ately isolated from the

gold metallization.
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5. lET TEST FIXTURE

High gain microwave FET’s are difficult to test in a standard 50 ohm

system due to oscillation problem s at low frequencies. A test fixture shown

in figure 21 has been designed and constructed which is transparent in the

band of interest and resistively load s the gat e of the PET at low frequencies.

This test fixture will also be used to study lumped elements. Although

we had originally envisioned an RF probe station to quickly measure lumped

components, it is now felt that a simple test circuit with the lumped corn-

components bond ed in place will give us greater accuracy and more confidence

in the results .  During later phases of the program, wh en large numbers of

various lumped components and devices need to be evaluated quickly, a flexi-

ble microwave probe station will be reconsider ed.

I 1 L~ I
r

71-0541-15.4

Figure 21. Sketch of the FET Test Carrier
Substrate Size is 0. 5 x 0. 5 inch
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6. PHASE SHIFTER

The basic phase shifter to be used in this program is the high-pass,

low-pass shown schematically in figure 22. In this circuit when one set of

diodes is forward biased, the other set is reverse biased. The RF energy

then flows either through the filter form ed by LA, CB~ 
LA or through CA,

L
B, CA. The differential phase shift going through these filters is relatively

flat over  a wide frequency range. Table II lists the required element values

to achieve phase shift s from 45 to 180 degrees at 7. 5 GHz.

A 90 degree bit has been design ed and a photograph of the mask is shown

in figure 23. The mask has an erro r which is being corrected, but circuits

will be built to test the fab rication procedure and limited RF testing will be

perfo rmed while the new mask is in progress. The phase shifter will be

built on GaAs and will use 5 p.m interdigital capacitors and chip back to

back Schottk y barrier diodes. After the circuit is wo rking properly with

chip diodes, monolithic diodes will be grown in place.

The phase shifter i8 80 x 86 mils and will be bonded to a 0. 5 x 0. 5 inch

• sapphire carrier substrate with coplanar transmission lines for RF in and

out and bypassed bias lines.
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_  _

78-0841•BB6

Figure 22. Equivalent Circuit Model of One-Bit Phase Shifter
Showing Bias Elem ent s

TABLE 1
ELEMENT VALUES OF HIGH-PASS - LOW-PASS

PHASE SHIFTER FOR DIFFERENTIAL PHASE SHIFTS AT 7.5 GHz

LA (nH) LB (nH) CA (p9 CB (p9

1800 1.06 1.06 0.424 0.424

900 0.439 1.50 1.024 0.300

450 0.211 2.77 2.133 0.162

78-0841-BB-7
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