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SUMMARY

Virtually the whole effort for this period was spent in

trying to grow by~(VPE) dislocation-free InGaAs on GaAs at In

percentages above 25%. Of all the techniques tried , signi-

ficant improvement came only af ter installation of a
bypass on the reactor. FETs fabricated on the best of the

pre—H~ bypass wafers showed sub-GaAs values for the effective

saturated velocity , and FETs have yet to be fabricated on

the wafers grown with the H ’ bypass. Efforts at ion-implanting

the pre-H~’ bypass wafers were not successful , presumably
because of the heavy amount of dislocations in the material.
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1. INTRODUCTION

The contract is in essence an extension of the work
begun under the ONR contract N00014-75-C-0125. The intro-

duction of the final report of that contract1 is repeated
here for the sake of completeness , along with the salient
features of that work and the intention of the work on this
contract towards complementing and extending that work.

The important parameter which determines the limiting

frequency response of FETs is the transit time which the
electrons take to cross the active gate region. Figure 1

shows the velocity-field characteristic for l017cm 3 doped

GaAs2 and a simple two-piece fit typically used to model it.
As gate lengths have progressively decreased in an effort to

reduce the transit time, the electric fields in the channel
C exceed to a greater degree the threshold for intervalley

transfer (approximately E
~ 

in Fig. 1). Since the transit

time is not large with respect to the intervalley scattering

time , one must consider the actual electron dynamics rather
than just the static velocity-field characteristic in esti-

-1 mating what FET performance will be.3’4 This need is
demonstrated by the fact that although the high field drif t
velocity for GaAs exceeds that for Si by only 10% at most,

there is a dramatic improvement in the figure of merit
3

max~

The optimum FET material would allow the electrons to

travel at the highest possible velocity in the r minimum
(i.e. have a low r effective mass), and spend the longest
possible time at high energies in the I’ minimum before

transferring into the upper valleys (i.e. have a large

1
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I

intervalley energy separation and low intervalley coupling

constant). Although it appears that InP has a slightly

higher peak velocity than GaAs,5 the coupling constant for 1’

to L transfer in GaAs is around 3 x 108 eV ~~-l6 while
that for In? is in the 5-14 x io8 range.7 Since the scat-
tering time goes as the inverse square of the coupling
constant, the more rapid scattering of the electrons into
the L valleys in InP will compensate the higher F to
L energy separation (0.6 eV vs 0.38 eV for GaAs6’7) somewhat
when velocity overshoot effects are taken into account.

Figure 2 shows the position of the 1’, X , and L min ima
for the ternary In

~
Gai_~

As as a function of x.8 1 1  As In is
added to GaAs the bandgap decreases , thus decreasing the
F effective mass.12 In addition , the F to L energy separation

increases so that the threshold for upper valley transfer is

increased, assuming that the r to X coupling coefficient is
relatively independent of composition. This will contribute

to shortening the electron transit time through the active
C gate region , and should lead to improved FET per formance

over that for GaAs. Although InGaAs has been considered

previously as a candidate for. an optimum material,13 a~
artificial constraint of the intervalley energy separation
being larger than the bandgap led to its being considered

less desirable than InAsP. GaAs, the best material to date

for demonstrated FET performance , does not meet this require-

ment, and Fig. 2 suggests that InGaAs is an improvement over
GaAs with respect to this criterion.

In
~

Ga i_~As also offers the advantage of differing from
GaAs only incrementally depending upon the value of x, so at

• ( ‘  least for low values of x the processing technology for GaAs

3 A
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should also be suitable if not better for InGaAs (e.g. the

reduced barrier height should reduce the contact resistance
of the ohmic contacts). Except for the very high energy
values of x , InGaAs has a barrier height advantage over In?.

The technique of lattice matching InGaAs to a semi-insulating

GaAs substrate by a graded region grown by VPE has been
demonstrated on the previous contract,1 enabling InGaAs to

enjoy the benefits of the superior semi-insulating GaAs sub-

strate quality over that of In?, for example.

The work on Contract N00014—75—C-01251 has shown an
effective saturated drif t velocity greater than that for
GaAs for FETs fabricated using InGaAs . The most positive

evidence was obtained from a device run using 34% In grown

(as an experiment) on a 2—micron thick graded buffer layer

on an n~ GaAs substrate (wafer m G  6-3 , device run #55).

( Because of the large values of parasitic capacitance resulting

from the n~ substrate and the thin buf fer  layer , and because
of velocity-degradation at the interface between the active

layer and buffer  layer , the rf performance was poor. However ,
measurements of the static characteristics yielded a saturation

• • 7drift velocity of 1.8 x 10 cm/sec, or 40% higher than the

• value for GaAs.

One problem that was encountered was velocity degradation

at the active layer—buffer layer interface. It ~~s found
that, by growing the last part of trie buffer layer in the

active layer growth position and lowering the growth rate so

that no vapor etch was needed during the transition from

• buffer to active layer growth , the degradation at the interface
could apparently be eliminated or at least minimized . In

spite of velocity degradation at the interface and lower-

5
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doped channels , InGaAs was able to match the performance of
GaAs , which provides the basis for the expectation that once
these problems have been eliminated and In percentages above

25% have been realized , InGaAs will  signif icantly outper form
GaAs.

The goal of this contract phase is to grow by V?E

active layers of InGaA s having an In percentage of 25% and
higher on linearly-graded buffer layers grown on semi—insulating

GaAs substra tes. Laser annealing and/or ion implantation
are to be investigated as a means of eliminating built-in

strain and interface states that give rise to veloci ty
degracation at the active-buffer layer interface. FETs are

to be fabricated on this material for the purposes of further-

ing mater ial evaluation and to compare FET performance with
that using GaAs at frequencies above 8 GHz.

C,

~1

I
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2. MATERIAL GROWTH

Attempts at high percentage InAs in InGaAs growth in

the present system using the same process as for lower InAs

percentages required only the extension of the compositional

grading program to higher percentages utilizing the composi-

tion versus In and Ga—HC1 flow ratios from the literature)4 16

A number of problems, however , appeared in growths for hi gh
InAs percentage . It was found that the surface quality

deteriorated markedly for growths of >20% InAs concentration .

The growth was found to be highly sensitive to substrate

defects. Hillock-free growths were obtained only on low
dislocation density substrates. All Cr-doped substrates

from dif f eren t sources such as Varian , Morgan Semiconductor ,

Monsan to , and Crystal Specialities showed highly degraded ,
r dull gray, hazy surfaces. Figure 3 shows the surface of

wafer m G  43-9 which has a dark blue hazy appearance which

will be termed “blue haze.” Excessive wall deposit buildup

was also observed which could have interferred with the

I ~ growth of high % InAs concentration on InGaAs.

In an attempt to improve the growth , slower grading

rates (slower percentage In change per unit thickness) and

smaller growth rates were attempted . The source temperature

was reduced to about 800°C from 850°C used initially to

reduce the growth rate, and the compositional grading program
was extended after 15% In to allow for a slower grading

c rate. This procedure increased the total process time to

over 4 hour s for about 30% InAs in InGaAs growth which
improved the quality of the growth greatly, but not without

consequent depletion of the sources. However, a slightly

o bluish haze still persisted on the periphery of ‘the 25—30%

InAs wafers .  The photoluminescence spectrum of the materi al

7
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also improved but was still not as narrow as that for

material in the neighborhood of 18%. Figures 4 and 5 show a

comparison of an 18% InAs and 25% InAs in InGaAs photo-

luminescence spectra. 25%. InGaAs and 30% InGaAs material
t graded with Cr doping and with a ~lO

17cm 3 n-type active

layer grown with this process were submitted for device

fabrication (Section 4) . Figure 6 and 7 show the doping

profiles of these two wafers.
C

Figure 8 shows a cleaved and stained section of a wafer

that showed surface haze. No gross growth defects that

could have led to surface haze are seen in the section.
Haze,  if slight enough , can be removed by a short rinse in a

light (<0.1%) Br-Methanol solution. The photoluininescence
spectrum , however , does not improve with the haze removal ,
indicatin g material deterioration near the surface. Auger

sputter etch analysis of one such wafer having a dark haze

seems to indicate a faster increase to high In percentage

very near the surface , implying a faster grading rate due to

( 
reduced growth rate. This could be the cause of the hazy

surface since reducing the grading rate by extending the

programmed growth also seemed to improve the surface quality .

Extending the programmed growth for high InAs percentage nas

its limits also in the present process as the extraneous

wall deposits also increase with time. The growth rate at

the wafer decreases because of competition with the wall

deposits , effectively increasing the grading rate with time.

Reduc ing the overall AsCl 3 mole fraction did not reduce the
problem either. To avoid this problem , the wall deposi ts
have to be avoided or reduced while main taining a uniform
grading rate. This can be accomplished by reducing the dif-
ference in temperature between the source and the substrate

9
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and decreasing the mole fraction of AsC13 over only the
substrate by the use of an extra H2 flow over the substrate ,

bypassing the source

Close to the end of this reporting period , a new reactor
was fabr icated incorpor ating the faci l ity for bypass H2

• flow. A new flow controller was also added together with

the assocaited controls to the original gas flow system .

• Figure 9 shows the new reactor system schematically. Capa- S

bility of reactor etchback using cylinder HC1 instead of

AsC13 was also added. After preliminary growth and evaluation

runs to establish proper growth conditions in the new reactor ,

graded layer growths to about 30% InAs concentration were

grown with a bypass flow of 500 cc/mm of H2. An AsCl3
bubbler temperature of 7°C was used together with a composi-

tion grading program extending over 15% to 30% InAs concen-

tration ranges. Little or no bluish haze was observed in

wafers grown with an H2 bypass flow . The quality of growth
seems to have improved also , as indicated by the photoluminescence

spectrum of wafer m G  45-2 (29% In, 7.1 micron bu f f e r  layer
grown on a Cr—doped (100) GaAs substrate of which 0.65

microns is oonstant composition , with no active layer) shown

• in Fig. 10. The half width is only 20 rneV and the surface

is one of the best seen so far with only a fa int amount of
cross-hatch. Wafer InG 46—1 (33% In , 10 .7 micron bu f f e r
layer of which 1. 1 micron is constant composi tion , wi th an
active layer included) was also grown wi th the H2 bypass and

• also had a surface with a minimum amount of cross-hatch with

• a photoluminescence half-width of 50 meV . Why the half-

width is wider than for wafer m G  45-2 when the surface

actually appears a little better is not clear . Of all the

techn iques tried in order to improve the surface qua lity , it

appears tha t the H2 bypass is the only one to signi f ican tly
reduce the growth dislocations to acceptable levels.

15
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C. 3. ION IMPLANTATION AND LASER ANNEALING

3. 1 Ion Implantation of InGaAs

Two of the InGaAs Cr-doped buffer layer wafers grown

for ion-implantation were given a Si implant at 100 key .

The dose was 2 x l0~~
2cm 2 and the implant was done at room

temperature. Both wafers had an In percentage above 30% and
C hence had the “blue haze” problem spoken of in Sec. 2.

- 
Prior to implantation the wafers were given a light Br-

Methanol polish to produce a mirror f in ish on the surf ace. 17

C. Wafer m G  32—3 (—35% In, with the buffer layer greater

than 6 microns , 1.5 microns or more of which is constant
composition ) had its “blue haze” polished off and was implant-

ed. After the implantation the surface was still mirror-

like in appearance. A Si3N4 cap was then put down on the

surface at 200 °C by plasma depos ition (having an index of
refraction of 2.0) and the wafer was thermally annealed at

800°C for 30 nUn. After the nitride was removed , the surf ace
was no longer mirror smooth , having a “cream—of-wheat”

texture to it as shown in Fig. 11. Au dots were deposited

on the surf ace for purposes of obtain ing a doping profi le ,
but shunt leakage prevented this even to the point of not

being able to determine the capacitance at zero bias. The

I-V characteristics of the dots showed rectification , with

the reverse characteristic suggesting the presence of a

large number of generation-recombination centers in the
C 

depletion region of the Schottky barrier.

The identical procedure used for wafer InC 32-3 was

repeated for wafer m G  32-7 (-34% In , with the buffer layer

_ _ _  
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I

greater than 6 microns, 1.5 microns of which is Constant

composition) with almost identical results.  After  the
surface polish removing the “blue haz e” , the surface retain-
ed a small amount of cross-hatch which converted to the

“cream—of-wheat” surface shown in Fig. 11. Au dots were

ohmic with no hint of rectif ication.

Figure 11 is actually of wafer IriG 32-7 , with the

surface of m G  32-3 showing the same texturing effect but to

a lesser degree. While Fig. 3 was taken without the use of

phase contrast, phase contrast was needed for Fig. 11 in

( order to plainly see the surface texture . Thus , although

the surface deteriorates during the anneal cycle , it does

not approach the “blue haze” condition it had prior to the

Br-Methanol polish. The better surface of m G  32-3 may be

related to its better I—V characteristics , sign i fy ing a
connection between the optical appearance of a wafer and its
electrical properties.

Photoluminescence of both wafers revealed absolutely no
C response whatsoever , presumably indicating no activation of

the implanted species. No photoluminescence data was taken

on the wafers after growth since Cr-doped material typically

shows no response .

In or der to determine if the prob lem of surface deter iora-
tion with anneal is related to the initial “blue haze”

surface of the wafer , the identical implantation and anneal
process was done on wafers having an In percentage below 20%

and which, consequently,  did not have the blue haze problem .
Wafer InC 36—10 (17% In , — 3 micron graded buffer layer with

4~ . 0.5 micron of constant composition followed by an active

20
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layer) and wafer InG 36-16 (8% In, — 4 micron graded b u f f e r
layer) were first covered with nitride and annealed at 800°C

(no implant) to see if the surface would deteriorate as for

the 34 and 35% In wafers. The surfaces remained the same ,

• as did also the photoluminescence spectra (except for a

slight broadening on one side of the peak). The active

layer was polished off wafer m G  36-10 and both wafers were

given the same implant as the 34 and 35% In wafers , after
• which they were capped and annealed. The surfaces did. not

deteriorate , but photoluminescence revealed an added peak
• for wafer  m G  36—10 (Fig. 12) and an added hump to the peak

of wafer m G  36—16 (Fig. 13) . The added peak may be a

defect peak resulting from the implantation and anneal

processes. The photoluminescence data also revealed that

the In percentage for wafer m G  36—10 was reduced to 10%

from its original value of 17% , evidently because of the

material removed when the active layer was polished off.

Either more material was removed than intended or, as suggest-

ed by the Auger profile mentioned in Sec. 2, most of the In
change occurs in the last part of the growth rather than as

programmed. Figures 14 and 15 give the implanted doping

profiles of the two wafers. These wafers were not processed
• into devices because the In percentage was so low.

In summary , the difficulty in activation of the implanted

species and surface deterioration during anneal was not seen

for wafers having an In percentage less than 20%. Whether

• 
-

• these difficulties are encountered with the higher In percen-

fl tages because of the “blue haze ” or as an intrins ic result
of the higher In percentage is not known at this time. The

deterioration of the surface during the anneal after the

blue haze has been polished off seems to suggest that the

21
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blue haze is not just a surface phenomenon as originally
thought, but is indica tive of the na ture of the underlying
material.

3. 2 Laser Annealing

Using a Q—switched ruby laser with pulse lengths of 25—

40 ns, no electrical activation of Si was seen in 100 key

I 

C 
Si—implanted Cr-doped GaAs with doses less than 1 x l014cm 2.

Table I shows the electrical activation and mobility of
uncapped GaAs with 100 key Si implant doses of 1 x lO 14cn(2.

I
TABLE I

SUMMARY OF GaAs LASER ANNEAL RESULTS

Laser Energy Pulse Duration Carrier Concentration Mobility

1.1 J/cm2 40 nsec 8.1 x lO 12cn(2 680 cm2/V—sec

1.1 25 2.2 x io 13 600

• 1.3 30 6.4 x io l3 330

1.8 25 2.6 x 1013 300

• 800°C thermal 30 m m .  2.4 x io13 2330
anneal

S

This data indicates a reduction of mobility wi th increasing
• laser energy, with the maximum value being only 30% of the

- $ value obtained by thermal annealing . The data suggests that

perhaps higher mobilities can be obtained by reducing the

beam energy below 1.1 J/cm2, but at the expense of reducing

the carrier activa tion to even less than the 10% value of
1.1 J/cm2. No improvement was seen using a nitride cap

26
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C during the anneal and, in f act , the best mobilities were
obtained without the nitride cap (most of the time the

nitride cap would blow off). The data in Table I agrees

with the results of others using Q-switched laser annealing

as reported in the literature . The laser energy thresho ld
for salient surface decomposition to occur was found to be
1.5 J/cm2.

Using the laser in the free-running mode without the

Pockel cell (0.2 ms pulses), no electrical activation of the
Si-implanted GaAs was seen for energies all the way up to
2.8 J/cm2.

(

Laser annealing was investigated not only for purposes
of annealing out ion implantation damage without signif icant
dopant diffusion , but also as a possible means of el iminating
built—in lattice strain encountered in growth (which manifests

• itself in surface quality typified by cross—hatching and

“blue haze” as shown in Fig. 3) and to reduce interface
strain or states between the active and semi-insulating

bu f f e r  layers (which is presumed to cause the saturated
velocity degradation encountered in previously fabricated
InGaAs FETs 1). Laser annealing will permit approaching the

( melting temperature for very short periods of times to
hopeful ly  reduce the strain in the same manner that it is
used to recrystallize amorphous deposi ted layers. 18 The low
mobilities in Table I indicate t!~at the laser is incapable
of removing all of the lattice damage , and the hazy surfaces

such as shown in Fig. 3 are sure to reflect the incident

beam to a varying degree so that the net incident energy

cannot be controlled. Consequently, laser annealing of the
InGaAs wafers to see if the cross-hatch or blue haze evident

on the surface could be removed was not tried . Electron-

27 
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beam annealing 19 is much more controllable in that the
energy and time can be var ied independently and over a wider
range in addition to eliminating the reflection problem .

Varian is in the process of developing a capability to
C electron-beam anneal, and the intention is to use this

process on the InGaAs wafers , depending upon its results
with GaAs.

I C
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4. DEVICE FABRICATION AND EVALUATION

FETs were fabricated on five of the best wafer s grown
during this period. Two of the wafers were 30% In grown at

the same time on Cr- and Te—doped substrates with a 15.7-

micron thick buf f e r  layer. Both wafer s, although having
slightly hazy surfaces , were the least hazy of all the

wafers grown having an In content above 25%. Another two of
C the wafers were 22% In grown at the same time on Cr- and Te-

doped substrates with a 17—micron buffer layer (having shiny

surfaces but with a pronounced amount of cross-hatch) and

the remaining wafer was 25% In grown on a Cr-doped substrate

with a 14—micron buffer layer (having the least amount of

cross—hatch of all the wafers but with growth hillocks all

over the surface). The buffer layers on all of these wafers

were linearly graded with no constant composition layers
(the blue haze phenomenon was independent of whether or not

a constant composition layer was included in the growth of
the buffer layer). The photoluminescence peak half-width

was about the same for all three In percentages, ranging
from 28 to 35 meV.

The FET device geometry used is shown in Fig . 16. The
gate width Z is 150 microns and the length L is in the 0.5

to 1.0—micron range. The gates were defined by electron

beam exposure of PMMA resist and consist of 1000 A of sputtered
• Pt overlaid with around 3000 A of evaporated Au. Au-Ge/Ni/Au

was used for the ohmic contacts. The fabrication sequence

in order was : mesa etch, ohmic contact formation , gate

deposi tion , and Au overlay.

Table II summarizes the results of the device runs ,
• with Figs. 17-19 giving the drain characteristics of a

29 
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I

device from each of the runs .  Appendix A ou t l ines  the
technique of determining the effective saturated d r i f t

velocity v5 from the drain character is t ic  of the devices .
Based on this analysis , the effective saturated drift

velocities given in Table II were computed from the plots

shown in F ig s  20 , which in turn were derived from the d ra in
characteristics of Figs. 17—19 using the barrier he~ gh~ :~
given in Ref. 20. When the technique of Appendix A is

applied to GaAs , a value of 1.3 x lO 7cm/sec is typica~~~
found , while when applied to the 34% In run descr~ bed :n
Section 1, a value of 1.8 x lO 7cm/sec was obtained.  Evi-
dently the pronounced cross-hatch of the 22 % wafe r s  and the
blue haze of the 30% wafers  prevented v5 from even reaching
its GaAs value.

Appendix B gives the s- and y—parameters for au of the

runs along with the power gains computed from them .

- C
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5. CONCLUSIONS AND RECOMMENDATIONS

It has been found that for InGaAs growths with an In

percentage at and above 25% the surface appears to have what -

•

is termed “blue haze ” , which results from a crosshatch

pattern of defects. This blue haze begins to appear at

around 25% In and becomes progressively worse as the In

percentage is increased. Photolurainescence peaks of the
4 surface layers begin broadening at 2~ % and continue to

broaden as the In percentage is increased. Although the

blue haze can be polished off , leaving a mirror finish ,

there is evidence that it is indicative of the nature of the

4 
underlying material. FETs fabricated on this material have

smaller effective saturated drift velocities than for GaAs ,

as well as inferior rf performance . Ion implantation of

this material was unsuccessful.

Almost all of the effort on this contract this past

year was spent in trying to overcome the “blue haze ” problem .

It was felt that the problem was not intrinsically associated
C with the higher In percentages , since the 34% In growth of

the previous contract had no such problem. The intention

was to duplicate the good growth obtained for that 34% In

growth (grown in an earlier version of the reactor using

only a 2-micron buffer layer). Many techniques and substrates

were tried with limited or no success and it was not until
-

• 
at the very last of this contract phase when art I

~
I2 bypass

was was installed on the reactor that haze-free surfaces
C 

were obtained . Two wafers having surfaces with a minimum of
cross-hatch have been grown with the H2 bypass , and FETs

will be fabricated on them for purposes of evaluation. It

might also be interesting to electron-beam anneal the blue

haze wafers to see if the dislocation network can be removed.
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6. PROPOSAL FOR FUTURE WORK

Other work at Varian has shown that In0 53Ga 0 47As
alloys can be grown by liquid phase epitaxy , lattice matched

on In P, with mobilities in the region of 8000 cm2/V—sec at
17 3300°K, for dopings of 10 /cm , or nearly twice that for

comparable GaAs . (For convenience , the specific lattice-

r matched In0 53Ga0 47As alloy will be abbreviated as InGaAs

in what follows.) The mcbility increase is to be expected

from the reduced bandgap , but the result indicates that

alloy scattering is low in this alloy . Figures 21 and 22

( show plots for the entire range of quaternaries from InP to

InGaAs of mobility , Schottky-barrier height , arid estimated

satellite valley spacing (I’ - L; X appears to lie higher

than L for the entire range of alloys matched to InP) . The

high mobility of InGaAs is coupled with a large (1.0 eV) gap

to the nearest conduction band satellite valley. This

implies that under the moderately high fields found in a

microwave FET, considerable velocities can be reached in the

( central r valley before transfer to the L satellites sets
in. To achieve this in GaAs requires the use of strong

“overshoot” effects , i.e. gate lengths in the region of

0.1 iim . 21 However , the overshoot effect should be seen for
more conventional dimensions (0.5 to 1 micron) in InGaAs . A

transition to still shorter gate lengths using InGaAs should ,

of course, maintain the advantage over GaAs.

Some concern remains regarding the possibility of low-

field avalanching in a material where the bandgap (0.73 eV

at 300°K) is less than the satellite valley spacing (about

1.0 eV for F - L). However , this does not appear to be

troublesome . Experiments in this laboratory with high-field
-; bias—assisted photoemission from InGaAs22 show that fields

____ 
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I adequate for F - L transfer can be applied without avalanching.

Once transfer to the heavy-mass L and X—band edges is achieved ,

a very large fur ther increase in f ield is necessary to
produce significant electron-hole pair generation . Fields

L used in the photoemission experiments22 are of the order of
30 kV/cm. Qualitatively, InGaAs would be expected to behave
somewhat like GaSb , which ha s a direct gap of about the same

• magnitude . Computations of Ha’iser22 show that fields of

about 200 ky/cm would be required in 1017-doped GaSb to

cause avalanching .

As can be seen from Fig. 21, the low Schottky-barrier
C height on InGaAs leads to very high gate current densities ,

4 and indeed initial attempts to fabricate MESFETs directly on

- 
this alloy at Varian have led to shorted gates. At the same
time , attempts to use oxides or other insulators on Ill—V

compounds have met with very limited success , due to high

I ~
- aensities of interface states and instabilities of the

insulators themselves. Accordingly, we propose the use of

lattice-matched InP or the higher bandgap InGaAsP quaternaries:
(

(1) in n—type form to provide the higher Schottky—barrier

(Figs. 23a and 23b) , or
(2) in p-form to provide a junction FET (Fig. 23c).

In either case, the channel electrons flow in the low—
- I bandgap high—mobility material , while the adjacent high—

bandgap material is depleted; hence the low mobility of the

depleted material is of no consequence. Figure 23b has an

advantage over 23a in that ohmic source and drain contacts

to the InGaAs should be easier. This may not be a very

C 
significant advantage, considering the extra complexity .
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The junction FET of Fig. 23c has the advantage of a still C

higher barrier height , if di f fus ion  of the acceptor species
in the p gate can be adequately controlled . A low—resistance

gate contact can be developed using Be implantation. 4

I

• Initial work would use LPE growth of the layers , which

has given the highest mobilities in InGaAs . Experimentally,

it has been found easier to grow high-bandgap quaternaries
C on InGaAs than pure InP on InGaAs. In all cases , very thin

layers are needed, especially for submicron devices, provi ding
strong motivation for development of complete vapor phase
growth of these systems. Vapor phase growth of InGaAs on

InP has not yet demonstrated the high mobilities of LPE.

However , this work is in a very preliminary stage, and we
would propose to devote some effort to improving the state

of VPE of InGaAs grown on InP for this app lication . Ulti-
C mately , MBE may be applicable to the proposed structures.

However , MBE technology has fa r  to go in this area , and
meanwhile feasibil i ty investigations cart be carried out
using more conventional growth techniques. The use of

different materials for gate and channel also suggests the

applications of selective etching for submicron self-aligned

structures. 24
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APPENDIX A:

EFFECTIVE SATURATED DRIFT VELOCITY DETERMINATION

Although there are various theories describing the drain characteristics

of the FET obtained by joining the Shockley gradual channel approximation

region near the source end of the channel to a velocity saturated region

near the drain end of the channel , it will be assumed for this study

that the entire channel is velocity saturated everywhere under the gate.

It has been found that for the short gate length devices fabricated (around

one micron or less) both the transconductance (g) and the drain current

are quire accurately described by the expressions resulting from

this assumption, and the resulting analysis will be greatly simplified .

The relationship between this effective saturated drift velocity, v ,

and the velocity values shown on a velocity—field characteristic is not

straightforward because of velocity overshoot. Accordingly, V will

simply afford an empirical basis of comparison between InGaAsP and GaAs.

For the sake of analysis, it will be assumed that the gate length CL) is

short enough so that the electric field is constant throughout the channel

at a value above the peak field. Consequently, carrier accumulation and

depletion regions are nonexistent meaning that the mobile electron

charge (n) is equal to the channel doping (ND
) throughout the channel.

With v and n constant along the channel, the gate depletion depth (w)

must also be constant as shown in Fig. A—i to maintain current continuity .

For the general case of v~ and N
D varying with x, can thus be written

as

qZ 
f 

N
D
(x)v (x)dx (A—i)

where Z is the gate width. Thus with V
g 
as the gate voltage
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d
= — qZ -

~~~~~

-- 
f 

ND(x)vs(x)dx3V g wg

d 3(N (x)v Cx))
~z[ND(d)vS(d) ~i 

- N~ (w)v
5
(w) 

~~ 
+ 

~~g 
S 

dx]

a _qZN~(w)v (x) (A-~)

by application of Laibnitz ’ rule.

Another relationship can be developed by di fferentiating Eq. (A - i )

with respect to w and again applying Leibnitz ’ rule. This simply involves

rep lacing Vg by w in Eq. (A—2), giving

31
= — qZN~ (w)v (w) . (A—3)

If the doping is constant with x , then

- v )
W = V qN 

g 
( A— 4 )

D

and Eq.(A— 3) becomes

— V
g

) 
= 

_
~/2 cqN~ Zv

3Cw) 
. (A— 5)

Equation CA—5) reveals that if is plotted as a function of~~48 — Vg
the resulting slope will be proportional to v~ so that a profile of v~
across the channel thickness can be obtained in much the same manner as

a mobility profile can be obta ined .

_ _ _ _ _ _ _  - - -~~~~~~~~~~~~~~~~ 
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- APPENDIX B

- This appendix represents a compendium of y-parameter

data for some of the devices.
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PAC E 3 :  A N A s 5 2 0 9 ’ D E P T  0 8 1 6  4 123’79
LRB ’C . N I S H IM O T O

- I N C  
-

.08 VOLT S , . 0 9  MA ( P I E R S  1)  INC 6 6 — 2  V D .4 V

FRE O CR M A X  CU M A X  - 521 S12 K U
(MH Z) 53 DI DB DI M A C  N A G

2880 .680 — 2 . 1 6  — 1 . 6 8  - 1 8 . 6 9  — 3 8 . 7 3  8 . 3 6  .06
25 00 .000 —4.78 — 4 . 5 3  — 1 9  . 58  -3-? .76 12.21 .33

30 88.000 -5.88 —5.62 — 2 6.56 -37.15 13.1? .83

35 00.009 -6.72 —6. 46 -21 .25 — 36 .56 13.69 .03
- 4000.Oee -7.58 — 7.34 — 2 1 . 8 ?  - 3 6 .5 0  1 5 . 4 3  .63

4380.00 0 -8.16 — 7.96 —22.29 -36.26 16.34 .03

5 0 8 0 . 9 0 0 — 9 . 2 4  — 9 . 0 ?  - 2 2 . 8 1  — 3 6 . 2 5  19 . 7 5  .02
3580 .000 — 1 0 . 7 1  — 1 0 .5 7  —23.9 0 — 3 7 . 14  27.04 .91

6 0 0 0 . 008  - 1 8 . 6 6  - 1 9. 5 4  — 2 4 .23 —37 .66 27.31 .01 
-

6503.030 — 1 1 . 8 9  — 1 1 . 8 2  -23 .89 — 3 9 . 8 1  4 2 . 0 2  . 0 1
7060.909 — 1 2 . 5 1  — 1 2 . 46 —2 5 .9 4  — 4 1 . 8 1  55 .42 .91

7 3 8 9 . 9 8 0  — 1 4 . 23 - 1 4 . 2 1  — 2 7 . 1 8  — 4 5 . 4 9  1 0 8 . 9 ?  .0 0
88 0 8 . 098 - 1 5 . 4 7 — 1 5 . 4 8  - 2 8 . 42 — 59 86 2 13 . 16  .06

8590 .098 — 1 6 . 5 ?  - 1 6 . 6 1  -29.82 —45 .55 138.32 .80

9000 .008 -18.66 — 18.68 - 3 2 . 1 3  — 3 9 . 9 8  8 9 . 7 3  .08
9 5 0 9 . 068  — 2 3 . 3 9  - 2 3 . 4 2 - 3 6 . 81  — 3 5 . 5 1  9 3 . 99  .09
1 8 0 0 8 . 0 $  - 2 6 . 49  — 2 6 . 48 - 40 . 5 1  — 3 2 . 1 5 3 3 . 3 4  .09
( 8 5 0 0 . 0 0  - 2 3 . 7 4  - 2 3 . 6 9  — 3 7 . 8 2  — 2 9 . 4 9  4 5 . 3 6  . 0 1
1 1000.00 — 1 8 . 9 4  — 1 8 .8 2  — 32 .79 —2 7.1 8 20.57 .62

1 1 5 0 0 . 0 0  — 1 8 . 1 4  - 1 9 . 0 2 — 3 8 . 3 0  — 2 5 . 4 1  1 8 .3 4  . 02
1 20 0 9 . 08  — 1 7 . 48  — 1 7 . 34 — 2 8 . 7 6  — 2 4 . 43 1 7 .9 8  .02
230 0.80 —16 . 8 6  — 1 5 . 0 8  — 25.89 —22.86 14.25 .82

1 3 0 6 0 . 0 8  — 1 2 . 4 1  — 1 2 . 0 2  — 2 2 . 2 6  — 2 8 . 3 5  7 . 0 3  .05
13500.88 — 7 . 5 5  — 6 . 3 2  — 1 8 . 3 0  — 1 7 . 1 9  2 . 6 1  . 23
14 0t36.00 -4.36 —2. 34 — 1 2 . 3 2  — 1 1 . 9 8  1.50 .39

REF P LA N E  2 1 < 1 1 C M ) :  114= 2.78 , OUT. 2.70
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PAG E 3: A HA .5209’DEPT 0010 4’23’?9
V A R I R N  rI C TR O L O G Y  LA B f 0 .  N I S H I M O T O

- I N C  -

.9 9  V O L T S , .0 0 NA ( P I E RS  1)  1 1 4 C 6 6 - 3  V D . 3 V

- 
- FREQ GA MA X CU MA X 52 1  512 K .

( M H Z )  - DI DI DI - DI NA G MAC
28 08 . ’.OO 3 . 79 4 . 1 0  — * 5 . 9 4  -3 3 . 3 6  1 . 87  .26

- - 25 0 0 . 0 8 0  - .29 .79 -15 .07 —3 1 .65 3.23 .14

3899 .000 — .63 — .04 — 15.02 —3 8 .25 3.41 .13 —

3500.809 — 1 . 41 - .86 — 15.22 -29.77 3.77 .12

4080.900 —2.27 —1 .76 - —15.08 -28.82 4.16 .10

4500.000 —3.04 -2.50 — 1 5 .1 4  -28.24 4.61 .09

5900 .000 — 4 . 1 0  —3.66 - 1 5 .2 1  -28.05 5.68 .07

5509.008 —5. 03 -4.63 -1 5 . 4 1  -27 .64 6.55 .86

6090.808 -5.57 — 5. 21 — 1 5 . 5 9  -27 .75 7.35 .05

6580.080 —6 .33 -6.02 — 1 5 . 9 0  -28.04 8.72 .04

7600.000 -6. 92 —6.53 — (6.25 -28.26 9.61 .04

7508 .680 -7 .61 -7.30 —16.5 7 -29.89 11.94 .03

8039 .086 —9 .77 —8.62 — 1 7 . 4 4  - 3 1 . 09 18. 14 .02

8309 .080 — 9 . 1 2  -8.99 -(7.69 -32.14 21.55 .02

9988.090 — 10.36 -10 .27 - 1 8.43 -33.5? 31.83 .01

9500 .080 —1 2 .26 -12 .2 1 -19.34 -33.64 43.67 .01

10800 .90 -13.9 7 -13.95 -20.41 —35 .90 74.15 .00

10509 .00 — 1 5 . 1 1  — 1 3 . 1 1  — 2 1  .55 — 48.97 380.87 .08

i t e e e .e e  —1 3.9 9 — 1 3 . 9 9  -28 .78 -40.74 124.89 .80
11508 .00 -15 .92 -15 .84 —2 2 . 76 -34.32 72 .33 .08
12008.43 0~~~- I 7 . 90  

— 1 7 .9 2  —24.36 — 3 1 . 0 1  .66.2? .00

H 
12500 .08 — 18 .90 — 1 0 . 9 2  -24.60 — jl .09 81 .95 .00

i -o e o. ee —23. 70 — 23 .72 -30 .91 -25.68 7 1 . 1 3  .00
(3380.00 -29 .59 —2 0 .53 -27 .2? -20.33 25 .76 .01
14004 .08 — 1 1 . 1 8  - 1 1 . 14  - 15 . 48 -1 4 .43 8 .15 .03

REF P L A N E  EXT (C tfl 14. 2 .70, O U T .  2 .7 0
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- 

- - I
P A G E  2~ AHR. 5289 ,DEPT 8919

- 

V A R I A N  N C T R O L O G Y LAI..’C. H!SH1P *O 1O 
4’23.’79

. 09  V O L T S , .08  MR ( PI ERS - 1)  - 1(1 0 6 7 — 1  V D . 4 V

- FREQ Y t i
- 

(MH Z )  NA G RHO NAG 
Y 2 2  Y 2 2

- 2 9 0 0 . 0 0 9  1 . 6 8 1  80 552 
RHO NA G RHO NA G ANG

2 5 8 0 . 8 9 3  2 . 0 4 6  96 529 
0 . 06 6  - 89  2 . 7 2 3  49

30 0 0 .0 00  2 . 3 7 5  0? . 52 3  :4 
. 0 7 7  — 0 0  3 . 1 5 7  53

3 5 8 9 . 0 88  3 . 0 3 6  08 
.0 90  — 8 9  3 . 6 9 5 50

4 0 0 0 . 0 0 0  3 . 7 7 3  08 0! 
.8 7 7  — 9 ?  4 . 1 5 3  62

4 5 8 0 . 08 8  4 .16 1  88 589  
.8 7 6  -7 9  4 . 9 82  66

5 0 0 0 . 0 00  4 . 8 6 2  87 . 3 0 9  ~~~ 
. 0 7 9  73 5 . 3 3 7  60

5500.888 5.386 — 
. 95 9  - 68  6 . 1 1 4  69

6800.880 6 .274 87 - 
.044 -39 6 .680 71

6~~00.098 6.964 
. 0 .944 13 7 .634 73

?80e .aoe 7.816 88 479 
-22 .060 40 8.432 ?4

7590.089 0.529 9? 484 
-13 .128 68 9. 405 75

e e e e . o o e  9 . 3 2 2  07 5 12  ~ . 2 08  73 (0.21 1 76

8500.090 (8.104 87 
.321 7? 1 1 .1 2 9  76

9e00.080 18.83? 37 
11 .41? 73 1 1 . 9 4 1  78

9508.688 (1. 785 97 694 
~~~~~~ 75 12. 720 78

1~~006.00 (2.566 85 068 
.681 73 (3 .682 79

18508.99 12 .523 82 4
1 .932 7 2  14 .505 79

1 1 0 0 0 . 8 0  1 2 . 7 5 7  85 1 034 4
1 . 9 4 9  7 1  15 . 4 15 oe

1 1 5 0 0 . 8 9  ( 3 . 3 5 8  83 1 199  
1 . 89 8  74 1 6 . 4 9 ?  80

1 2 0 0 0 . 0 8  ( 4 . 9 1 3  85 1 4 6 ?  
1 . 3 0 5  73 ( 7 . 1 0 ?  79

12300 .88 14.436 83 1 823 
9 1.028 76 18 .195 78

13006 .08 15.13 ? 86 2 406 
2 1 .982 76 (3.654 78 -

13508.08 16.498 83 3 938 
5 2 .582 75 19. 495 79

14000 .88 13 .743 74 3.840 5 
64

REF P L A N E  2 1 < 1 1 C M )  I N =  2.70 , OUT. 2.70

~~~ 
57— 1 .~~~ V ~ 2- /- i- - ( - . ~~~~ ( i t)  -

j
~~~ 
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- 
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PA GE 3: ANR.5 2 09 ,DEPT 39)9 4723 ,?~
V A R I A N  M E I R O L O C Y  LR).’C . W I S H IM O T O

!II C

- 
.8 0 V O L T S , .0 8 MA I N C A S  1) 

- 
1)4 0 6 7 — 2  V D . 3 V

- 
- F R E O  CR M A X  CU MA X S 2 1  5 1 2  K - 

U
( MH Z )  D I  D I  Dl DI MAC MAO

- - 2 0 8 0 . 0 8 0  - — . 29 .05 - 1 7 . 4?  -4 5 . 72 13 . 5$ . -  . 83
2 5 0 0 .8 6 3  — 3 . 3 ?  — 3 . 2 2  - 1 9 .0 ?  — 4 3 . 0 4  2 1 . 5 9  .82
308~~.0 8 0  - 4 . 3 2  — 4 . 1 ?  — 2 0 . 3 )  — 4 4 . 5 3  2 2 .02  .0 2
3 5 8 0 . 0 0 0  -4 . 9 4  — 4 . 78 - 2 1 . 4 2  — 4 4 . 6 1  2 2 . 30  .0 2
4308 .800 -6.29 — 6 . 1 1  -22.3 5 -45.53 33 .0? .81
4500 .000 —7.04 —6 . 9 1  — 2 3 . 0 1  -47 .21 41.03 .01
5008.900 -8.67 -0 .64 -23.92 -58 .85 81.80 .80
5508.900 — (0.34 — : 0 . O t  -24.89 — 6 0 . 5 1  304.5? .00
6090 .008 -10.4 0 -10.46 —2 3 .93 -48.50 73. 75 .01
6308 .080 - 1 1 . 8 ?  -11.94 — 2 7 . 1 6  —43. 08 48.39 .81
7800.000 -12.33 -12 .44 -28. 14 — 39 .70 32.34 .81
7508.986 -14.96 -15.04 -30.01 -36.17 31.87 .81
0888.060 - 1 6 . 1 1  -16.2 0 - 3 1 . 2 3  - . 3 3. 5 3  2 6 .5 6  . 9 1
8300 .880 — 16.69 -1 6.78 -32 .37 — 3 1 . 8 9  22.11 .02
9808.080 -17.53 -17 .53 -33.30 -29.31 17.89 .82
9509.000 -16.55 -16.49 -32. 42 — 27.87 13 .38 .03
10008 .90 -14.5 5 -14 .26 -30.93 -26.32 0. 41 .05

- (0509 .00 - 1 2 . 1 3  - 1 1 . 6 1  -28.2? -24.62 5.41 .08
1100 0.90 -18 .93 -10.21 -26 .4? —23.45 4 .34 .11
11508.90 -11 .64 — 1 1 . 1 7  -25.34 —22.93 3.5? .88
(2088 .00 - :1 .43 ~~~1 0 . 9 b -24 .42 —22 .65 5 .72 .8?
12508 .00 - 1 1 . 5 5  - 1 1 . 1 2  -22.92 —22.62 6.94 .06
13000.00 -8.68 -7 .69 -20 .90 -26.d? 3.43 .14
13588 .00 —6.57 — 4.97 — 1 9 . 3 5  — 1 7 . 40 2.16 .27
14008 .98 — 5 . 1 7  -3.43 — 1 4 .66 — 13 . 9 6  (.68 .35

REF PLA NE 2 1 < 7 1 C M ) :  IN . 2 .70, O UT. 2 .70

.

~~~~~~~~~~ ~~7 Z  V~~ ~~V ~~~y ~~~(-~ 4. (
~ )

2.,’ / ~~~ 2 i

i O . S ’i  .3 ’: l 4 ?- 3 1.72-332 •4377’0 — 1. 415-3 3 — .‘:‘is- ’:’i — .‘:‘ssoa 1.7 :25;- ~~~~~~~~~~~~
tJ IJ 4~~~~C p. ,. .  

— I t  ~-
‘
~4 ,‘li: — 1 ,

~ i — I 1 _4_ 1 — II — p. 4 I 1 4

C ~- .5::, .40:91 .2.55131 .34145- —1 .05’’-’E — . ‘ : ; iOs 4 — . 0 . 7 1 5 .  3. ,: 53:33 ~~~~~~~~- UI’ ‘-5 p. 1 -‘~~~~5 I — - — i i i  -‘ — lIp. 7~’4 ,~~ u.i4~~ ..4 . -4
414 ‘- 4 7 — 4 1 1 1 - ’  — I l l  .1’~ 

— I.- j -’~ . 17 -‘ 4 ~‘- 114~
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O h  II 1i4p. _ iI 3’- — I — ~~~~~ I IC I I ICI I I, -  
- - 4 p. ‘-.

(- .‘ .5,.I ~~~~~~~~~~~~~~~~~~~ ..27 E.3 7 — .57073 .:‘1761 - .: ‘~-:s ~ 2 .4 3 5 :5  ~~~~~~~~~~~~~~~~~
(i ii — 4,- —  I I  

~_ ~~~ Ii — 4 -i~~~f, I I  45 _. ,.., — ‘- —

~.5’) .5.273 7.13744 . :1,3::5 — ,41 :33’~ .04334 .ll i )2? 3.5’T330 9 . 34 ~~~.:,
- .~~~0 .545 9 5  7 . 3~i t ? ’ .’ . 2 - 3 77 3  — . 3 1- 3 5 3  .0 3 3 0 9  . 1 1 :7 :3  2.531:’S o 1 ’:l .147~~

-
~~.
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OH ~~~~~ 
-4 i C  1 — I ’ ~ 

— i- ~~’ 
c i1 : 3 7 ii — i-
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4 , 2 3 ’ ? 9PA g E 3 ;  R N R U S 2 O 9 , D C P T  
~ tT *Ot. OC’f  t A u t .  N 1 5 H 1 M 0 ’ O

INC 6 0 — 1  V D .4 V- .9 8 V O L T S , . 0 0  MR (PI ERS 1) 
-

K UV R ( Q  CA MA X C U M A X  - 
N A G  N A G(M H Z )  01 Dl 

5 . 3 8  - 3 8 . 3 8 .29  2 . 7 62 3 0 0 .0 8 8  
5 35 — 3 6 . 7 4 - - . 4 2  1 . 4 32 5 80 .8 8 3  
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