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Section I

INTRODUCTION

In recent years CMOS/SOS (Complementary Metal Oxide Semiconductor/Silicon

On Sapphire) has been heralded as the next step in the evolution of CMOS inte-

grated circuits (ICs). CMOS/SOS offers the advantages of CMOS, low power con—

sumption and high noise immunity , and in addition offers higher speed and

better isolation. The better isolation is inherent In the process because the

silicon which is not incorporated into transistors is etched away leaving bare

sapphire. It was thought that this better isolation could be translated into

higher packing density . Unfortunately, the Increase in packing density has

only been partially achieved because of problems related to the nonplanarity

of the wafers following the etching of the silicon epitaxial film to obtain

isolation . Present technology calls for the silicon film to be no less than

0.6 urn thick. Therefore , conductors (polysilicon or metal) must traverse two

0.6—urn steps everytime they cross a silicon island. Studies have shown that

if the conductor widths and/or spacings are reduced much below present design

rules, problems with open—circuits and/or short—circuits occur. These prob-

lems have also necessitated the present design rules on minimum island spac-

ings. Moreover , in high—reliability circuits , problems with metal making

contact to the island edges were perceived , so that contact holes were opened

only on the top of the island . Thus, the silicon islands must be tenths of a

mil larger than if the surface were planar. In addition , with IC technology

progressing to smaller and smaller devices with gate lengths as small as

1.0 urn, the development of a planar SOS technology is imperative .

In this work three approaches to achieving a planar SOS technology were

investigated. In the thermal oxidation isolation approach , the silicon that

is not to be incorporated into transistors is converted to S1O 2. A variation

on this approach involves partially etching the silicon before oxidation. The

second technology investigated involves implanting the silicon between the

transistors with nitrogen or oxygen to make this part of the SOS film semi—

insulating. The third technology , called SIS (silicon—in—sapphire ) because

following island isolation, the silicon epi is actually in the sapphire sub—

strate, is accomplished by creating holes in the substrate where the transis—

tors are to be and then refilling with epitaxial silicon.

-1!
r. 1
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The three approaches are compared on the basis of electrical characteri—

zation of test transistors and potential for use as a high—density LSI

technology . Considerable data are presented showing the leakage current and

bias—temperature (B—T) stability of test transistors fabricated by each tech-

nique. Scanning electron micrographs (SEMs) are used to show the degree of

planarity achieved.
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SECTION II

EXPERIMENTAL PROCEDURE

1: All of the devices discussed in this report were fabricated in nominally

0.6—urn silicon epitaxial film grown on (1102) Czochralskj sapphire wafers sup—

• plied by Union Carbide. Prior to H
2 firing at 1200°C for 30 mm , the wafers

were cleaned and scrubbed. The epitaxial film was deposited on the 1.5—in.—

diameter wafers in a five—sided barrel reactor by the pyrolysis of SiH
4 
at

approximately 970°C. The films for the deep—depletion process were doped

4 approximately 1 x 1015 
n—type during growth. Films for the enhancement pro—

cess were doped approximately 1 x 1015 
p—type and then counter—doped n—type

using implantation in the appropriate area.

Since the planarization processing steps were done first , all subsequent

processing steps were identical . The test transistors were fabricated using

the p+ polysilicon gate deep—depletion or enhancement process [1,2]. Processing

lots consisted of five wafers , one of which was always a control wafer. The

silicon islands on this state—of—the—art wafer were defined by growing a thin

• oxide in HC1 steam. The oxide was defined and etched so that it remained only

over the silicon that was to be the silicon islands. The unprotected silicon

was etched away in KOH , and the thin Sf02 was removed in buffered HF. At this

point in the process the control wafer was ready for channel oxidation. Since

the planarization process results in island definition , the first common pro-

cessing step for the control and planarized wafers was the l20O—~ channe~
oxide growth which was done at 900°C or 950°C in HC1 steam. This was followed

by polysilicon deposition at nominally 700°C in SiH4. The polysilicon was then

selectively doped from a boron—doped oxide driven—in at 1050°C in helium .

Following selective doping, the polysilicon was selectively etched in KOH , and

the channel oxide was self—align etched . Next, phosphorus—doped oxide was

deposited and defined for sources and drains , and then boron—doped oxide was

deposited for sources and drains. The source and drain dopant was driven— in

at 1050°C in helium, followed by postdif fusion oxidation and hydrogen annealing.

The contact holes were then opened , and aluminum was evaporated and defined.

The final processing step was alloying the aluminum .

1. J. C. Sarace and A. C. Ipri, Electrochemical Society, Fall Meeting 1974,
Abstract #197.

2. A. C. Ipri and J. C. Sarace , IEEE J. Solid State Circuits SC—li,

• 329 (1976).

3
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After the device fabrication, the planarity and electrical characteristics
of the transistors were studied. The planarity was studied by scanning
electron microscopy . Of particular importance in the electrical characteriza—

• tion was the field—effect transistor (FET) mobility, leakage current , and B—T

stability. The FET mobility can be inferred by comparing the threshold voltage

of devices fabricated by one of the planar techniques and those on the control

wafer. In general, none of the wafers studied in this program showed severe

mobility degradation.

The bulk of the experimental data to be presented in this report deals

with the leakage current and B—T stability of planar structures . As a basis

for comparison , typical results for the test transistors fabricated on the

control wafers are presented in Fig. 1. These data show the transfer charac—

teristics for a p—channel enhancement—mode device and an n—channel deep—

depletion device. Together they form a CMOS inverter. The drain current

(log scale) is plotted as a function of the gate voltage (linear scale) for a

source—drain voltage of 5 V. The p—channel and n—channel transistors are

1.0 mu wide with a source—drain spacing of 0.4 mil. The data were taken both

before and after B—T stress. The solid line shows the data before stressing

and the dashed line shows data after stressing. The B—T stress consisted of

heating the device to 250°C, and then applying +10.0 V or —10.0 V to the gate

of n—channel or p—channel transistors, respectively , for 15 mm with the

source and drain grounded. After the stressing, the bias was removed , and the

transistors were cooled to room temperature in several minutes. The transfer

characteristic was then measured exactly as before stressing. Typical results

for control devices fabricated by the p+ polysilicon gate deep—depletion pro—

cess are shown in Fig. 1. The p—channel device is essentially unchanged

following B—T stress. The n—channel device, on the other hand , shows a small

decrease in edge current following B—T stress. The leakage current in n—chan—

nel devices in this low—current range is referred to as edge leakage current

because the leakage occurs along the silicon island edge. Edgeless MOS/SOS

transistors , wherein the drain completely surrounds the channel and source

regions, do not exhibit edge leakage current and typically also show no change

following B—T stress. The problem of edge leakage currents in SOS/MOS

4
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Figure 1. Transfer characteristics of n—channel deep—depletion
transistor and p—channel enhancement transistor on
control wafer.

transistors has received much attention [3,4]. The data presented in Fig. 1

form the basis of comparison for devices fabricated by the planar techniques

that are discussed later in this report .

The topology of transistors fabricated on the control wafers is shown in

Fig. 2. Figure 2(a) shows the finished device magnified 5000X. At the top

and bottom of the picture are the source and drain contacts , respectively .

- i - -~~~ •~ 3. D. W. Flatley and W. E. Ham, Electrochernical Society, Fall Meeting 1974 ,
Abstract #198.

• - -~ 4. J. L. Gates and 0. K. Griffin , Appl. Phys . Letters 27 , 43 (1975) .

-
.
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(b)

Fi~ ur &- 2. ( 1 )  St)S/MOS transistor on c~~ntro 1 wafer (5000X).
(h) Polysilicon gate crossing silic on ep itaxial
island on contro’ wafer (20 ,000X).



The source and drain are part of the same silicon island. The band running

from left to right is the polysilicon gate. To the left and right of the

silicon island the polysilicon is on the sapphire substrate and encounters

two 0.6—u rn steps in crossing the silicon island. A cross section of an MOS

transistor fabricated on a control wafer is ~;hown in Fig. 3. In Fig. 2(a)

the doped oxides cover the finished device. However , in Fig. 2(b) the doped

oxides (at 2O,000X) have been removed . The material in the lower left corner

is the A1
2O3 substrate. The p+ polysilicon gate runs across the substrate, up

the silicon island edge in the center of tl~e picture , and across the top of

the silicon island. The shadowed region between the silicon island and the

polysilicon gate is the undercut channel oxide , 1200 ~ thick. The raggedness

of the silicon epi island is also shown. Similar pictures of devices fabri—

cated by the various planar technologies are presented in the next section.

P+
POLYSILICON CHANNEL

GATE OXIDE

I I I / / 1I7~~~~~
SILICON EPITAX Y

- 

SAPPHIRE SUBSTRATE

S STATE-OF-THE-ART PROCESSING

Figure 3. Cross section of SOS/MOS transistor fabricated
using state—of—the—art processing.
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SECTION III

EXPERIMENTAL RESULTS

A. THERMAL OXIDATION ISOLATION

This planarization technology basically involves oxidizing all or part of

the SOS film between the silicon islands. Since a silicon film of thickness

to converts to a SiO2 
film of thickness 2.22 t , planarity would result only

if 0.33 urn of the original 0.6—urn silicon film between the islands were etched

before oxidation. Since, typically, the silicon epi thickness varies across

each wafer, from wafer to wafer in the same deposition lot and even from wafer

to wafer in different processing lots, routine achievement of perfect planarity

is difficult. Thus, instead of achieving perfect planarity , a more meaningful

goal would be to reduce in height or alter the slope of the steps at the

silicon island edge so that problems with step coverage of polysilicon or metal

would be minimized.

The first step in investigating the feasibility of this approach to pseudo—

planarity is the development of the technology for selectively oxidizing sili-

con. The previously developed technology for locally oxidizing silicon [5] was

applied to SOS. To oxidize the film selectively, the region to remain silicon

is protected with a silicon nitride film. The processing steps are shown in

Fig. 4. Beginning with an SOS film, a thin thermal oxide is grown. The SiO
2

is only a few hundred angstroms thick, after which 500 of Si
3
N
4 

is deposited .

A Si02 film is deposited on top of the nitride for masking the phosphoric acid

etch. The film between the islands is then oxidized. An estimate of the oxida—

tion time required can be obtained from the data in Fig. 5. From a processing

standpoint it would be preferrable to do the field oxidation at as high a

temperature as possible to minimize the oxidation time. Test transistors were

studied wherein the field oxidations were done at 900°C, 950°C, 1000°C, and

1050°C. To completely convert a 0.6.-urn SOS film to Si02 
would require approxi—

mately 5 hours in HC1 steam at 1050°C. At lower temperatures the time would be

much longer. Following oxidation the masking materials are removed ; the re—

suiting structure is shown at the bottom of Fig. 4. From this point on the 
- -

5. J. A. Oppels and M. M. Paffin , Philips Research Report 26, 157 (1971).
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Figure 4. Processing sequence for thermal oxidation isolation wherein the
the entire SOS film around the transistors is oxidized.
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Figure 5. Si02 growth rate in HC1 steam.
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processing is the same as the standard silicon gate processing steps discussed

previously. A cross section of a finished device is shown in Fig . 6.

POLYSILICON CHANNEL

SILICON EPITAX V

SAPPHIRE SUBSTRATE

OXIDIZE ENTIRE SOS FILM

Figure 6. Cross section of SOS/M0~ transistor fabricated
using thermal oxidation isolation wherein the
entire SOS film around the transistors is oxidized .

SEN photographs of finished devices, which have had the doped oxides re-
moved , are shown in Fig. 7. Figure 7(a) shows a very narrow MOS/SOS transis—

tor. The dumbbell—shaped region is the silicon epi, and the surrounding region

is the partially etched field oxide. The horizontal band is the polysilicon

gate. This picture points out a problem inherent in this planar process.

During field oxide growth, the oxidation process occurs both vertically and

horizontally , so that the sides of the protected silicon regions are slowly

converted to Si02. The areas which are to be transistors, therefore, slowly

shrink in size. For the transistor shown in Fig. 7( a) ,  the width of the channel,

originally 0.1 mil, was reduced to about 0.03 mu by the lateral oxidation of

the silicon . For wide transistors this would not be a serious problqm.

Figure 7(b) (20,000X) shows the polysilicon dropping from on top of the field

oxide to the top of the channel oxide, which is 1200 ~ thick. The remaining

field oxide is on the right side and the silicon epi is on the left side of

- ;. the photograph. The undercutting under the polysilicon resulted from removing

10
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Figure 7. (a) SO /MOS transistor on wafer wherein the entire epi
film around the transistor h as been o x i d i ;~t ’ ]  (20 00X) .
(h)  Polys ilicon gate crossing field oxide and dropping
to silicon epi island (2O ,u~ u :-~).
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the doped oxide in buffered HF. Although this approach has resulted in a poly—

silicon step of equal magnitude to the control wafer, it is conceivable that

this step may present fewer step coverage problems than the silicon epi island
- • step .

The e),,ectrical characterization of the MOS transistors fabricated by this

process indicates that although the p—channel enhancement—mode transistors

show no mobility degradation, low leakage, and B—T stability , the n—channel

JO I I I I I I

THERMAL OXIDATION OF ENTIRE FILM i-IC! STEA M
P+ SILICON GATE DEEP—DEPLETION PROCESS

O-~ - DEVICE SIZE 1.0 mu X 0.4 mil 
-

i~~~~ - -

5 I0 6 . \ 7”<\
— \ ,—‘ N-CHANNEL

DEEP DEPLETION

IO~~

~ I O~~ - P-CHANNEL
I ENHANCEMENT

uJ

~~~IO -

~1

I 

VSD :_ 5OV

-4 -3 -2 -I 0 I 2 3 4

GATE VOLTAGE (VOLTS)

Figure 8. Transfer characteristics of n—channel deep—depletion
transistor and p—channel enhancement transistor from
a wafer wherein the entire epi film around the
transistors has been oxidized .
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deep—dep letion transistors have large edge leakage currents. The transfer

- - characteristics of these transistors are shown in Fig. 8. The drain current

- - is plotted as a function of the gate voltage . The source—drain voltage is

5.0 V. Even reverse—biasing the gate of the n—channel device does not reduce

the leakage current to the level of the control device shown in Fig. 1. Edge—

less n—channel devices in which the channel region does not include the silicon

island edge did not show this high leakage current. These results should not

be surprising, however, because the effect of the work function difference be-

tween the p+ polysilicon gate and the silicon epi is significantly reduced by

the thicker oxide on the island edge. The positive oxide charge would tend to

accumulate the n—type epi. This would prevent leakage between source and drain

in the p—channel device but permit considerable leakage between source and

drain in the n—channel device.

One technique for improving the planarity of the above approach is to
etch part of the silicon epi away prior to field oxidation . If the thickness

of the film is uniform across the wafer and if just the right amount of sili-

con is etched away , the polysilicon encounters no steps in crossing the sill—

con islands. The processing steps are shown in Fig. 9. The only differenct~
between this processing sequence and that shown in Fig. 4 is the partial etch

of the silicon epi. Unfortunately , even etching the silicon does not result

in a perfectly planar surface because of the oxide ridging problem [5]. By

referring to the partial etch step in Fig. 9, it is easily seen that the sur-

face area of the silicon to be oxidized is larger than the surface area to be

covered with Si02. This causes the oxide ridging around the silicon island.

A more detailed (ross—sectional drawing of an MOS fabricated by this process

is shown in Fig. 10. Recent work has been directed at minimizing this ridg—

ing [6]. In the work reported here no effort was made to minimize the ridging .

Because of the nonuniform epi thickness it is difficult to uniformly etch

just the right amount of silicon . Figure 11 shows the best results that were

obtained. In Fig. 11(a) the polysilicon gate is shown (lO,000X) crossing the

silicon epi island . The field oxide has been removed. Since the epi island

5. J. A. Oppels and M. M. Paffin , Philips Research Report 26, 157 (1971).
6. E. Bassous , H. N. Yu , and V. Maniscolco, Electrochemical Society , Fall

Meeting 1975, Abstract #175.
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SILICON FILM

AI 203 EPI

THERMAL Si02 DEPOSIT ED SIO2 
GROWT H

\~~~~~~~~~~~~~SI 3 N 4 

~fl•)~~~
I S L A N D
DEFINITION

~ I ______________________________________

PARTIAL

FIELD OXIDE —
~ 

ETCH

TH ERMAL
OXIDATION

SILICON ISLAND FIELD OXIDE

S A 1 2O3 MASK
REMOVA L

Figure 9. Processing sequence for thermal oxidation isolation
wherein the SOS f i lm around the transistors is
partially etched before being oxidized.

P+
P0 LY SI L I CO N

G A T E— \  / ~ 
O X I D E

1~~ 
_ _  

\ /  
_ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIELD
OXIDE S A P P H I R E  S U B ST R A T E

E T C H - O X I D I Z E  S O S  FILM

Figure 10. Cross section of SOS/MOS transistor fabricated
using thermal oxidation isolation wherein the SOS
film around the transistors is partially etched
before being oxidized .
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(h)
Fi gu r e 11 . (a ) SOS/N~iS transistor on water wherein up i u r n  between

tr .iiisistors was p a r t i a l l ”  I - t ~ . hLJ bet or e  . ;~id at ion
(lO ,000X) . (b)  Polysi L i ~n ‘c erossin~ l i Li d  oxide
and silicon epi island _ i ,UU ( i . Oxide r idz i n g  caused
by partially etching SOS I i1~i cho r e uxidjtion.
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Figure 11. (c) Polysilicon gate crossing f ield and silicon
ep i island (20,000X). Oxide ridgir.~ caused by
partially etching SOS film before oxidation.

is 6000 ~ thick and the channel oxide is 1200 ~. thick , the polysilicon under—

goes a level translation of less than 2000 ~ , excluding the ridging. Figure

11(b) shows the oxide ridging magnified 20,000X. The sapphire substrate is

shown in the lower left corner , the silicon epi island to the right. The
polysilicon runs across the top half of the picture . The undercutting be tween

the polysilicon and the ep i silicon shows the location and thickness of the

l2OO—~ channel oxide. Figure 11(c) shows the same region at a slightly dif—

ferent angle ; the contour of the silicon island edge and the polysilicon step

-. is easier to see. The transfer characteristics of the devices pictured in

Fig. 11 are shown in Fig. 12. The field oxide on this wafer was grown at

1050 °C in HCI steam. These data show that there is no FET mobility degrada—

tion, and, more importantly, the proble m wi th the large edge leakage curren t

found for devices fabricated in films that were completely oxidized is not

present. The leakage current for a source—drain voltage of 15 V is less than
I nA/mU . These leakage current levels compare very favorab ly with those of

devices fabricated on contro l wafers such as that shown in Fig. 1.

16
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Figure 12. Transfer characteristics of n—channel and p—channel
transistors from wafer wherein the epi film around
the transistors was partially etched before oxidation
at 1050°C in HC1 steam.

Despite the encouraging results for as—processed devices , the data in

~ -~ Figs. 13 and 14 show that neither the n—channel deep—depletion transistors nor

the p—channel enhancement transistors are B—T stable. The B—T stress con—

i.. 
‘ sists of heating the device to 250°C, applying +10.0 V to the gate of the n—

channel device or —10.0 V to the gate of the p—channel device for 15 mm , and

then removing the bias and cooling the device rapidly to room temperature.

The transfer characteristics are remeasured with the same source—drain voltage ,

5 V. During B—T stress the source and drain are grounded. After the B—T

I’ stress the n—channel device is almost totally insensitive to changes in gate

voltage, conducting well in excess of 10 iA. Edgeless transistors fabricated

17
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THERMAL OXIDATI ON ISOLATION HCL STEAM
10 p+ SILICON GATE DEEP-DEPLETION PROCESS

N-CHANNEL DEEP-DEPLETION TRANSISTOR
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Figure 13. N—channel transistor shown in Fig. 12 before
and after B-.T stress.

- THERMAL OXIDATION ISOLAT ION HCL STEAM -

P+ SILICON GATE DEEP—DEPLETION PROCESS
P-CHANNEL ENHANCEMENT -MODE TRANSISTOR
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- 
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-

— Ifl 5
I.-
z
w
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- 
- Figure 14. P—channel transistor shown in Fig. 12 before

and after B—T stress.
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on the same wafer as these edge transistors have no B—T instability . There—

fore, the instability is a result of the silicon island edge being part of the

channel region. The p—channel device also shows an edge instability as illus-

trated in Fig. 14, but not quite as severe as that of the n—channel device.

The edgeless p—channel transistors do not display the instability .

P—channel transistors fabricated on wafers wherein the field oxidation is

done at lower temperatures show a steady improvement in edge stability.

Figure 15 depicts the transfer characteristics of a p—channel device whose

bO~~ I I I I I I I I I
THERMAL OXIDE ISOLATION 900°C HC~ STEAM
P+ POLYSILICON GATE DEEP—DEPLETION PROCESS
P- CHANNEL ENHANCEMENT — MODE TRANSISTOR

- 

( 1.0 mil X 0.3 m II)

Iw -]
~~ -7
~~ IO -

~~ IO 8 -

- 
-

AFTER B-T STRESS
bO

_ b0 -

V~0
;-5.OV

~ -II -

I - 
- 

BEFORE B-T STRESS
I I I I I I I I

-4 -3 -2 -I 0 I 2 3 4
GATE VOLTAGE (VOLTS )

Figure 15. Transfer characteristic of p—channel transistor before
and after B—T stress. After partially etching SOS
film between transistors , the field oxidation was
done at 900°C in HC1 steam.
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field oxide was grown at 900°C in HC1 steam. The data indicate that the tran-

sistor is B—T stable. However, n—channel devices fabricated on the same wafer

— as this p—channel transistor show the same edge instability as that shown in

Fig. 13. Lowering the field oxidation temperature did not reduce the n—channel

-‘ edge in stability .

Since the experimental data indicate that stable p—channel devices could

be made if the field oxidation were done at 900°C in HCI steam, the stability

of n—channel enhancement MOS transistors was also studied . It was hoped that

since the epitaxial film would be doped p—type it would be less sensitive to

charges in the oxide. The fabrication of n—channel enhancement transistors is

identical to that of deep—depletion transistors with the exception of the

doping of the SOS film. For enhancement—mode transistors the film is doped

1 x l015/cm3 p—type. In general, the behavior of the edges of the n—channel

enhancement—mode transistors is identical to that of the edges of the deep—

depletion transistors. One of the wafers which were processed in this study

provided an opportunity for gaining additional insight into the problem of

n—channel edge instability.

Because of the nonuniformity of the silicon epi thickness on this wafer ,

the silicon was completely etched on one side of the wafer and only partially

etched on the other side. It was possible , therefore , on this one wafer , to

compare devices which are fabricated like those on a control wafer and devices

which have a field oxide. Moreover, all the devices on this wafer were in the

field oxidation furnace the same length of time. The field oxide on this

wafer was grown at 900°C in HC1 steam. After the transfer characteristics

were measured , the metal and doped oxides were removed, and SEM photographs

were taken of the island edges of the devices that were characterized electri—

cally . Figure 16 shows the edges that correspond to the transfer character—

istics shown in Figs. 17 through 20, respectively . The small black speck in

the center of the picture and the smaller one slightly above it are the result

of burn spots in the coating of the oscilloscope screen of the SEM.

Figure 16(a) shows the polysilicon at the top of the picture with bare

sapphire at the lower left and the silicon epi at the right. All of these

SEMs were taken at 20,000X. The channel oxide, 1200 ~ thick , fills the region

between the polysilicon and the epi. This region is undercut because buffered

HF was used to remove the doped oxide. The oxide on the edge of the island is

- I 
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slightly thicker than on a typical control wafer (Fig. 2), which has not been

subjected to any field oxidation. Slight ridging of the polysilicon gate can

also be seen. Of particular importance is the fact that the polysilicon comes

into contact with the sapphire directly opposite the bottom of the edge of the

silicon island . The transfer characteristic of the transistor shown in

Fig. 16(a) is given in Fig. 17. In comparing this characteristic with that of

a typical control device , shown in Fig. 1, we note the effect of the change in

epi doping from 1 x 1o15 n—type to 1 x 1015 p—type on the threshold voltage.

-3 _________________________________________________________10 I I I I I I I I

THERMAL OXIDATION ISOLATION 950°C HC~ STEAM
N-CHANNEL ENHANCE MENT TRANSISTO R

bo~ 
- DEVICE SIZE 1.0 mil X 0.3 mil -

IO~~~- /7 -
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~ I O~~ 
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‘~ -8
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w
C-)
~~ -9
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IO~0 - VSD : 5 O V  -

I0~~ 
- 
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-
~~~ -I I 2 3 4 

-

4 GATE VOLTAGE (VOLTS)

Figure 17. Transfer characteristic of n—channel enhancement
transistor shown in Fig. 16(a) before and after
B—T stress.
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If the gate voltage necessary to achieve 1 ~iA of channel current is used as the
threshold voltage , the VTH of the enhancement—mode device is 2.05 V , whereas

that of the deep—depletion device in Fig. 1 is 1.30 V . The result of B—T

stressing this enhancement device is also shown in Fig. 17. The transistor is

B—T stable just like the control device .

Figure 16(b) shows the Dolysilicon gate , sapphire substrate , and silicon

epi island just as in Fig. 16(a). This transistor , however , is located 192

mils from the one shown in Fig. 16(a). Careful examination of this picture

indicates that the polysilicon is not in contact with the sapphire but is

separated from it by several hundred angstroms of field oxide . The presence

of this oxide is evident from the small amount of undercutting under the poly—

silicon . In this region of the wafer all of the silicon was not etched.

During film oxidation it was converted to Si0
2. The transfer characteristic

of this transistor is shown in Fig. 18. Although the threshold voltage is

almost the same as that for the device in F~g-. j6(a), the rest of the curve

is radically different. The current flowing below tb.e .]~O0—nA level is called

edge current because it is present in transistors whose island edges are part

of the channel region. Edgeless transistors in the same pellet show transfer

characteristics like those in Fig. 17. The curve also has considerable

hysteresis. This is probably the result of charge trapping along the edge

region. The device is also B—T unstable. However , it is not as unstable as

the device shown in Fig. 13.

Figure 16(c) shows the same type of device as in the preceding illustra-

tions; however , again the device is located 192 mils further across the wafer

from the one shown in Fig. 16(b). Here the unetched silicon was even thicker.

This resulted in more field oxide between the polysilicon and the sapphire .

The undercutting under the polysllicon is very obvious . The transfer charac—

teristic of this device is shown in Fig. 19. This transistor behaves almost

identically to the preceding one. There is considerable edge leakage current ,

hysteresis , and B—T instability.

Finally, Fig. 16(d) shows a location on the same wafer where even more

silicon was left unetched. Here the bare sapphire is shown at the lower left ,

the silicon island on the right , and the polysilicon gate across the top of the

24 
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THERMAL OX IDAT ION ISOLAT I ON 950°C HC9. STEAM
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Figure 18. Transfer characteristics of n—channel enhancement
transistor shown in Fig. 16(b) before and after
B—T stress.
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Figure 19. Transfer characteristic of n—channel enhancement
transistor shown in Fig. 16(c) before and after
B—T stress.

picture. Figure 20 shows the transfer characteristics of this transistor.

This device is the most unstable of the four devices studied . This device also
has the thickest field oxide. The device , however , is not as unstable as the
device shown in Fig. 11; that one has even more field oxide than this device .

Another interesting phenomenon which the unstable n—channel devices exhibit
is that the transfer characteristic after B—T stress can be relaxed to its pre—

stressed s tate.  This is accomplished by temperature stressing a device which

26
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Figure 20. Transfer characteristic of n—channel enhancement
transistor shown in Fig. 16(d) before and after
B—T stress.

has been B—T stressed. In temperature stressing, the device is merely heated
to 250°C for 15 mm with no bias applied. On cooling the device to room t ern—
perature , the transfer characteristic has either partially or completely
relaxed to its pre—stressed state. The device can then be B—T stressed again ,

in which case the transfer characteristic moves as before , and on temperature

stressing the device relaxes again. This phenomenon , along with the observa—

tions regarding the relationship between the amount of instability and the
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field oxide thickness, suggests a model to explain this effect. The proposed

model is discussed later in this report.

B. IMPLANTATION ISOLATION

This planarization 1echni que involv es imp lanting the silicon epi between

the silicon islands with atoms that will cause the epi silicon to become semi—

insulating. From a conceptual standpoint this i.pproach is very appealing.

The silicon epi is never etched , and all that is required is the development

of a masking technique for large implant doses. The other major problem is

obtaining the large doses. To achieve the semi—insulating film , either nitro-

gen or oxygen is implanted. An estimate on the size of the implantation dose

can be obtained by assuming that to get semi—insulating properties , the sili-

con must con t a in  5 x 1021
/cm

3 
impurity atoms . The silicon would then contain

about 10% oxygen or nitrogen. In a 0.6—mm—thick SOS film an implantation
17 2 -dose of 3 x 10 /cm would be required.

The processing sequence is shown in Fig. 21. After silicon epi growth ,
the implantation mask is applied. First 500 of thermal Si0 2 is grown on top

of the silicon. Then 1 ~m of aluminum is evaporated on top of the oxide . The

oxide was sandwiched between the aluminum and silicon to prevent the aluminum

from alloying with the silicon if the samp le becomes very hot during the im-

p lantation step. The aluminum is then defined and etched where the implanta-

tion is to be permitted. Next , the wafer is implanted , f oll owing wh ich the

masking materials are removed. Prior to processing some of the wafers were

‘ 
~innea led in helium .

N~ prob lems were encountered in using this masking scheme . Aluminum

l ines only 0.1 mu wide were routinely def ined. However , considerable diffi—

~I 1i ty ~~.i -  enc ountered in obtaining large imp lantation doses . Initially ,

.ttremp ts we re made at imp lanting the entire surface of a l.5—in.—diameter

~~
I te r. With a beam current of lO/~ A , implan tat ion doses of over 1 x 10 16

/cm
2

r
~~

t i i  r d  ui~a e c e p t a b  1y long times. To obtain larger doses , the area implanted

was r(• l t l L  1! t o  1—cm—diameter  area in the center of a 1.5—in, wafer .  It was

dc Idt I! that nt-an ing i u l  experiments could be conducted using this small area

and that , shI n Id t i l l  r I- s u it s  prove promising, the technology could be eas ily
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Figure 21. Processing sequence for implantation isolation.

transferred to 3—in .—diameter wafers using state—of—the—art high—current i on—

implantation equipment. The time required to implant 3—in.—diameter wafers

would be commerc ially attractive .

Dur ing ion implan tation two doses of 1 x l017
/cm

2 
are given each wafer.

The doses are implanted at energies of 130 keV and 240 keV to distribute the

nitrogen or oxygen throughout the 0.6— gm—thick SOS film. From a practical
stand point the nitrogen implant is much preferred , because implanting oxygen

- I with a hot filament greatly limits filament life . Following implantation the

implanted epi appears black when viewed in room light , whereas the aluminum
mask , viewed through a microscope , .s pitted, similar to the appearance of

aluminum following alloying. This implies that the aluminum probably would
have alloyed with t he silicon epi if the oxide had not been present. The etch

rate of the aluminum is much slowe r following implantation and therefore was
remove d in Caro ’ s acid. Following removal of the oxide , 1000 ~ of Si0 2 is

deposited on the wafer. This oxide is used to prevent out—diffusion during

annealing. Wafers are annealed for four hours at 1100°, 1050~ , or 1000°C in

- J
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helium. Recent work [7] indicates that nitrogen implants in silicon resulted

in the formation of a thin film of Si
3
N
4 

but only after the sample was annealed

at 1200°C. Higher temperatures were not used for annealing implanted SOS films

I - because of autodoping from the sapphire substrate. Following annealing the

protective oxide is removed , and the wafers are processed using the p+ poly—

silicon gate deep—depletion process. The only problem encountered in process—

ing was a difficulty in aligning the polysilicon gate mask with the silicon

islands . Although the implanted and un—implanted regions are easily discerned

in room light , when viewed thr ough an aligner the implanted and un—implanted

regions are not obvious . Therefore great care is needed in the first photo—

resist step after implantation . This is an indication of the planaritv which

this technology offers.

Examination of the test transistors indicates , however , that very little

isolation between the transistor islands is achieved. These results are docu-

mented in Fig. 22. Figure 22(a) shows the output characteristics for an

n—channel deep—depletion edge transistor l2.5’~ mils wide with a source—drain

spacing of 0.4 nil. The vertical scale is 0.5 mA/div and the horizontal scale
is 0.5 V/div. The gate voltage step is 0.5 V/ s tep . The VG = 0 line shows the

leakage current between source and drain through implanted silicon epi , woich

is not depleted by the gate. At VSD 5.0 V , the leakage current is 1.7 mA.

The results in Fig. 22(a) can be compared with those in Fig. 22(b) which were

obtained from an edgeless transistor of the same size in the same pellet as

the preceding device. The vertical scale in Fig. 22(b) is 0.2 mA/d iv. The

only difference be tween the transistors is that one is edgeless and the other

is a standard ed ge transistor wherein edge leakage current between source and
drain can flow. Unfortunately , the results presented in Fig. 22(a) are the

best which were achieved. This particular wafer was implanted with oxygen and

annealed at 1100°C in helium for four hours . All wafers implanted with nitro—

gen and those implanted with oxygen but annealed at lower temperatures show

h igher  leakage ~urrent . The prospects of achieving the desired isolation with

this technology are discussed later in this report.

7. R. J. Dexter , S. B. Watelski , and S. T.  Picraux , Appi. Phys . Letters 23,
455 (1973) .
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C. SIS (SILICON—IN—SAPPHIRE)

1. Ion Milling

This planarization technology is distinct from the preceding two becaus e

in this approach the silicon islands are imbedded into the sapphire substrate.
This is accomplished by creating holes in the sapphire substrate prior to epi

growth . The silicon epi is then grown in the standard manner, and the silicon

• which is not in a hole is polished away. This results in a perfectly planar

surface.

There are several techniques for creating the holes . The technique which

damages the sapphire substrate the least is to i on—beam—mill the holes [8].

The processing sequence is shown in Fig. 23. First an appropriate milling mask

~
,,
r— - M I L L I N G  M A S K  -\

41 203 MAS K
DEFINITION

A R G O N  MOL EC U L ES

I F f
110N BEAM

M I LL

SILICON EPI

Y~~ / ~ / ~~~~~~~~~~ / 
L~~~~~f 

/

~EPI- 

- 

G R O W T H

SIL ICON ISLANDS

_ _ _ _ _ _  
y / /  /~~1 POLISH

BACK

Figure 23. Processing sequence for ion—milled SIS

8. E. C. Spencer and P. H. Schmidt , J. Vacuum Science and Technology 8 ,
552 (1971).
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is defined on the sapphire substrate. The wafer is then ion—milled. After
milling, any remaining masking material is chemically removed . The wafer is
then H

2
—f ired prior to growing the silicon epi. The silicon which is not in

the holes is polished away. The wafer can now be processed normally using the
p+ polysilicon gate process. A cross—sectional view of a finished transistor

is shown in Fig. 24. If the silicon is polished perfectly flat with the sur—
face of the sapphire substrate , the polysilicon will encounter a step of
500 ~ in traversing the silicon island. This results because 500 ~ of silicon

~ I is consumed in growing about 1000 ~. of channel oxide.

P+
P O L Y S I L  I C O N

C H A N N E L
G A T E  

/

/
‘

~ 
CXI D E

\s IL IC0N EPITAX1J/

S A P P H I R E  SUBSTRATE

ION MILL- REFILL

Figure 24. Cross section of ion—milled SIS/MO S transistor.

The planarity of the structure can be determined from the SEN pictures

shown in Fig. 25. Figure 25(a) shows fabricated MOS transistors at 2000X.

The metal and doped oxides prevent direct viewing of the channel oxide and
polysilicon gate. The rough textured material at the top and right side of
the picture is the aluminum contacts to the source and drain regions . Tra—

versing the picture is the polvs ilicon gate. The dumbbell—shaped region is
the silicon epi island. This photograph should be compared wi th Fig. 2(a)
which shows the same type of structure on a standard—processed control wafer.

- - 
- Figure 25(b) shows the same device but at 5000X. The polysilicon gate lies

. 
I across a negligibly small step at the island edge.

Figure 26 shows the transistors with the aluminum and doped oxides re—

moved. Figure 26 (a) is an overview of four small SIS/MOS transistors . The
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Figure 25. (a) Ion—milled S I S / ~iOS transistor
(2000X) . (b) Ion—milled SI~~/~- iOS
transi stor (5000X) .
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Figure 26. (a) Small ion—milled SIS/MO~ transistors
( l000X) . (b) Polysilicon gate crossing
silicon epitaxial region on ion—milled
SIS w a t e r  (20,000X).
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Figure ~~n . c )  Pol ys i l i 1~on c i t e  cross ing si licon epitaxial
i e g i ofl on ion—milled SIS w a :e r  (2C ,f lO OX ) .

d i  }‘ o lys i l ico n  ?~ate cross ing s i l icon ep i taxial
il - d on on ion—mi l led SIS wo er (l0 ,000X ) .
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sources and drains are at the right and left. The polysilicon gate cuts

across the picture at about a 45 0 angle. The silicon islands , the dumbbell—

shaped regions, are recessed because the silicon has been oxidized and the

oxide removed in buffered HF. Figure 26(b) shows one of the above transistors

at 20 ,000X. The recessed region at the bottom and right side is the silicon

epi. Bare sapphire is exposed on the left side; it is slightly higher than

the silicon. Across the picture from left to right is the polysilicon gate.

On the left it is in contact with the A1
2
03, and on the righ t it is separa ted

from the silicon epi by the channel oxide , 1200 ~ thick. The polysilicon is

about 5000 thick. Note the gentle slope of the side of the hole. Figure

26(c) shows the other side of the same channel region. In this picture it can

be clearly seen that the oxide is thickest at the edge of the silicon island

region. Figure 26(d) shows another MOS transistor at lO,000X. The sides of

the hole milled in the substrate are inclined at a shallow angle. Attempts

were made to get SEMs of the wafers just after polishing. Because of the al—

n~ st perfect planarity, h owever , there were no surface features on which to
focus.

The transfer characteristics of MOS transistors fabricated in these wafers

are shown in Fig. 27. The data are for an n—channel deep—depletion transistor

and a p—channel enhancement—mode transistor. Data taken with VSD = 5.0 and

15.0 V are presented ; they show that the only obvious prob lem is the increase

in edge leakage current of the n—channel device. N—channel edgeless transis-

tors do not show this edge leakage current. The background leakage level, FET
mobility, gate dielectric strength , and threshold voltage are certainly accept-

able. More importantly , as shown in Figs. 28 and 29, both the n—channel and

p—channel transistors are B—T stable . The B—T stressing was done exactly as

described previously. In Fig. 213, the edge leakage curren t decreases as a
- 

t result of B—T stressing. N—channe l devices fabricated on control wafers also

show th is type of behavior , if they in itially have edge leakage current. This

result can be compared with those presented for n—channel transistors that

were planarized with thermally grown oxide (see Fig. 13). The p—channel

devices are essentially unchanged following B—T stress. The small change in

leakage current may have resulted from not returning the transistor to exactly

th e same temperature following B—T stress.

f
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4 SIS
10 - P+ SILICON-GATE DEEP-DEPLETION PROCESS -

DEVICE SIZE ‘~~I.O mu X 04 mil

IO~~ - -

~ io 6 - -

P-CHANNEL N- CHANNEL
~~ IO~~ - ENHANC EMENT DEEP -
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~ l0~~ - -
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0

~~~ I O -  -— 
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Figure 27. Transfer characteristics of an n—channel deep—depletion
transistor and a p—channel enhancement transistor fabri-
cated using ion—milled SIS.

I i i ~~~~~~~~~~~~~~ 1 I I I
S’Sp+ SILl CON—GATE DEEP-DEPLETION PROCESS

10 -N-CHANNEL DEEP DEPLETION TRANSISTOR -

(1 .0 miii 0. 4 mi l )
—5

B-T STRESS

6fl V6’-F IO OV

~ 10 ~- 250°C !5 mm

~ -7(_
~~~iO

z BEFORE B-T STRESS
~~
~~~ IO
0

~ IO~~— AFTER B-T STRESS

— -101 SD :5V __________________________10 ~~~~~~~~~~~~ ~t I I I I I I

-4 -3 —2 —I 0 I 2 3 4
GATE VOLTAGE (VOLTS )

Figure 28. N—ch annel transistor shown in Fi g. 27 before and after B—T stress.
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Figure 29. P—channel transistor shown in Fig. 27
before and after B—T stress.

In a continuing effort to evaluate this technology , a small integra ted
circuit (7—stage counter) was fabricated with SIS. SIS wafers were processed

together with control wafers. At wafer probe, the SIS wafers showed slightly

higher yields than the control wafers. While fabricating these IC’s, the

main problem with this planar technology became obvious: the areas being

milled increase in size. This results from the fact that readily available

masking materials mill at about three times the rate of the sapphire substrate.

Therefore , to mill a 0.6—ion--deep hole, the masking material must be at least

2.0 urn thick. With the mask this thick , it becomes very difficult to define

0.1—mu l ines. Evaporated aluminum, polysilicon, and epitaxial silicon were

investigated as milling masks. None offered the desired dimensional control.

Various photoresists were also investigated as possible milling masks. In
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general , the photoresist did not stand up during the milling. To mill the
0.6— urn—deep holes holes required milling for 90 minutes using argon atoms with
an accelerating potential of 750 V. The photoresists usually broke down
(cracked) after about 30 minutes of milling . Not only did the holes increase
in surface area , but the sides of the holes were inclined at a very shallow
angle , as is obvious in Fig. 26. A simple calculation indicated that the

angle is 9 degrees which is much shallower than shown in Fig. 24.

2. Gas—Phase Etching

Since the devices fabricated using ion—milled SIS had desirable charac-

teristics and were only deficient in dimensional control, other techni ques for
creating the holes were investigated. Gas—phase etching of the holes with SF

6
was found to be a promising approach. The processing sequence for this ap-

proach is shown in Fig. 30. The first step in the process is to define the

,r—ETCHING MASK_ _
\

11 I 1 MASK
41 203 DEFINITION

SF6 ETC H A N T  G A S

I ~~~ ETC H 
PHA SE

,~—SIL IC0N EPI —

_ _ _ _

_ _ _  _ _ _  -

SIL ICON ISLANDS
/ POLISH

_ _ _ _ _ _  I 1 BACK

Figure 30. Processing sequence for SIS using gas—phase
etching.

etchant mask. Several masking materials were investigated , and the results

are presented later in this report. After mask definition, the wafers are

etched with SF6. Af ter etching, the remaining masking material is remeved.

The wafers are fired in H
2 
at 1200°C, and the silicon epitaxial film is grown

_ _ _ _  -- --_- “- 
_ ------ - - -~~~~~- --- --
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in the standard way. The silicon that is not in the holes is polished away
leaving a planar surface. The wafers are then processed using the p+ pol y—
silicon gate deep—depletion process 11 ,2].

Although the steps are very similar to those in Fig. 23 for ion milling ,
considerably more work needed to be done. The technology for etching pa tterns

in sapphire substrates did not exist. Therefore, it was necessary to deter-

mine the optimum etching mask, and etching parame ters , and the characteristics

of devices fabricated in SF
6 
etched wafers. Manasevit [9] proposed the use of

SF
6 to remove work damage in sapphi:e substrates. To accomp lish this , large

removal rates (pm/mm ) were required. In our work slower removal rates (pm/h)

are needed; therefore , Manasevit ’s results were of limited usefulness. A paper

concerning selective etching of bulk silicon with SF
6 

came to our a tten tion only
recen tly [10]. The problems of dimensional control with Si02 

masking discussed

in this paper were similar to those that we encountered. Therefore , the avail-

able information in the literature was very limited.

The first step in the SIS process is to define the SF
6 

etchant mask. SiO2 ,
S1
3
N4, and combinations of the two have been used ; and these materials are de-

f ined using standard photolithographic techniques and etchants. Following

mask definition , the etching of the sapphire substrates is done in a rf—heated ,

air—cooled , horizontal reactor. The cross section of the rectangular reactor

tube is 5 cm x 10 cm. The rf coils are wrapped around the glass reactor tube

with sufficien t spacing to allow sighting of the susceptor with an optical

pyrometer. The susceptor coated with SIC is rectilinear 7.5 cm x 30 cm x

1.25 cm. After considerable experimentation it was found that the most uni—

form etch rates across a l—l/2—in .—diameter wafer could be achieved by p lac ing

the wafer in a 12—mu —deep recess in the susceptor. The diameter of t h e  recess

is slightly larger than the wafer diameter. Sapph ire 1—l/2—in .—d iameter wafers

— are typ ically 13 to 14 mils thick. Following these observations , susceptors

with 5 equally spaced , centered recesses were used .

9. Ii . ‘~~. Manasevit and F. L. Monitz , J. Elec trochem. Soc. 114, 2d41 (1967).
l~~. L. J. Stinson , J. A. Howard , and R. C. Neville , J. E1 ~~~tro chem . Soc.

l~~3 , 55 ’  ( 1976) .
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The carrier gas for the etchant is palladium—diffused H2. The etchant

gas is 10% SF
6 
99.995% in H

2 
99.999%. The steps in the etching cycle are :

load wafers , flush with N2, N2 
off , H2 

on , heat to etch tempera ture measured
by op tical pyrome ter , turn on etchant gas for pre—specified time, allow to
cool wi th H

2 on , flush with N2, unload wafers. Carrier gas flow rates of

10 to 50 liters/mm with SF
6 
concentrations of from 0.5 to 4 mole percent are

used . These concentrations were arrived at empirically from numerous etching

experiments. The data show that if the etching is not done properly ,  the

etched sapphire areas are pitted and rough. The one factor which influences

the amount of pitting or surface roughness is the etch rate. Too high an etch

rate yields pitting and roughness; too slow ar. etch rate makes the process in—

practical. The etch rate is observed to be directly rela ted to tempera ture as

shown in Fig. 31 where the susceptor temperature is plotted on the abscissa and

I I

/~ -

/ 2 ’/. SF 9 IN H 2 10mm

~~~0.6 - / -

/ • 150~ Si 3 N 4
0.4 - 

~/ 
x 25 0A S i 02 —15 0A Si 3N 4 -

• 500A Si0 2- 150A S1 3 N 4
0 2- 

950 1000 1050 1100 1150
ETCH T E M P E R A T U R E  ( ‘ C )

Figure 31. SF6 
etching of (1102) sapphire at various temperatures.

the average depth of the etched holes is plotted on the ordinate. The data

clearly show that the etch rate is a strong function of the etching temperature.

The holes etched for 10 mm at 1050°C were pitted and/or rough , whereas the

¶
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ones etched for 10 mm at 950°C and 1000 °C were not. The various points at
each temperature were obtained using different masking techniques , wh ich will

be discussed later.

The depth of the etched holes is measured using a talysurf instrument.

The average hole dep th for a wafer is determined by averaging the depth of the

pattern at 6 poin ts , 4 poin ts equally spaced around the perimeter of the wafer

and 2 near the center. In measuring the hole depth , care is needed beca use
the hole cross section is not a simple trapezoid as shown in Fig. 24 for ion—

milled holes. A dep th prof i le  for  SF
6 
etched holes is shown in Fig. 32. The

vertical scale is 0.1 pm/division, or 2.5 pm full scale , and the hor izon tal

scale is 50 pm/division . The trace in Fig. 32 shows several interesting

features of SF
6 
etched holes. Firs t , the contour of the bottom of the hole

is dependent on the size of the hole. The small holes (appr oximately 1 mu

wide) have a relatively flat bottom; the larger holes (approximately 6 mils
wide) have a convex bottom. This has resulted from faster etching at the side

walls than in the center of the hole. The depth of the holes is also a func-

tion of the size of the hole. The smaller holes are about 0.65 pm deep where-

as the larger holes are about 0.55 pm deep at the side walls and about 0.45 urn

deep at the center of the hole. All holes etched with SF
6 
show these features.
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Figure 32. Profile of SF
6 
etched holes.

The etch rate is also observed to be directly related to the amount of

SF
6 

in the carrier ~ as as shown in Fig. 33. The mole percentage of SF
6 

in the
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Figure 33. SF6 etching of (1102) sapphire at various
concentrations in H2 carrier gas.

carrier gas is plotted on the abscissa and the average hole depth is plotted

on the ordinate. The etching was done at 1000°C for 8 minutes with 750 ~ of

Si
3
N4 as the mask. The open circle gives the average hole depth , and the

vertical bar gives the range in hole depth across the wafer. Increasing the

SF6 concentration by about a factor of 10 increases the etch rate by about a
factor of 10. Based on these data .nd other experimental results , standard
etching condi tions were es tabl ished to b e 2~ SF in H with a total gas flow

of 18.9 liters/mm at a pyrometer reading of 1000°C. Of course, a d if fe ren t

experimental setup may require adj ustment of these parameters. Also , it is

quite possible that the etching could be done at a lower temperature with in—

creased SF
6 

concentration or at a higher temperature with reduced SF
6 con—

centration .

Although all of the wafers in which devices were made were etched one at

a time , a preliminary inves tiga t ion in to the possib ility of etching more than

one wafer was undertaken. The results indicated that two and possibly three

wafers could be etched simultaneously if the wafers were placed at the end of
- — the etchant block near the gas exit port. The etch rate across wafer p laced

near the gas entrance port was very nonuniform . Since the gas enters the
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reactor at room temperature and must be heated to the etching temperature by

the block , the nonuniformity probably resulted from a nonuniformity in etchant
gas temperature. Preheating the gas would probably increase the number of
wafers which could be etched at one time. Although only l—l/2—in.—diameter

wafers were used for all of the work reported , a preliminary study of the

etching characteristics of 2—in .-.-diameter wafers was undertaken. The results

suggest that the etching parameters of the 2—in, wafers are almost identical

:
1 to those of the 1—1/2—in, wafers.

In conjunction with the optimization of etching parameters, a study of

various SF
6 etch masks was undertaken. 

The important considerations in

optimizing the etchant mask are: availability , compatibility with standard

photolithographic techniques, and inertness in the etching environment to

provide good dimensional control of small geometries. One of the most readily

available masking materials is deposited SiO2 
which was studied first. The

SiO2 is deposited by the reaction of 
SiH4 

and 0
2 
at about 300°C. After some

preliminary work it was found that 7000 of deposited Si02 allowed etching

0.6—pm—deep holes. Figure 34 shows the average depth of etched holes versus

01 I I I I

~1)

I000 ’C 2 ’I. SF 9 IN H2
~ 0.6 - MAS K 7000~ 510 2 

~~~~~~~~~~~ 

~~~ 
-

0.4 -

0 a I I

0 5 10 15 20
ETCH T I M E  ( M I N U T E S )

Figure 34. SF
6 
etching using Si02 

mask for various times.

etch tine using 70O0—~ Si02 as the mask. The etching was done at 1000°C
• 4 pyrometer with 2% SF6. The open circle gives the average hole depth and the

vertical bar shows the range of hole depth across the wafer. The range in
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etch depth is worse—case since four of the measurements were taken within 1/8
in. of the wafer periphery. Also , no effort was made to measure the depth

of holes of equal surface area. Since holes of different surface area etch

at different rates as shown in Fig. 32, some of the variation across a wafer

probably results from this phenomenon. Therefore , the worse—case hole depth

variation across a wafer is ±0.1 pm. The data in Fig. 34 show that the etch

rate is linear with time for about the first 15 minutes. For times longer

than 15 minutes the hole depth actually decreases. This decrease is probably

caused b y the SiO
2 mask being consumed and the top surface of the wafer which

was pro tected by the Si0
2 
etching faster than the areas where the holes were

etched . SEM photographs of patterns etched in sapphire substrates using Si0
2

masking are shown in Fig. 35. These same patterns fabricated using ion milling

are shown in Fig. 26. The enlarged areas at the top and bottom of the dumbbell

are the source and drain con tac ts, and , after fabrication , the polysil icon ga te
bisects the transistors in the narrow region. These particular test transistors

were chosen because they are the smallest devices on this test pattern , and,

the re fo re , the degree of dimensional control achieved with the various masking

techni ques can be easily determined . The p hotomask dimensions for the two
transistors to the left in Fig. 35(a) (SOOX) are 0.28 mil and for the two to

the right , 0.47 mil. This dimension is called the channel width and when

multiplied by the hole depth is the cross—sectional area through which current

flows from source to drain. The second transistor from the left in Fig. 35(a)

is shown in Fig, 35(b) (2000X) . In this f igure  the sloped sides of the hole

are very obvious. The distance across the bo ttom of the hole in the na rrow

region as measured from this SEN is 0.3 mil, which is only sl igh tly larger
than the mask dimension. However , the dis tance across the top of the hol e is
0.52 mil. The gradual slope of the sides and enlargement of the etch pattern

have resulted f rom the Si0
2 
mask being etched . Figure 35(c) (2000X) shows

what happens if etched holes are placed too close together. The photomask

spacing between these holes is 0.24 mil . As shown in the SEM, because of the

• gradual slope of the side wall, the holes are no longer separated. The average

dep th of these holes was measured to be 0.4 pm. Had they been etched deeper

to about 0.6 im , in all probability the pattern enlargement would have been

even greater. Therefore, we must conclude that Si02 
does not provide sufficient

dimensional control for etching patterns in sapphire substrates with SF6.

46



_ _  ~~~~ 

-

. — 
_ _ _ _

_ 
-

~~

-•-

~~~~~~~~~

-

.. ~~~~~~ ~~~~~~
. 

~~~~~ ~~4

~~~~~~~~ - ~ - -

(a)

- ~~ . -. ---- •~ --- — -. , ,

. .-

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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 
~~ -

- .- 
-
-

/
~~~~~~~~~~~~ .: 

~~~~~ 
r. - -. Is...

~~~~~~~~~~~~~ ~~~~~~ 
-

‘

~~
--

~~~
- 

~~~~~~~~~
- ‘~~~~~ I ,
- .~1~~4-_ ~~ s~.

________ - 
~~~~ 

- 
- 

-

~~~~

-
- 

- - - - . .1

(h)

~~~~~~~~~~ 
k.~ ~~ 

- 
,-~~~

~~~~~~~~~~~~ 
.~~: 

- 
~~~~~~~~ ,

--

- , 
- - 

S —

• Figure 35. (.i) Holes Ot I J i ed  in s.tpp liire - i h - ,t r . t te  u; iu~ SiO m,A~ k (500X) -

(b) Rol e fo r  ~ m. i j j  Lr.nmistur etc hed in ~ . a  - ; Hr e substrate usinga S i0  tr isk ~~~~ - (c) In ter f e rence b e t w e e n  boles etched using
SiO m a k  (.L( II)UX)

4 /

_  ~~~~~~~~~~~~~~~~~~~~~~ -. -_- -. • • . -  •~~~~~~~~~ J



_ _ _  

- -~~~~~~~~~~—~~~~~~~~ ‘~~~~

Despite these problems with dimensional control, test transistors were
fabricated in these wafers. After the silcon was polished back, n—channel

deep—depletion and p—channel enhancement mode devices were fabricated using
the p+ polysilicon gate deep—depletion process [2]. Transfer characteristics
of these test transistors are shown in Fig. 36. These curves are very similar

SIS GAS PHAS E ETCHED
Ps- POLYSILICON GAT E DEEP DEPLETION PROCESS

Io~ 
DEVICE SIZE 1 .0 mil x 0 4m iI

/
• P-CHA NNEL

ENHANCEMENT
10 6

• 
N• N- CHANNEL

~ I’~~ 
DEEP

• BEFORE AND AFTER DE PLETION
o B- T ST RESS~~.

• z

~ IO~~
BEFORE

Ui B-I STRESS AF T E R
~ IO~~ • B-I STRESS I

IO~~ 
VSD : 5.OV

V SD r _ 5.OV

10
_ Il I -

3 -2 1 0 I 2 3
GATE VOLTAGE (VOLTS )

Figure 36. Transfer characteristics of an n—channel deep—depletion
transistor and a p—channel enhancement—mode transistor
fabricated using gas—phase etching with Si02 masking.

,
‘ •1

to those shown in Figs. 27 , 28, and 29. This is not unreasonable since the

only difference between the two processes is the manner in which the holes in

the substrate were created. The transconductance of the transistors is equiv-

alent to state—o f—the—art devices as long as the hole depth is very close to

0.6 pm. Devices fabricated in shallower holes exhibited lower transconductance.
1.

The n—channel deep—depletion transistor has a small amount of excess edge leak—
age current just like the n—channel devices fabricated in ion—milled holes.

F
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Alchough this excess edge leakage is undesirable, it is not of sufficient

magnitude to prevent circuit operation. Moreover, state—of—the—art processed

n—channel devices frequently exhibit excess edge leakage of the same magnitude.

The data in Fig. 36 also show that both the n—channel deep—dep letion and p—

channel enhancement—mode devices are B—T stable. The bias—temperature stress-

ing was done at 250°C for 10 minutes with positive voltage on the n—channel
• gate and negative voltage on the p—channel gate. These results are again in

agreement with those reported for devices fabricated in milled holes. It

should be added that of literally hundreds of SIS devices tested , not one has

• been observed to be B—T unstable.

Figure 37 shows SEM photographs of fabricated transistors with the alumi—

nun and doped oxides removed. Figure 37(a) shows the test devices at l000X.

The dumbbell—shaped region contains the silicon epi and is recessed relative

to the surrounding sapphire. This has resulted from oxi.dation of the silicon

and subsequent oxide removal. Figure 37(b) shows the transistor on the right

in Fig. 37(a) at 5000X. The silicon epi is the recessed reg ion wi th the pol y—
silicon ga te crossing it. Note the different texture of the epi around the
periphery of the etched hole. This may indicate tha t the silicon around the
ed ge is pol ycrystalline rather than single—crystal (100) silicon. The pitting

in the source and drain contacts is caused by alloying the aluminum metalliza—

tion . The light strip running across the picture from left to righ t is the p+

pol ysilicor. gate. Figure 37(c) is an enlargement (20,000X) of the devi ce in

Fig. 37(b). The polysilicon gate is directly on top of the sapp hire on the

ri gh t side of the p ho tograph. On the left side of the pho tograph, the poly—

• silicon is above the recessed epi silicon but separated from it by the channel
oxide which is shown undercut. The undercutting resulted from the removal of

the doped oxides. The photograph clearly shows the almo st perfec t plan ar ity

which has been achieved. The polysilicori encounters an infinitesimal step in

traversing the silicon region.

In hopes of achieving more dimensional control , we used SI
3
N
4 

as an

etchant mask. The Si N was deposited from the reaction of NH with SiB

at 800°C. Af ter some preliminary work , it was found that 750 ~ of SI
3
N4

allowed etching of 0.6—pm—deep holes. The Si
3
N4 

was defined with phosphoric

4 acid at 180°C by a deposited Si02 
f i lm which was def ined using standard photo—

lithographic techniques. Figure 38 shows the average depth and variation in
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Figure 38. SF
6 etching using Si3N4 mask for various times.

depth across a 1—1/2—in.—diameter wafer versus etch time using 750 ~ of Si
3
N
4

as the mask. The etching was done with 2% SF
6 

in H
2 

at 1000° C. Unlike the

da ta in Fig. 34 for the Si0
2 
mask, the etch ra te is linear with time to 20

minutes indicating that the 750 ~ of S13N4 
has not been consumed. In addition ,

the etch rate is faster with Si
3
N
4 

masking than with the Si0
2 
masking , all

other cond it ions being identical. This p robab ly results from the fact that the
etchan t gas is no t deple ted by the reaction with the Si02, and , therefo re , more

etchant is available to react with the Al
2
0
3
. SEN photographs in Fig. 39 also

indica te tha t the Si
3
N
4 
is considerably more inert in the etching environment.

These photographs are of the same devices shown in Fig. 35; however , the photo-

graph was taken from a direction rotated 180° from that in Fig. 35. The photo—
mask dimension for the two transistors to the left in Fig. 39(a) (SOOX) is

0.47 mil and for the two transistors to the right is 0.28 mil. The transistor

on the far right in Fig. 39(a) is shown in Fig. 39(b) at 2000X. The sides of

the etched hole are very steep , almost vertical. This has resulted from the

inertness of the Si
3
N
4 
masking layer. This pho tograph should be compared with

• Fig. 35(b). The channel width is measured to be 0.27 mil , which is essentially
identical to the mask dimension. Only one measuremen t of the channel wid th is
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possible because of the steepness of the side walls. The measured dimension

is slightly smaller than the mask dimension, probably because the photograph

was taken at a slight angle. Figure 40(c) (2000X) shows the two etched holes

shown in Fig. 35(c). Because of the steepness of the sidewalls, the two holes

are separated by 0.19 mil as compared with a photomask dimension of 0.24 m u .

The average depth of the holes in Fig. 39 is 0.8 pm compared with 0.4 pm for
the holes in Fig. 35. Because the S1

3
N4 is only very slowly etched by the

SF6 in H2, not only can a thinner masking layer be used , but also the dimen—

sional con trol of the etched pattern is significantly improved to the point
that closely spaced , small geometries can be etched.

S/S S; 3 N~ MASKING 
I I 

-

P+ SILICON GATE DEEP DEPLETION PROCESS
DEVICE SIZE .0 m ul X 0 4m I I

IO~~ -

~ IO~~ -

I.-z
Ui

~ io 6 r~~~ H M r,r~~~L
- ENHANCEMENT ‘N-CHANNEL 

-

DEEP

~~ lO~~~ 
VSD:I5 0 V DEPLETION

0 8 .
10 -

• V SD~~5 O V
j O I0 

I I I I

-4  -3  -2  - I  0 I 2 3 4

GATE VOLTAGE (VOLTS)

Figure 40. Transfer charac teristics of an n—channel deep—depletion
transistor and a p—channel enhancement—mode transistor
fabricated using gas—phase etching wi th S1

3
N
4 masking.

Test transistors were fabricated In these wafers etched with a Si
3
N
4

mask. The transfer characteristics of the n—channel deep—depletion and p—

channel enhancement devices are shown In Fig. 40 for source—drain voltages of
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5 and 15 V . The p—channel device has low leakage current; however , the n—
channel deep—depletion transistor has leakage current several orders of

magnitude above normal. Edgeless devices on the same wafer do not exhibit this

high leakage , and, therefore , the leakage probably occurs between source and
drain along the side wall of the hole. In numerous experiments designed to

verify these results the leakage current was always observed to be signifi-

cantly higher than in standard processed devices. Enhancement mode n—channel

devices fabricated in S1
3
N
4 
masked wafers also exhibited high edge leakage 

- -

current. It was thought that the phosphoric acid used to etch the Si
3
N
4 

might

be causing the leakage problem . However, devices fabricated in wafers wherein

the S1
3
N
4 was plasma etched also showed high edge leakage. Also, Si02 was

left on top of the Si
3
N
4 

during SF
6 
etching , but again the devices showed high

leakage. From these results one must conclude that Si
3
N
4 masking, although it

provides almost perfect dimensional control, causes the n—channel devices to
have high edge leakage current.

Figure 41 shows SEM photographs of devices fabricated in Si
3
N
4 

masked
wafers with the metallization and doped oxides removed. The pho tographs are of

the same pattern shown in the previous figures. Figure 41(a) (1000X) shows the

alloyed source and drain contacts and the polysilicon gate. The device on the

left in Fig. 41(a) is shown in Fig. 41(b) (5000X). It is worth noting that the

width of the rough textured epitaxial silicon around the perimeter of the hole

is much smaller. Since the sidewalls are much steeper with Si
3N4 

masking, the

width of the inclined region is much smaller. Figure 41(c) is an enlargement
(20,000x) of the device in Fig. 41(b). In this figure the polysilicon gate is

• shown crossing from the top of the sapphire , the raised area on the right , to

the top of the channel oxide on the left. Again the channel oxide is undercut

and separates the polysilicon from the epitaxial silicon in the hole. In this

• pho tograph the polys ilicon encounters no step in cross ing from one region to

the other.

Since S102 masking yielded good devices but poor dimensional control and
S13N4 masking yielded good dimensional control but poor devices , a comb ination

of the two was studied . This mask consists of a thin layer of Si02 between

the sapp hire  and Si
3
N4. Initially th e  in terposed Si0

2 
layer was 1000 ~ thick.

• However , improved dimensional control was achieved by thinning this layer to

250 ~ of deposited oxide. The etch depth versus time for a composite mask
I- . ,  ~
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consisting of 250_g 
~~~~ 750—s S1

3
N4 , and 3000—s Si02 is shown in Fig. 42.

The data show the etch rate to be linear with time, but slightly slower than

the etch rate for a S1
3
N
4 mask. The slower etch rate probably results from

the presence of the Si0
2 which depletes the etchant gas. The depth variation

across the wafer is about ±0.1 pm. A comparison of the etch depth versus time

for the three masking techniques is shown in Fig. 43. The data show the etch

rate fastest with the Si
3
N
4 

mask , slowes t wi th the Si02 , and be tween these

two extremes for the two composite masks.

• SEN photographs of patterns etched with the composite 25O—~ Si02 ,  75O—~

Si
3
N4, and 30O0—~ Si0

2 
mask are shown in Fig. 44. These patterns can be com-

pared with those in Figs. 35 and 39 for Si0
2 

and Si
3
N
4 
masking, respec tively.

The photomask dimensions for the two transistors to the left in Fig. 44(a)

(500X) are 0.47 mil and for the two to the right , 0.28 mil. The second tran-

sistor from the ri ght in Fig. 44(a) is shown in Fig. 44(b) (2000X) . The photo-

grap h clearly shows that the side walls of the hole are sloped like those

obtained with an Sb
2 
mask. This has resulted from the thin Si02 

which is

under the Si
3
N
4 

being etched laterally as the hole is etched . The distance

across the bottom of the hole Is 0.34 mu which is close to the mask dimension

of 0.28 m u .  The distance across the hole at the top is difficult to measure

because of the gradual slope of the sides. However, it is probabl y no greater

than 0.63 m u .  These results are slightly worse than those obtained with

Si0
2 
masking. However , this composi te mask actually does improve dimensional

control because the holes in Fig. 44 are 0.8 pm deep which is twice as deep as

the holes shown ir. Fig. 35. Figure 44(c) (2000X) shows the two holes located

0.24 mil apart interfering with each other following etching .

Data taken comparing various masking techniques can become very confusing

unless the interrelationship between hole depth and dimensional control is

clearl y unders tood . Since the Si
3
N
4 
mask is relatively inert in the etching

environment , holes as deep as 1.0 pm can be etched with only a small loss in

dimensional control. When Si0
2 
is used either as the mask or as part of a

composite , the situation is different. The Si0
2 
etches rapidly in the etching

environment both vertically and horizontally. As a result the holes have

slop ing sides and become larger as etching proceeds. The longer the etch time ,

the greater the pattern enlargement. Therefore , the Si02 
mask and composite
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Figure 42 . SF6 etching using composite Si02—S13N4—Si02
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Figure 43. SF6 etching various masks for times up to 20 minutes.
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masks can only be compared as to the dimensional control they offer by corn—

par ing holes of approxima tely the same depth. The dimensional control can be

quantified by the dimensional control factor (DCF) which is defined as:

actual dimension 0.6 pmDCF - x
photomask dimension actual depth (pm)

Using the DCF a study of the various masks was done. The da ta are shown in

Table 1. All the wafers were etched at 1000°C 2% SF
6 

in H
2
. Etch times were

TABLE 1. DIMENSIONAL CONTROL FACTOR
(DcF) FOR VARIOUS MASKS

DCF
• 0.28—mil 0.46—m u

Mask Photomask Photomask

7O00— ~ Si02 2 .15 1.90

l000—~ Si02, 500—a S1
3
N4, 30004 Si02 2.00 1.68

5OO—~ SiO~ , 5004 Si3N4, 30004 Si0
2 1.97 1.57

250$ Si02, soo4 Si3N4, 3000$ Si0
2 1.37 1.21

500$ Si3N4 1.28 1.28

adjusted to achieve almost equal hole depth. The measurements were taken

using a f liar eyepiece on a standard optical microscope. The DCF gives an

indication of how much a surface dimension has increased for a given etch

• dep th. A DCF of 1.00 indicates perfect dimensional control; whereas a DCF>l

indicates the amount of enlargement. The data show that an Si0
2 

mask has the
highest DCF and an Si

3
N
4 
mask the smallest. The DCF for the silicon nitride

mask is somewhat misleading since holes 1.0 pm deep with almost no loss of

dimensional control have been etched. The data from the composite masks in-

dicate that for thick (>1000 ~) Sb
2 
layers the DCF approaches that for Si0

2
masks, and for thin (<250 ~) Si02 layers the DCF approaches that for Si3N4 at
an etch depth of 0.6 urn. So as far as dimensional control is concerned , the

composit e mask is a compromise between the Si02 and Si3N4 mask.
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Test transistors were fabricated in wafers which were etched with an

etchant mask consisting of 30004 Sb0
2~ 

750$ Si
3
N~ and either 1000$ sio2,

soo—R Si02, or 250$ Si02. In all cases the n—channel devices showed leakage

• current behavior similar to that shown in Fig. 36. In no case was the leak—

age curren t excessive as is observ ed wh en SI
3
N , masking is used. In addition ,

• 
• none of the devices were observed to be B—T unstable under the test conditions

discussed earlier. Ther ef ore , the composite mask allows one to fabricate low

leakage devices with only a small loss of dimensional control. It is worth

noting that a small number of wafers were masked before etching with a composite

consisting of a thin Si0
2 

layer under the Si
2
N
4 

and no Si0
2 
on top. The

n—channel devices from these wafers exhibited high leakage current. These re-

sults suggest that the Si0
2 

used initially to mask the silicon nitride is an

important part of the composite mask.

SEM photographs in Fig. 45 show fabricated transistors with the doped

oxides and aluminum removed. The holes for these devices were etched using a

composite 500$ Sb 2 , 750$ Si3N4 ,  and 3000$ Si02. Figure 45(a) (1000X)

• shows the two small dumbbell—shaped transistors shown in Figs. 37 and 41. The

device on the right in Fig. 45(a) is shown enlarged in Fig. 45(b) at 5000X.

The band of material crossing the p hotograph from left to right is the poly—

silicon gate. Note the rough textured epitaxial silicon around the perimeter

of the hole. The polysilicon encounters almost no step in crossing from the

sapphire to the channel oxide. Figure 45(c) shows the polysilicon—channel

oxide, epitaxial silicon—sapphire interface at 20,000X . It is interesting to

compare the structure of this four—way interface in Figs. 45(c), 41(c), and

37(c) for the different masking techniques. The composite mask and the Sb
2

mask both result in holes with sloped sides while the Si
3
N
4 

mask causes the

holes to have almost vertical sides.
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Figure 45. (a) Small , composite Si02—S i 3N4—S iU~ ~~Lsk~’d , gas—phase etched
SIS/ MOS transistors (l000X) . (b) Poly sil icon ga te cross ing
silicon epitaxial region on compos ite masked SIS device
(5000X) . (c) Polysilicon gate crossing silicon epitaxial
region on composite masked SIS device (.‘H ,OOOX) .
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Section IV

DISCUSSION

The experimental data presented in the preceding section give consider-

able insight into the cause of the edge instabilities of the n—channel tran-

sistors isolated by thermal oxidation. The bias—temperature data suggest that

the n—channel edge instability is caused by Some impurity which behaves some—

what like a sodium ion. However , it must be kept in mind tha t this ion a f f e c ts

only the oxide on the island edge because edgeless transistors are not B—T un-

stable even though they have seen the same processing steps as the edge

• transistors. The data presented in Figs. 16 through 20 show that the poly—
silicon gate need only be separated from the sapphire by a few hundred ang—

stroms to begin showing edge leakage current , hysteres is , and B—T instability.

Therefore , it is proposed that during field oxidation impurities from the

sapphire diffuse into the silicon at the bottom of the film and then are

incorporated into the field oxide when the silicon is oxidized . If the un—

etched silicon is thicker, the oxidation requires longer time and more

impurities can diffuse into the silicon before conversion of Si02. Then under

positive B—T stress the field between the gate and the epi island disturbs

the equilibrium distribution of the mobile impurity causing it to pile up at

the oxide—silicon interface , thereby making the surface heavily n—type.
Re—heating the device with no bias causes the impurity distribution to return

to equilibrium . This model can be used to explain the dependence of the

amount of edge instability on the field oxide thickness. The devices wherein

the entire silicon film has been oxidized probably exhibit no B—T instability

because the electric field between gate and epi island is concentrated in the
part of the field oxide which is most removed from the sapphire interface. In

all probability the impurity is concentrated in the field oxide near the

Si02—A l 203 interface.

At this time we can only speculate as to the impurity, but it is not

improbable that it may be aluminum or an aluminum compound or complex. It is

well recognized that prolonged high—temperature heat treatment of an SOS film

increases the aluminum autodoping from the substrate. Recently , Cullen ,

. 1 .
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Corboy, and Smith [11] have presented SIMS (Secondary Ion Mass Spectrometry)

data showing aluminum in the interfacial region between silicon and sapphire.

- 
- Thus, there is some evidence to support the hypothesis that the mobile im-

purity contains aluminum. It is also possible that the mobile impurity is

sodium. Recent experiments indicate that just because it is possible to grow

1000 ~ of sufficiently clean Si02 does not necessarily imp ly that 5000 ~ of

sufficiently clean Si02 can be grown. For SOS/MOS transistors isolated with

thermal oxide , the gate electrode extends out over the field oxide at least

several tenths of a mil. Therefore , during B—T stressing impurities can be

• swept by the elec tric f ield be tween the ga te and silicon island f r om a large
volume of oxide. If this oxide is not extremely clean , instabilities can

result.

Data recently published by Goodman [12] provide some insight into the

cause of the edge leakage curren t and hysteresis of n—channel devices.

Goo dman, using the high—voltage C—V technique wherein the sapphire subs tra te

is the gate insula tor , has identified interface states at the silicon—

sapphire interface. The occupation of these states by either electrons or

holes could have a large influence on the surface  po tential of the silicon at
the very bottom of the edge. Therefore, these states could determine the

amoun t of il ge leakage current. The influence of the gate potential on the

occupation statistics of these States could cause the observed hysteresis.

Should this be the case, why do normally processed devices typically show no

instability, small or no edge leakage, and little hysteresis? First , a nor-

mally processed device does not undergo field oxidation , and therefore the

amount of impurities in the channel oxide at the Si—SbO
2
—Al

2
0
3 

in te r f ace  is

small. Secondly,  as can be seen in Figs. 2(b) and 16(a), the oxide thickness

between the gate and the silicon epi is much thinner at the silicon—sapp hire

in ter face  than at other p laces on the device. Ipr i [13] has proposed that

there is current flow between gate and epi island along this interface. If

this is true , the Si02—A1203 in terface s tates could respond quickly to charges

in gate potential , and the lifetime of charges in these states would then be

11. G. W. Cullen , J. F. Corboy , and R. T. Smi th , .J. Crystal Growth 31, 274
(1975).

12 . A. ‘1. Goodman , IEEE Trans. Electron Devices ED—22, 63 (1975).
13. A. C. Ipri , IEEE SOS Technology Workshop, Lak e Tahoe , California , 1975.
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small. Certainly the concepts discussed here are plausible , but mo re experi-
mentation is necessary to establish their validity.

The experimental results obtained using ion Imp lantation to achieve

isolation were far from encouraging. Faced with such un—promising results ,

what course should future work in this area take? Before attempting to answer

this question , one observation made during this work should be emphasized. At

the beginning of this work the proposed goal was to implant sufficient nitrogen

or oxygen to make the silicon epi between the transistors semi—insulating. Ob—

viously, implanting an oxygen atom for every 10 silicon atoms was not sufficient.

But even more important Is the observation that the film between the islands
must be more than semi—insulating: it must indeed be a good insulator. This

requirement resu lts because in high—density large—scale integrated c i rcu i ts,

the area of the pellet between the transistors usually is doped with high con-

cen tra t ions of phosp horus or boron at the same time as the sources and drains

ar e being doped. These areas must remain insulating even after being doped

with more than 1 x l019
/cm

3 n—type or p— type impurities. Only a true insula-

tor offers this property.

Whether or not these truly insulating properties can be achieved using

implantation is purel y speculation at this time. In the present work , if a l l  rr

of t he measured impurity were actually implanted in the film, t he impurity

atoms wou ld be about 10% of the total atoms present in the film. Recently

pub lished data on oxygenated polys ilicon (SIPOS) give some indication of per-

centage of oxygen needed to give insulating films [14]. As the oxygen concen—
6tration is increased from 0.0% to 50%, the resistivity increases from 10 to

ohms/cm. This indicates that truly insulating properties can be achieved

with doses of lO’8/cm
2 

in 0.6—um— thick films. This dose is five times greater

than those used In this work. Whether or not such microchemistry is possible

is also pure speculation at this time. Recent work [15] in this area , however ,

suggests that implantation doses cannot be increased indefinitely because the

host material begins to sputter away, removing some of the implanted ions at

the same time . Therefore , the number of implanted ions saturates instead of

continuing to increase. A dose of l0~’
8 /cm 2 may, therefore , not be achievable.

14. T. Aoki et al., Electrochemical Society, Spring Meeting 1975, Abstract
#l4 R .

15. J. H. Freeman , Technical Report #AERE—R 8147, Scien tific Adminis tration
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Recently published da ta indicate that even such large doses do rIot result
in sufficient isolation [16].

The only pe rplexing question concerning the SIS technology Is the reason

for the large n—channel edge leakage for holes masked with Si N , . It the
3 - 4

holes are ion milled or etched with SF
6 

using S10 1 or the composite mask, the

n—channel devices have a small amount of edge leakage not unlike state—of—the—

art devices. A study of the SEM photographs shows that t he only obvious dif—

ference in the etched holes is the slope of the side ’ ~aiIS. The devhes which

exhib it low leakage are fabricated in holes which have gradually ~1oping sides

wI ile the high edge leakage devices are fabricated in holes wh ic h avc almost

vertical sides. Until the fundamental cause of this app1 r k- ~~ ~otrela tio n 15

known , it is unlikely that the edge leakage of devices ~~~ ~citu-d in ~ i

mas ked holes can be reduced . In the mean time , however , t i e  cvnl’ is i t t  mask

with a thin , t irst layer of Sb
2 o f f e r s  r ea sonabl y good dint - Il siona l control if

holes not much deeper than 0.6 ~m are etched.

The electrical characterization of SIS/MOS transi~~tors shows that the

only device parameter that is a little degraded i i-. the n—c~ annt- 1 edge leakage

curren t as shown in Figs. 27 and 36. Perhaps most im1~~rtant , howev er , is the

fact that no problems with bias—temperature stabilit y have been ohscrved . This

is c lear ly shown by the data in Figs. 28, 29 , and 3~- . One interesting struc-

tural feature of the SIS device is clearly shown in Fi gs. 26(b), 2b(c), 3 7 ( c ) ,
and 45(c). The channel oxide thickness is greatest at the sapphire interface.

This is exactly opposite to what is observed on state—of—th e— art processed de-

vices as shown in Fig. 26. As a result , the epitaxial silicon not only has

oxide above it, but the oxide tends to wrap around the silicon. Therefore ,

at the edge of the silicon island , the e f f e ct of Q may be greater.  T his

- 
-
~ would lower the threshold voltage at the edge. This phenomenon could exp lain

the early turn—on of the n—channel transistor. Additional experimentation is

needed to validate this model.

I 
- The development of the selective gas—p hase etchin g of sapphire with SF

6
of fe rs  some interesting possibilities for future SOS deve lopment. First , be—

cause of the p lanari ty o f f e r ed  by SIS , more density—packed C~ 0S integrated

16. 0. M. Jamba et al., Contract Report #N000l4—75—C—0080, Naval Research
Laboratory , Washing ton , D.C.
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circuits should be achievable. An investigation of this is a natural ex-
tension of the present work. Barring some breakthrough in stabilizing the

f ie ld  oxide/ s ilicon ep i interface, SIS appears to be an attractive alternative

to local oxidation. Secondly, with the ability to etch holes in sapphire

substrates , a reexamination of the characteristics of SOS b ipolar transistors
r seems warranted. The thicker epitaxial layers needed to achieve meaningful

curren t amp lification can now be recessed into the sapphire.

r ,

~
- I

i
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Sec tion V
SUMMARY

Three techniques for achieving planarity in SOS /MOS integrated circuits

are investigated. These approaches are thermal oxidation isolation , ion—im-

plantation isolation , and SIS.

Experimental data indicate that acceptable p—channel enhancement—mode

transistors can be fabricated using thermal oxidation isolation if the field

oxide is grown at 900° to 950°C in HCI steam. On the other hand , bo th

n—channel deep—dep letion and enhancement—mode transistors frequently have

large edge leakage currents and are bias—temperature unstable. These insta-

bilities are clearly associated with the silicon island edge , since edgeless

transistors do not exhibit these ef fects.  A model based on the instabilities
of the field oxide—sapphire—silicon interf ace is used to explain the observed

phenomenon.

Considerable difficulty was encountered in obtaining large implantation

doses of oxygen and nitrogen for implantation isolation. By reducing the im-

plan ted area , however, doses of 2 x 1017 
atoms/cm

2 
are achieved. In a 0.7—~ ni--

thick film this translates to about one oxygen or nitrogen atom for every ten

silicon atoms. With this dose, h owever , very little isolation between transis—
tors is achieved. The prospects for obtaining better res ults with large r
doses are discussed.

Experimental results show that devices with excellent electrical charac-
teristics can be fabricated with the SIS technology . In terms of dimensional

control and leakage current , the optimum devices are fabricated In holes in
the sapphire substrate which have been etched with SF6 using a composite etch-
ing mask consisting of Si02 and Si3N4. The onl y anamalous behavior is a small
increase in n—channel edge leakage current. Moreover, both n—channel and

p—channel devices are B—T stable. In addition, the SIS technology has almost
completely eliminated the steps at the silicon island edges. Of the three
technologies investigated, only SIS offers low leakage current , B—T stability,

and planarity.

-4
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APPENDIX

As part of this con trac t , tes t transis tors fab rica ted by each technology
are required. The test transistors are packaged in 14—pin packages and are
internally wired as shown below .

D imensions Pin N umber
Device Descri p tion (mils) Ga te Source Drain

n—channel edge 1 x 0.3 4 7 6

n—channel edge 12.4 x 0.3 4 7 5

n—channel edgeless 18.6 x 0.3 3 1 2

p—channel edge 1 x 0.3 11 8 9

p—channel edge 12.4 x 0.3 11 8 10

p—channel edgeless 18.6 x 0.3 12 14 13

I
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