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improvement in crystalline perfection relative to the results obtained from

films grown by any other technique on sapphire substrates.

In separate collaborative experiments with Stanford University, it

was also shown that scanning cw laser irradiation could be used to produce
diffusion an# activation of Sn from a spin-on SnO2 /Si02 source. The form-
tion of a Sn 3As 2 alloy has been shown to be related to the observed W+
activity.
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INIRODUCI ION

Reactions between metal films and sinqle or poly-

crystalline silicon substrates have received considerable

attention over the past decades because of the relevancy

to integrated circuit fabrication and desiqn. The aluminum-

silicon (Al/Si) system has been widely investigated in relat-

ion to its use in contact structures, as a diffusion source

and in silicon-qate NOS technoloqy.

In an early phase of this proqram, it was showto that

interactions between a polycrystalline Al file and single-

crystal Si were controlled, in part, by qrain boundarW kine-

tics and the presence of merotructural defects within

individual Al qgains. Interdiffusion helween the Al and %i

wea initiated at Al qrain boundar, sites and within defect'ie

A: groups producing i-aeturated Al films and lotalaied Al-

doped regions within the %i substrate. iponr ronlinq. lateral

motion of %a to grain houndaries occurled, acoerieviiud hi, a

-alld-phase tevqowth of silicon hillocks on the siriqle-rrts-

'al substrate.

%uhsequent eperiments ( ondutt ed oft t he Al n is '%i

pol",).I /O,/% tcryst al ) systepm showed that afteP heali sQ

it %nflO, %I was transporloul thrnuqh the Al file to fnto a

tont inuous Si f Ilm at the surface. Glowth was intiltialed at

qrain boundaries of the Al Iflme and indaidual qinwth islandia

evapnded h lateral rriel ion. ieldinq a aliosird rnli

nuaus polv-SI fil at the ourface.

the data obtained in these Paper isents sugqeqsted that

the solid-phse reqIaowth pinose was controlled h the rele-

I Ij# atain iI es of the silic n and aluminum
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relative thickness (t si/tAl) Research in the f irot phase

of the current program tended to verify these assumptions,

confirming that as g./~ -* (for tSi/tAI2 'I,), solid-phase

interchange ot layer positions waa relatively inhibited.

To extend theme results, we conducted a series at expe-

riments on reqrcwth of Si on sapphire in the Si(amorphous)/

AI(poly)/A 2 0 1(crystal) system. The primary objective

was to determine if the solid-phase regrowth process could

he correlated with a classical island growth/coalescence

model within a known system, where island coalescence is the

dominant mechanism in liquid-phase epitaxial growth.

these experiments demonstrated that solid-phase regrowth

of Si on sapphire can be obtained using Al as the transport

medium. the results show that the Si is transported through

the Al film to (or& nucleation sitest on the sapphire subs-
trte. Thpoe sites expand laterally by mass accretion and

nolalesence to fore islands continuous with the underlyinq

siksat Iat V. flurinq the final growth sequence, the coalescence

of Janqrr island structures is characterized by the presence

of twinviinq tones and defects at the juncture region. Direct

nbser vat i ot by I M/SINM at vor ious staeso of anneal i rg coif i rm
t hot t he s trturt11ur al reqtowt h sequence is saimila r t o t hat

observed during conventional liquid-phase, epitaxy growth of

SIi an sapphire. However, one problem with standard LI SOS

stiuctures is the relmai~el-hiqh density of twins, stackinq

(aulls and ulsincet ion laines in the epiatxial silicon. The

regrown silicon lavers prepared an these experiments exhibi-

tead camearatiIt 49efact doesitieso and disat ribut ion of defactsa

within the Soi fBIlm.

for elettronic devace fabricat ion, it would be very

waluable to dexelep techniques for the growth of opitsitial



silicon on sapphire (or another suitable dielectric subs-

trate) with a low defect concentration. The potential

importance of SOS structures is suggested by the fact that

a number of organizations proposed the use of SOS struc-

tures to satisfy the technical requirements of the current

DoD-funded Very-Hiqh-Speed Integrated Circuits (VHSIC)

Program.

However, in spite of over two decades of research on

the growth and control of silicon thin films grown epitax-

ially on sinqle-crystal sapphire (Al 2 03 ), difficult problems

remain. Of particular concern is the high level of de-

fects present within the epitaxial Si layer, both at the

interface and within the bulk of the film. These defect

concentrations influence metal-semiconductor reactions in

the contact and interconnection regions and prove to be a

severe restrictive factor on the fabrication of devices.

The measurable reduction in electron mobility in the pre-

sence of these defect strucutures places limits on the

speed or switching capability of SOS-based devices.

For these reasons, in this reporting period we focused

our effort on developing a technique for producing SOS

structures with substantially reduced defect concentrations.

Recently, a number of investigators have suggested

that the quality of silicon layers on sapphire (or, per-

haps, some other suitable dielectric substrate) can be

improved by pulsed laser irradiation to induce regrowth

of the deposited layers by a liquid-phase epitaxial mecha-

nism. Preliminary experiments have also shown that scan-

ning CW arqon laser annealinq can also produce regrowth

of the deposited layers, with an apparent reduction in

defect density. In all cases, there have been no detailed

3
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investiqations of the recrystallization of the Si layers

on the microstructural perfection of reordered layers after

laser annealinq.

Thus, we initiated experiments in collaboration with

I. Golecki of Rockwell Labs toward a detailed study of

microstructural defects within both control and laser-

annealed SOS structures in both the solid-phase regrowth

(SPEG) and liquid-phase regrowth (LPE) modes. Correla-

ted data from transmission electron microscopy/diffraction

(TEM/TED), scanning electron microscopy (SEM), Auger elec-

tron spectroscopy (AES), secondary ion mass spectrometry

(SIMS), Rutherford back scattering (RBS), and Hall effect

measurements are beinq obtained to provide a consistent

description of the regrowth mechanisms and to assess the

potential of laser-annealed SOS for device applications.

If it is determined that laser annealing techniques can

be used to control surface and bulk defect concentrations

in silicon, we will conduct studies of metal-silicon

reactions on defect-controlled silicon prepared by laser

processing.

In additional experiments, we conducted ecperiments

with Stanford University in support of another ARO-funded

proqram (DAAG-29-78-G-0119) on CW-laser-assisted diffusion

and activation of Sn in GaAs from a SnO 2 /SiO 2 source.

These experiments have a direct relationship to our study

of metal-semiconductor reactions and gave us the opportu-

nity to investigate another metal-semiconductor system.

In this report, we will provide a brief description of

experiments conducted in each of these areas.

A T-



SUMMARY

Microstructural Defects and Laser-Induced

Reordering in SOS

The (100) oriented Si epitaxial layers used in this

study were grown by chemical vapor deposition on 3 inch

diameter sapphire (A1 2 03 ) wafers of (0012) orientation

prepared by Union Carbide Corporation. Thicknesses of the

Si films were in the range, 0.15pm to 0.40pm, and the

deposition rate was varied between 0.1um and 2.4im/min.

Portions of some wafers were implanted at room temperature

(RI) with 28Si or 3lP ions, with or without a secondary 11B

implant. To avoid excessive sample heating during ion

implantation, the beam current density was maintained atI2a level below hI A/cm 2 during all implants.

Laser irradiations were conducted on a scanning CW-

laser annealing system and samples exposed to the laser

beam from the Si side, using a multimode line (A = O.5Sm).
Beam diameters were 100 um and 140pm and corresponding

scan speeds were 5 and 15 cm/sec., respectively, producing

a nominal dwell time of 11-2 msec. Uniformly, irradiated

areas were obtained by stepping adjacent scan lines by 20

um. During laser irradiation, substrates were maintained

at RT or 300"C using a resistivity-heated vacuum chuck.

Samples were characterized using optical microscopy,

scanning electron microscopy (SEM), MeV 4 He+ Rutherford

* backscattermng (RBS), channeling, and transmission electron

microscopy/diffraction (TEN/TED).

Changes in surface morpholoqy, mnidicative of melting

* and resolidification, occured when the laser power/beam

5

L,. i



diameter ratio, P/, exceeded a threshold value of, (P/C) =
(4-5) x 102 W/cm. At levels of P/4 within a window, (Pm m

< P/0 < 1.20 (P/)m, the laser annealed areas were relative-

ly uniform with minimal or no traces of scan lines. At P/d

levels >1.20 (P/k)my apparent damage or delamination was

observed. The surface uniformity could be improved by

additional line scans, although no significant differences

could be detected in the channeling spectra for up to 4

repeated line scans. The TEM data aso showed no signifi-

cant alterations or additional improvements in structure

after repeated line scans, in agreement with the results

from channeling measurements. Areas which had been implan-

ted with Si ions at RT to form a buried amorphous layer

were visibly less uniform after laser irradiation than

the adjacent control (unimplanted) regions. This is pos-

sibly attributed to the higher absorption of the laser

light and the lower thermal conductivity of the implanted

(amorphous) region. Both channeling measurements and TEM

analysis showed no dramatic differences between the implan-

ted and unimplanted regions after laser irradiation. It

is interesting to note that the color of the laser irradi-

ated regions (in reflected liqht) was light yellow, where-

as unirradiated regions were darker yellow and implanted

(no laser irradiation) areas were dark brown or black.

Rutherford backscattering, channeling energy spectra

and detailed angular scans were obtained using a (1-2 mm 2 )

1.5 MeV 4 He+ beam. The laser annealed SOS structures exhi-

bited a dramatic imrpovement in crystal quality of the epi-

taxial Si films and the results showed that the films were

superior to SOS films of the same thickeness grown or pro-

cessed by any other technique. As shown in Table 1 and

6



Figs. 1-4, both the surface channeling yield, Xo, and the
average dechanneling rate, dx/dz, were considerably lower

than in the starting CVD material, although still above

the values obtianed for a bulk Si crystal of (100) orien-

tation. In addition, the measured full width at half mini-

mum, X1/2, of the angular scans measured for a zone, 500A

below the Si surface was the same in the laser annealed

films and (100) bulk silicon (1.1 + 0.1°). In comparison,

the values obtained in CVD (no laser irradiation) films

were consistently lower than values for bulk (100) Si by a

factor of 10-15%. The results then imply that the laser

irradiation improves the crystal quality of the Si layers,

both at the surface and at depths into the film.

It can be noted that the crystal quality of thick

(t ^0.4pm) laser irradiated SOS films is improved rela-

tive to results obtained for thinner (t ' 0.21im) films,

as shown in Figs. I and 2. Films of the same thickness,

but of varying initial crystal quality, produced as a

result of varying CVD conditions or post-deposition implan-

tation, exhibited essentially the same high crystal quality

after laser exposure (within rhe experimental accuracy of

the measurement system), as shown in Figs. 2 and 3. The

small differences in shape of the aligned spectra measured

on the laser irradiated regions do not alter this conclu-

sion. The observed differences could be caused by: 1) pre-

sence of a thin oxide layer at the surface, resulting in the

respective absence, or presence of a clearly identifiable

surface channeling peak, and 2) the presence of residual

* .damaqe produced by the implantation on the sapphire side of

the interface.

To provide further information on the relative changes

in crystal quality in terms of microstructural defects

17



As Deposited , Laser Annealed Bulk Si <100>Thickness (Pm) e_]

of SOS Film Xo dX/dz (Um 1) Xo dX/dz (pm) Xo dx/dz (1m- 1)

0.37 0.13 1.3 0.063 0.2 0.05

CVD 0.42 1.5

0.20 (P+B) 0.16 0.35 0.04 0.04

Implan- 0.77
t ted

0.17 0.26 2.1 0,17 0.3 0.04
9

.1

TABLE 1. Si SURFACE CHANNELING YIELD, Xo, AND AVERAGE DECHANNELING RATE,

dx/dz, FOR 1.5 MeV 4He+ IONS INCIDENT ON (100) SOS FILMS, BEFORE

AND AFTER CW Ar LASER ANNEALING IN THE LIQUID PHASE MODE FOR I ms.

* X6 IS MEASURED JUST BELOW THE SURFACE PEAK, OR IN THE ABSENCE OF

A PEAK, AT THE POSITION OF THE SURFACE SLOPE CHANGE IN THE SPECTRUM.

dx/dz IS DEFINED AS THE DIFFERENCE BETWEEN THE INTERFACE AND SURFACE

YIELDS, DIVIDED BY THE FILM THICKNESS. SINCE THE EXACT VALUES OF

dx/dz ARE SENSITIVE TO SURFACE CONTAMINATION AND OTHER EXPERIMENTAL

CONDITIONS, THEY ARE GIVEN MAINLY TO SHOW THE GENERAL TREND,

RATHER THAN AS VIGOROUS QUANTITATIVE DATA.

A8
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LIQUID-PHASE, CW Ar LASER
ANNEALING OF SOS

DEPTH IN SILICON (Mm)
0.4 0.2 0

ANALYSIS 1.5 MeV He +

i.3
z

u RANDOM
// AS DEPOSITED

LASER ANNEALED
I. (LIQUID PHASE)

z- I
I N~j,.. jALIGNED

AS DEPOSITED

LASER ANNEALED, (LIQUID PHASE)

BULK Si

00.5 1.0
ENERGY (MeV)

FIGURE 1. ENERGY SPECTRA OF 1.5 MeV 4He+ IONS (1-2 mm2 SPOT SIZE)

BACKSCATTERED AT 1700 FROM (100) Si EPITAXIAL FILM OF

O.37um THICKNESS GROWN ON (0112) Al203 SUBSTRATE. LASER

ANNEAL CONDITIONS: BEAM DIAMETER - 140um; SCAN VELOCITY-

15 cm/sec; SCAN STEP - 20pm; Ts= 3000C; P= 7.5W. ALIGNED

SPECTRUM FOR A BULK (100) Si SINGLE CRYSTAL (UNTREATED)

IS SHOWN FOR REFERENCE.
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LIQUID PHASE, CW Ar LASER
ANNEALING OF SOS
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0.2 0

Analysis 1 5 MeV He
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0 % t , % . t h Iq. I I, cont I as , aft ttI I as aneal Inq,

o itsIhvitait I *I IPVlle( tI ion An defe t de Ite; Ii t V i% ohsered

t hruqhhiltl h I h i vices leqIois is.s I a rqe as 25 u m

2 ',. * the flet irradiated reqnns were found to he

e tP( t -f te w I Ih onll Iv" occasional line defect observed

It0 tithe: laoet rrtadiated areas. Consistent with the chan-

neIinq data, we observed that the thicker films displayed

a smaller tiumbef of raridomli nucleated defects than the

thin films. In all cases, it is of saqn ficance to note

that the presence of prominent twinninq observed by TED

ir the as-deposited films is not detected in the laser

irradiated films.

Comparison of both multiply (laser) scanned and laser

irradiated ion-implanted films show no significant differ-

ences or alterations in cyrstal to the results obtained

12



As Deposited

Laser
Annealed

0.1,.-

FIGURE 4. PLAN VIEW TRANSMISSION ELECTRON MICROGRAPHS
OBTAINED O4 AS-DEPOSTED (CYD) AND LASER IRRADIATED

SOS FILMS (tst= 0.37 um) CORRESPONDING 10 SAMPLE

IN FIG. I.
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1 As Deposited

I

Laser
Annealed

I

0.1 p-

FIGURE 5. PLAN VIEW TRANSMISSION ELECTRON tICROGRAPHS
OBTAINED ON AS-DEPOSITED (CVD) AND LASER
IRRADIATED SOS FILMS (t S- 0.17 um) CORRESPONOING
TO SAMPLE IN FIG. 2.
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after a Rir Q e l n et si i t (f ' (if 0! t, im jAtt f, .m4 0 le- .

III each ( map, we observe latQe leqrtQii of 4P fe t -f e 1I

arid a dimat a- c hanqe it ( t alaI quali t # erat iv@ to the

*a-deposited f alms. Nult iple laser scars do not eit ther

I introduce add ittonal defects or frtther improve the crtyst l

quality obta ined after a ainqic Isel kmelt-mode le(rs-

tallizatlon 'onistent with the (ate obtainred from RRS and

channel iraq measurements.

)he results ohtained in these experiments indicate

that the teqrowth mechanism induced hy the loser irradia-

tion involves: I) complete melt inq of the Si film and 2)

subsequent epitattial reqrowth startiriq at the Si-Al 20

interface. from the data obtained, epitakial reqrowth

initiation from the surfac'e of the %I film is neither war-

ranted nor expected. The surface morpholoq of the films

after the use of a thin transparent ercapsulatinq layer

deposited on top of the Si layer and by inrcreasinq the

laser beam aspect ratio.

'L
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In cooperative experiments with Stanford University,

we have investiqated the mtallurqical modifications

induced after thermal and sravininq laser annealinq treat-

m@nts of spin-on Sn 2/SiO2 layers on GaAs substrates.

Semi-insulatinq, Cr-doped GaAs substrates of (100)

orientation were coated with a double "source cap" layer

consistinq of a 0.1 im spin-on SnO 2/SO 2 film covered

by a 0.5ym CVD-SiO 2 film. To prevent delamination of the

double layer source-cap durinq laser irradiation, a slow

thermal ramp was carried out in a flowinq N 2 environment.

typical thermal pre-treatment for optimum results consists

of a ramp from room temperature to 900tC in 15 minutes.

This step breaks down the barrier introduced by a native

oxide layer, produces initial intermixinq and allows the

diffusion process to proceed.

Followinq thermal rampinq, samples were subjected to

scanninq CW-Ar laser annealinq using a beam spot diameter

of 5Sum, a scan velocity of 12 cm/sec and a scan step

spacing of 15 m between lines. To reduce thermal stress,

the substrate was maintained at a temperature of 350OC

durinq laser irradiation. Usinq calculations and curves

of laser induced temperature in GaAs, the maximum surface

temperature was obtained for each laser power level used

in the experiments.

The diffusion of tin was first studied in a regime

where the laser power was kept below the level required

to melt the substrate. The laser power for this condition

* was determined by observinq the loser power required to

16
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.ust produce visible thermal etchinq anrd then it-du{irrj the

settinqs by 5%. A power level of P = 0.61W, leadinq to a

maximum induced temperature of about RflOl', was obtained.

A series of 1, 3 and 5 scan frames were performed with the

douhle layer "source-cap" remaining on the substrate. A

Van der Pauw Technique was used to character)ie the result-

inq sheet resistivity, Hall mobility and sheet carrier

concentration. The results are summarized in Table 2. ]he

increase of the sheet carrier concentration from 2.A to
101 -?

3.01 x 13 cm , accompanied by a decrease of sheet resis-

tivity with a larqer number of scans, illustrates the dif-

fusion process.

SIMS analysis was performed on a sample thermally ramped

only and on a sample scanned 5 times after the rampinq. The

profiles show an increase in Sn concentratiin and an in-

diffusion of about 150 A. To investiqate the contribution

of the irradiation to the diffusion form the source-cap, com-

pared to the activation of the impurity sittinl' in the subs-

trate after the ramp, the source was removed before the laser

scans. The reflectivity of the bare substrate (after the

thermal ramp) was measured and the incident laser power ad-

justed to reach the same maximum temperature (I 800"C) as

before. The wafer was scanned five times and the sheet elec-

trical measurements presented in Table 2 were carried out.

The results, when compared with those obtained with the

"source-cap" on, suggest that the total increase in active

impurities due to laser irradiation is 77% from the source

and 23% from the activation of Sn introduced durinq the ramp.

The action of the laser is found to be more siqnificant

if the sample is left "at temperature" for a short time after

the ramp. For this reason, the above experiment was repeated

17



TABLE 2

Sheet Electrical Measurement of the Sn Diffused Layer
Induced by Repetitive Laser Scans

P(a /1) 1 (cm2/V sec) N 2S (cm' )

Thermal Ramp to 9000C 13
in 15 Mn. 122 2098 2.44 x 10

1 Scan with "Source Cap" 118 2017 2.63 x 1013

3 Scans with "Source Cap" 117 1838 2.91 x 1013

5 Scans with "Source Cap" 107 1940 3.01 x 1013

5 Scans with NO "Source Cap" li 2057 2.57 x 1013

rr
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after thermally ramping the substrate ai'.d its source to 900*C

and leavinq it for 5 minutes lo,,qer at 9004C. A series of 5

scans inducinq a maximum temperature of about RO0C was then

performed. A differential van der Pauw technique was used to

profile these samples. figure 6 shows the results obtained

before and after irradiation. A net increase in carrier con-

centration to a value of about 8 x 10 is observed after

the scans. The total Sn profile was also obtained using a

Rutherford backscattering system. A 2.2 MeV incident helium

beam incident on the GaAs substrate was used after removal of

the source. A sample having received a thermal treatment

only, another one receivinq additional laser scans leading

to Tmax , ooc, and a third one scanned at higher laser

Power leading to T mx250C, were analyzed. 7he Sn profile

is characterized by a large peak concentration at the surface

which increased after laser scan, probably showing Sn dif-

fusing from the source.

Roth the R.B.S. profiles and those obtained using SIMS

analysis show an anomalously high concentration of Sn close

to the surface. This suggests that a chemical reaction takes

Place in addition to the diffusion process. lo study this

possibility, a sample ramped to 900*C and a sample ramped and

scanned 5 times at a power inducinq a temperature of 800*C,

were prepared for T.E.M. and diffraction analysis using con-

ventionat jet thinning techniques. Bright-field (Fig. 7)

and dark-field transmission electron micrographs indicated

precipitation after thermal ramp and after laser processing.

Selected area electron diffraction patterns revealed that

the precipitates were composed of a tin arsenic compound:

Sn 3As 2 . Additionally, an amorphous O-Ga 2 03 was detected in

the samples. After laser irradiation, we observed an increase

of the amount of surface coveraqe by O-Ga 2 03 crystallites.
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FIGURE 6. ELECTRICAL PROFILES FOR Sn OBTAINED USING A
DIFFERENTIAL VAN DER PAUW TECHNIQUE.
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FIGURE 7. BRIGHT-FIELD TRANSMISSION ELECTRON MICROGRAPH SHOWING

FORATION OF As2Sn3 PLOTS. IN THE UPPER RIGHT HAND CORNER

ARE THE RINGS ASSOCIATED WITH 6Ga20 3 ANO As2 S 3. THE d

VALUES WERE MEASURED AND CHECKED TO BE CONSISTENT WITH

ABOVE COMPOUNDS.
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In all cases, the surface Oxide film appealed as a laterally

discont unuous film.

From the results obtained it has been shown that CW-scon-

ninq laser annealmnq can assist in the diffusion and activation

of Sn in CaAs. The observed increase in Sri concentration

and the subsequent substantial increase in Snri 3 As 2 precipitates

after thtrmal ramping and laser annealinq show that a simple

"dopinq" model cannot alone explainr the effective formation

of the n layer and that the alloy formation is correlated

with the observed activity, In either case, the technique

described appears attractive for GaAs contact technoloqy.
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