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ION IMPLANTATION AND LASER PROCESSING OF III - V COMPOUND SEMICONDUCTORS

WITH APPLICATION TO THE FABRICATION OF MICROWAVE DEVICES

(Final Report)

Research carried out on laser processing of III - V compound semi-

conductors under AROD Contract DAAG29-78-G-0119 concentrated on the

mechansims that are responsible for annealing ion implanted dopants in

GaAs and on the possibility of obtaining laser-assisted diffusion of

dopants. GaAs is a brittle material that decomposes at low temperature.

Decomposition (As evaporation) limits the amount of heat that can be

transferred to the substrate with a cw laser. Temperature calculations

have shown that a beam with an elliptical shape produces a more gradually

distributed temperature gradient than a circular beam. It has also

been observed that above the threshold of laser induced damage on

GaAs, the surface of the wafer decomposes to form the oxide 8 - Ga203 .

Using an elliptical beam, this oxide has been grown continuously by

overlapping laser scans with the sample in either laboratory air or an

oxygen environment., The heat transferred to the substrate during the

growth has allowed the annealing of low dose, deep implanted layers.

Another mechanism that could produce annealing at low substrate

temperatures is the epitaxial recrystallization of ion implanted amor-

phous layers in the solid phase regime. Complete regrowth in GaAs has

been obtained after a thermal annreal at 4750 C for 10 minutes, on a sub-

strate oriented along the (511> orientation. A series of As" implants,

whose doses and energies were selected to achieve a damage density

below a critical level, and to insure that its value was maintained in

the near surface region, led to complete recrystallization. These

implantation conditions represent a set of sufficient conditions lead-

ing to solid phase regrowth, but the process is not yet fully control-

led. In particular, we have been unsuccessful in attempts to activate

dopants implanted within the amorphous layer during the low tempera-

ture, shurt annealing cycle. This process has the potential to enhance

* .cw laser annealing of GaAs at incident laser powers that would leave

the substrate free of damage.

- -

7i
k ______________________ _________



FINAL REPORT -- AROD Contract DAAG29-78-G-0l19

As a substitute for ion Implantation a technique for itltroducing

dopants into GaAs without damaging the substrate has been developed.

The source consist of a spin-on Sn0 2 /SiO 2 film. Tin atoms are diffused

into the substrate on active sites by a combination of thermal and laser

treatments. A variety of procedures have been studied to explore the

possibilities of this technique. Thin n+ layers on semi insulating GaAs

substrates has been obteined this way. In addition to the diffusion,

an interface reaction leading to the formation of a tin-arsenide com-

pound (Sn3As 2 ) occurs. This structure displays dramatic improvement in

ohmic contact properties. Direct evaporation of metal (Al or Ti-Pt-Au)

permits the formation of ohmic contacts with low specific contact resis-

tance (Rsc < lxlO" 6 Q cm2 ). These nonalloyed contacts are found to be

thermally stable (up to 400*C• in contrast to conventional Au-Ge con-

tacts. An improvement of the source-drain burn out voltage of gateless

MESFETS processed with these contacts has been observed. This contact

technology has been then optimized and applied to the fabrication of

different GaAs MESFET structures where a single mask can be employed and

the same metal used for both the ohmic contacts and the Schottky barrier.

Seven papers describing this work have been written during the

pe'iod covered by this report. A brief overview of these papers follows

this summary. The full papers are at-cached for detailed presentation

of experimental conditions, theoretical calculations and results.
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OVERVIEW OF STANFORD PAPERS ON I )N IMPLANTATION AND

LASER PROCESSING OF III-V COMPOUND SEMICONDUCTORS

Paper No. 1.

"Temperature Distributions Produced in Semiconductors by a Scanning
Elliptical or Circular CW Laser Beam", Y. I. Nissim, A. Lietoile,
R. B. Gold, and J. F. Gibbons, Journal of Applied Physics 51, 274,
(Jan. 1980).

Contribution: This paper provides a general mathematical solution for

the surface temperatures produced by a laser beam scanning over a target

having thermal conductivity K(T). Detailed numerical results are pre-

sented for silicon and gallium arsenide. The central results of the

paper are presented as a set of normalized, "linear temperature" curves.

with temperature plotted as a function of (beam power/spot radius). The

"true temperature" is obtained from the "linear temperature" for each

material by use of a Kirchoff transform. The final results permit speci-

fication of experimental conditions to achieve required temperatures.

Paper No. 2.

"CW Laser Annealing of Low Dose Implanted in GaAs", Y. I. Nissim and
J. F. Gibbons, in Laser and Electron Beam Solid Interactions and Material
Processing, Edited by J. F. Gibbons, L. D. Hess, and T. W. Sigmon (North
Holland, New York, 1981) p. 275.

I.

Contribution: This paper demonstrates that higher surface temperatures
can be induced in GaAs by using an elliptical scanning beam and letting

the surface decompose to form the oxide O-Ga 2 O3. As a consequence

of higher induced temperatures, low dose, deep Si implanted layers are

annealed.

Paper No 3.

"Solid Phase Epitaxial Regrowth of Ion Implanted Layers in GaAs", Y. I.
Nissim, L. A. Christel, T. W. Sigmon, J. F. Gibbons, T. J. Magee, andSR. Ormond, to be published in the Applied Physics Letters.

Contribution: This paper presents a set of sufficient ion implantation
conditions that results in complete solid phase epitaxial regrowth of

the induced amorphous layer. Limiting factors that are responsible for

the usually observed incomplete regrowth are identified.
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Paper No. 4.

"Thermal Diffusion of Tin in GaAs from a Spin-On SnO2 /SiO2 Source",
Y. I. Nissim, J. F. Gibbons, C. A. Evans, Jr., V. R. Deline, and J. C.
Norberg, Applied Physics Letters 37, 89, (1980).

Contribution: This letter describes the sample preparation for diffu-

sion to tin from a spin-on Sn02 /SiO 2 source. A variety of thermal

treatments from fast thermal ramping to longer anneals are presented

with the resulting electrical characteristics of the diffused n+ layers.

Paper No. 5.

"CW Laser Assisted Diffusion and Activation of Tin in GaAs from a Sn02/
S102 Source", Y. I. Nissim, J. F. Gibbons, T. J. Magee, and R. Ormond,
Journal of Applied Physics 52, 227, (19E1).

Cntribution: This paper shows that following the thermal ramp des-

cribed in Paper No. 4, cw laser scanning can assist further diffusion

and activation of tin introduced during the ramp. A TEM study results I
in the identification of a tin-arsenide compound (Sn3As2 ) during the
treatment. [

4

Paper No. 6.

"Nonalloyed Ohmic Contacts to n-GaAs by CW Laser-kssisted Diffusion
from a SnO2 /SiO 2 Source", Y. I. Nissim, J. F. Giboons, and R. B. Gold, 4
IEEE Transaction Electron Devices ED-28, 607 (1931).

Contribution: This paper describes the formation of nonalloyed ohmic

centact of low specific contact resistance on the diffused tin doped

layers as a function of incident laser power. The stability of these
contacts at elevated temperatures as compared to conventional Au-Ge

alloyed ohmic contacts is presented. I

Paper No. 7.

"CW Laser Assisted Diffusion of Tin in GaAs for Non-Alloyed Ohmic Contacts",
Y. 1. Nissim, J. F. Gibbons, R. B. Gold, and D. M. Dobkin, Electrochemical
Society Meeting, Hollywood Florida, (1980).

Contribution: This presentation describes the application of the non-

alloyed ohmic contacts in GaAs MESFET technology.

-4 -
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Paper #1
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Temperature distributions produced In semitonductors by a scanning
elliptical or circular cw laser beam

Y. I. Nlam, A. Llgtolla, R. B. Gold, and J. F. Gibbons
Staford Electronics Labomtorfex Stanpford, Calbomla 94303

(Received 25 June 1979; accepted for publication 6 August 1979)

Temperature profiles induced by a cw laser beam in a semiconductor are calculated. The
calculation is done for an elliptical scanning beam and covers a wide ranpe of experimental
conditions. (The limiting case of a circular beam is also studied.) This calculation is developed in the
particular cases of silicon and gallium arsenide, where the temperature dependence of the thermal
conductivity has been taken into consideration. Usirg a cylindrical lens to produce an elliptical beam
with an aspect ratio of 20, a I1-mm-wide area of an ion-implanted silicon wafer was annealed in a
single scan. The experimental data are consistent with the extrapolation of solid-phase epitaxial
regrowth rates to the calculated laser-induced temperatures.
PACS numbers: 61.80. - x, 44.90. + c

I. INTRODUCTION beam in a material that is assumed to have constant thermal
Recently, the use of a scanning cw laser to anneal ion- conductivity. This calculation is based on the formalism pro-

implanted semiconductors has been reported by several au- posed by Cline and Anthony. An analytical expression is
thors.'-; It has been shown that, in silicon, if the layer is obtained for the maximum temperature at the center of the
driven amorphous by the implantation, the annealing moving beam, and a numerical integration is carried out to
mechanism is a solid-phase epitaxial regre,. th which pro- obtain all the relevant parameter dependences. A different
ceeds at rates comparable to those obtained for conventional approach, using the formalism developed by Lax,4 leads to
thermal annealing.' The function of the laser (or electron the same maximum temperature rise.
beam) in this case is simply to heat the implantation-dam- We next present a more refined set of calculations that
aged region to a high temperature (- 1100-1200 'C) so that take irto account the temperature dependence of the ther-
complete solid-phase regrowth of the entire damaged layer mal conductivity. A Kirchoff transform' ,7 is used with ex-
can occur during the dwell time of the laser (typically I perimental data on the thermal conductivity of Si "and
msec). Because the annealing tike is short and the implanted GaAs 4 to obtain the "true" temperature profiles for these
material is never melted in this process, diffusion of the im- cases.
planted impurity is negligible during the annealing cycle. Finally, as an application of the results, we compare the

To calculate rtcrystallization rates and a variety ofoth- theory with an experiment in which laser conditions were 4
er phenomena related to cw-beam annealing, it is necessary arranged so that lines of various widths could be annealed in
to know accurately the temperature distribution produced a single pass of a cw Ar laser ovcr an implantation-amor-
by the beam in the material being annealed. A formalism for phized layer. The agreement between the theoretical predic-
calculating the temperature distribution produced by an ir- tions and the experimental data is found to be excullent.
radiated beam has already been developed for the case of a

stationary4 and moving' circular beam, and calculations II. SOLUTION TO THE HEAT EQUATION
based on this formalism have been found to agree well with We assume that the laser beam is elliptical in an (x,.)
experimental data. However, there are a number of situa- plane perpendicular to the direction of laser propagation (z).

tions in which a ribbon beam with an elliptical rather than a The ratio between the large axis (r,) and the small axis (P.) ofcircular cross section would be desirable. Such a beam could the ellipse will be an important parameter in our analysis,
be modeled as having an elliptical profile which is narrow in defined as: - I/,. We assume a Gaussian laser intensity
the direction of the scan and large in the direction perpen- distribution in both directions, j? and ):
dicular to the scan. Such an intensity distribution can easily
be obtained with a cylindrical lens. Moreover, any ratio be- I = 1, exp( - x2/2r ) exp( -y2/2l,). (I)
tween large and -nall axes of the elliptical beam can be 1o can be determined as a function of the power absorbed by
achieved by using ,he correct set of spherical and cylindrical the material assuming an infinite surface:
lenses. In view of its potential importance, we have calculat- t
ed temperature profiles to be expected for beams having an 4 = P(l - R )/2rr~r,, (2)
elliptical cross section. In this paper we present these results where P is the total incident power and R is the coefficient of
as an aid to those who wish to explore the use of elliptical reflection of the irradiated material. Finally, we write the I
laser beams for heating and annealing experiments. energy absorbed in the solid if the beam is moving with the

To minimize the amount of data to be presented, and to velocity v in the x direction:
make the results valid for any kind of material, we present (
the calculations in two parts. We develop first an exprssion exp f(z). (3) 4
for the linear temperature rise induced by a moving elliptical 2'r., P, 2r. 2, r,

274 J. Appi. Phy.1 S1(1), January 1960 0021-8979/80/010274-06*B0,10 ,t) 1960 American Institute of Phyule. 274



In Eq. (3)f(Z) gives the z dependence of the total absorbed In the first step we are going to consider a constant

energy. thermal conductivity with respect to temperature which will

To solve the heat equation, we use a standard Green's lead to the linear temperature rise.

function analysis. The source function for the heat Making our observation at a tine t at a point (xjz), the

equation,'" linear temperature rise is as follows:

_T - DV2T= Q. (4) e=f' f'Yf
.3t C, F. . . w.. ,X-

iX G (x',',a',t '/xxyz,t) dx' dy' dx' dt'. (6)

x •j',~t' •The integration over the different variables can be done sepa-

G=G~v rately. The integrals over x' and y' are Gaussian tabulated
integrals.

= ________________ To make the integration over a', we need to define the
P( 4D(t - t") function f(a) which expresses the penetration of laser energy

x [41rD(t - C')] (5) into the material with respect to depth. Since in most cases of

We define our coordinate axes in the following way: interest a - (r,, ry, we choosef(z) to be a 5 function at the

x = y = z = 0 will be the center of the beam at the surface of surf.ice of the material. To account for the discontinuity at

the material, with the x and y axes lying at the surface of the z = 0, we have carried out the integration over z' from - c

material, pointing along the small and large axes, respective- to + ,,, end then taken twice its value from mirror image

ly, of the elliptical beam. The z axis is along the direction of considerations.

propagation of the laser beam (i.e., perpendicular to the sur- After carrying out the integration over x,y, a, the linear

face of the material). temperature is the following:

2P(I -R)1
"--- Lp- {4D(t-t,)[4D(t-t2,)+ 2][4D(t-t')+2 +] ()

(4DOt- t ) + i7 4DO(t--t) 2r 4D (I t

In order to simplify the writing of this expression, we intro- intensity distribution gives the correct elliptical intensity

duce the following dimensionless parameters: written earlier. An identification leads to:X = /r,;r Y /r.; Z=x/r.; , Irr.; S, =( 2,Y,_) 1"exp( -V,
and we define (J D ) )Y(

p = [P(I - R ) ]/r, V = vr /2D. Using now the expression for the linear temperature for a

After the two successive changes of variables, t = - t 'and circular beam presented by Lax,4 and realizing that the same

u = (2De "/,)In, the linear temperature at t = 0 can be weighting function will distribute the linear temperature, we

written: have

6~ z CD /2;n, 1 [(u,, + lXu, +p],6 e 9 f- -0" y) y y,(2
I _I_((+_u_) 2 Y z2 Z which lead, to

Xl~l M + )U . () P(I -A) O2 -. 1W (13)

We can now determine, analytically, the maximum lin- P2  /

ear temperature, obtained at the center of the ellipse or with our p notation:
(X= Y= Zy=O) forastationary beam (V= 0). The inte- 1/2
gration leads to the following result: o,.,. ¢.D --- I , ) / (14)

K(#2 112 
'CD (14)nL 1 ELM--• \•'' )vr - (9) V ,

P cD V2ir,/' r which is identical to the result of Eq. (9).

where K is the complete elliptical integral of the first kind. This above result can be used to find the maximum tem-

Asimilar reault can be found by considering theellipti- perature for acircularbeamnbysettingP = r /r, = 1, then

cal beam as a superposition of circular beams. We can then e • - p/c D 2v/i, ( 5)

write the intensity of an elliptical spot in the following way: The analytical integration has now been carried as far as

4.." (xj - y')S(y') dy'. (10) possible. To analyze the dependence of the actual tempera-
. ture on beam and substrate Parameters, a numerical integra-

We have to find the weighting functionS(y) so that the above tion must be performed. To make the results valid for any

275 J1 Ap•. Phys., VOl. 51, NO. 1. Jltnuy 1950 NisslmetaI, 275
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FIG. I. Linear normalited temperature rise I at X Z = V = 0 as a fune- FIG. 3. Linear normalized temperature rise 17 at X Y = V 0 as a func-tion of the Y position (Y - ylr,) for different values of#? (0 = ,./r,) rang. lion ofdepth Z(Z = z/r, )for different values of(8 = r, /r, ) ranging from
ing ftom I to 40. I to 40.

kind of material, we define the following quantity: is very high, in fact, above the limit of currently practical cw
e _2 f du Ar or Kr lasers, but certainly within the limits of an electron

I- i' o [(u'+ i)(u, beam.--" .... Similarly, in Figs. 2 and 3, the variations of 7 in the X

×exp - \ I '+i Y- + -)- (16) (X=x/r,)andZ(Z=z/rj directions are presented.L2\ u+ I +U
2 +l 2  U An extended scale in the Z direction has been taken in

Fig. 4 (for r, = 20pm, the full scale represents I prn), ThisIll. CALCULATED NORMALIZED LINEAR curve shows clearly that the variations near the surface are
TEMPERATURE CURVES insignificant and that, for instance, the temperature at the

The numerical integration of Eq. (16) leads to a set of interface of an implanted layer in a semiconductor and un-
curves that can be chosen to cover a wide range of experi- derlying substrate is essentially the same as at the surface.mental conditions. A representative set of such curves is pre- A similar study has been done using beam scanning
sented here. Figure I shows the linearized normal tempera- speed as the parameter for two fixed values of 0: 0 I and
ture 7 as a functinn of the Y(Y = y/rý ) position for different 6 = 20. Figures 5 and 6 represent the variation i? in the Y
values of the ratio 0 ranging from I to 40, We see that large direction. Again, in Fig. 6, we can see that if we have enough
values of 6 give a more uniform temperature distribution, power for annealing, high speed at f = 20 gives a uniform
Under most experimental conditions, we cannot readily de- temperature distribution along the Y axis. Similarly, Figs. 7crease r., so the only way to obtain high values of 0 is to and 8 represent the variations of , in the X direction. Since
increase r,, A substitution of numbers shows that the power the beam is moving in this direction the nonsymmetrical
needed to reach an annealing temperature at high values of#l behavior with respect to the point X 0 appears clearly in

10 1 0

-06 08

ftOO

Z 2w"04 .04

o 5 5

0.2 t 2•to
20

F IG 001 002 003 ooA 005

FIG. 2. Linear normalized temperature rise ?I at YV Z V = 0 as a func- FIG. 4. Linear normalized temperature rise Y1 at X = = V = ilas a func-tion of the X position (X = x/r,) for different values offl (P P, I/P,) rang- tion of depth close to the surface Z (Z z/ir,) for different values offI
ing from I to 40. F '/r,) ranging from I to 40.
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FIG. 5. Linear normalized temperature rise 17 At X Z 0 0% as function Of FIG. 7. Linear normalized temperature rise tj at Y = Z =0 as a function of
the Y position (Y y/r,) for different values of the normalized wcan speed the X' position (X' = x/r, ) for different value% of the normalized scan speed

'(V =- vr, /21))rangingtfrom 0to 10 and for 0 = I (-'rIr). 1'(- vr,/2D) ranging from 0to 10 and forfi3 I l(f= r/r,).

these curves. Finally, the variation along Z in Fig. 9 shows We have~ been able to fit a rational function to the ex-
again the weak changes of temperature asa function of depth perimental data by using the form:
into the material.K(T = ,D()=AI -B.17

In order to allow the reader to use the curves for any) C~() A ( 8.(7
combination of speed and ratio f, we have plotted the vari- Using this form the relation between the true and linear tern-
ation ofqs as a function of speed withfias a parameter in Figs. peratures is then
10 and 11. Figure I I emphasizes the fact that for the typical /CD(Th.k)
values of the speed used in a cw laser system, the solid easily T = B6 + (T,k - B) expl -A (8
reaches thermal equilibrium.,.

where Th,,k is the temperature of the backsurface cf the
IV. THE TRUE TEMPERATURE RISE IN SILICON AND semiconductor.
GALLIUM ARSENIDE For silicon we have averaged the experimental data iii

We are now ready to use the Kirchofftrnsforniation'- Ref. 8 to obtain values of.: A = 299 W/cm and B =99 K. We
which leads to the true temperature rise induced by the laser have verified that a step-by-step numerical integration using
beam. We have chosen to develop these calculations for sili- published data for D (T) gives a temperature profile which is

con and gallium arsenide. The temperature-dependent ther- essentially identical to that obtained using Eq. (17).
mal conductivity K (T) has been taken from the literature. For gallium arseniide, we have used experimental data

014 20014

V.00 p.20

005 0 01 .20

008 - /a

Z0106 005 ot

j 00 1 - 0 ,0

s002 -- 002

0.0 v .00

2 6 a 0 12 la 1 t -20t-6 -12 -8 -4 0 4 a 12 16 20

FIG. 6. Linear normalized temperature riseq at X =Z =0 as a function of FIG. f . Linear normalized temperature rise 17 at Y Z = 0 as a function of
the Y position (Y = y/r,) for different valutes of the normalized scan apeed the X position (X = x/r, ) for duffi-rent values of the normalized scan speed
V (V= vr, /2D) ranging from 0to 10 and for 0 = 20 (8= P,./r,). V (V= vr, /2D) ranging from 0 to l and for P 20 (fl r, /P,).
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FIG. 9. Linear normalized temperature rise 17 at X Y = 0 as a function of FIG. II. Extended scalc for the linear normalized temperature rise il at
depth near the surface Z (Z = zir, ) for different valum of the normalized X = Y Z 0 as a function of the normalized scan speed V( V = vr,/2D)

scan speed V(V = vr, /2D) ranging from 0 to 10 and tL 3 = 1 (8 = r/r. for different values offl (fl = r, Ir,) ranging from I to 40.

given by Maycock,' which resulted in the following num- sured at room temperature to be R = 0.38. Since no melting
bers: A = 91 W/cm and B = 91 K. Since no data are avail- occurs we will assume R to be constant.
able above T = 900 K, we have extrapolated the behavior of The first annealed area appears at P = 14.5 W, which
D (T) using the same function for higher temperature, corresponds to a calculated temperature of 967 *C. At

We are now able to obtain the real temperature as a P = 17 W we can see a line of width d = 0.4 mm, as shown in
function ofp [p = (I - R )P/r, ] for both silicon and gallium Fig. 14(a). At 21 W of incident power using the same scan-
arsenide. Figures 12 and 13 present these variations (for ning and back-surface temperature setting, we have been
,6 = 1) for silicon and gallium arsenide, respectively, able to anneal a 1-mm-wide area, as shown in Fig. 14(b). We

can compare these results with those to be expected from the
V. AN EXPERIMENTAL APPLICATION temperature calculations just presented in the following

The use of an elliptical laser beam to anneal gallium way. First, we assume that the regrowth rate is described by
arsenide has already been reported." Such a technique also the equation:
offers the potential for annealing large areas of ion-implant- U = U(, exp( - E, I/kT), (19)
ed silicon in a single scan. Here we have used a 150-mm in which U,, = 1.79x 10 Aisec and Em - 2.35 eV, as de-
cylindrical lens to anneal (100) silicon which was arsenic termined by Csepregi and Kennedy."
implanted at 100 keV to dose of 6x 10 cm .Thelens We have regrown a 1000-A-thick amorphous layer.
employed prouces a beam with r,~ = 18 sm and6 1= 20. The dwell time is approximately t = 1.7 msec. The required
Ihe annealing parameters were as follows: beam power from regrowth temperature is then T = 977 *C. Figure 15 shows
"14 to 21 W, back-surface temperature of 550 "C, and scan the temperature profile at the center of the beam (T Tm,,)
rate of I cm/sec. The reflectivity of the material was mea- and at the edge of the beam (Y = 20) for our experimental

conditions. Knowing that the beam is 1 mm wide we can

estimate from this curve the regrown width for temperatures
101
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FIG.1t. Linearnormallzedtemperature ris/at X Y= Z Oasafunc. FIG. 12. The true maximum temperature(X= Y= Z= V= 0)in Si is
lion ofthe normalized wean speed V(1.= vr,/2D) for different values of# plotted versus the normalized powerp p= [P(I - R )]/r, I for different
(8 = n./r,) ranging from I to 40. substrate back-nurface temperatures.
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our experimental conditions, the temperature required for solid-phase epi-
taxial regrowth is indicated so that the expected width of an annealed linelarger than the calculated one. We can then evaluate that can be determined as a function of laser power. The 17- and 21 -W points are

40% of the beam width has been regrown at 17 W and 100% shown.
of the beam width at 21 W. This shows an excellent agree-
ment with our experimental data.

as an electron beam. The calculated linear temperature is
CONCLUSIONS valid for any material. With knowledge of the temperature-

These calculated results cover a wide range of experi- dependent thermal conductivity, a simpie transformation
mental conditions and can be applied for a laser beam as well leads to the true temperature. The use of elliptical beam per-

mits large areas to be laser annealed in a single scan. Further-

Pa17 w more, it has the advantage of producing the same annealing
as a large radius circular spot will produce but with substan-
tially less laser power.
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CW LASER ANNEALING OF LOW [OSE IMPLANTS IN GaAs

WES I. NISSIN AND JAMES F. GIBBONS
Stanford Electronics Laboratories, Stanford, California, 94305

ABSTRACT

The possibility of annealing low dose implants (_ 1013
d- 2

) in GaAs using a cw scanning laser has been investigated.
We have observed that above the threshold of laser-induced
damage, a gallium oxide (3-Gs 20 3 ) can be grown at laser scan
speeds of ' 0.5 mm/sec. The heat transferred to the substrate
during the growth of the oxide is utilized to anneal low dose
Si implanted layers. As suggested by sheet electrical measure-
ments, close to complete activation of the implanted species
is obtained.

INTRODUCTION

A considerable interest has developed during the last four years in the use
of lasers and electron beams for processing of Si and GaAs. GaAs, being a
much more brittle and unstable material than Si, has enjoyed only moderate
success with both pulsed and cw irradiations. Annealing with a pulsed beam
has rewulted resulted in good activation and recrystallization for high and
medium implanted doses [11, although with anomalously low mobilities. Cw
laser irradiation has been reported (2] for medium dose implants. Significant
activation and high mobilities hava been obtained. However, in both techniques,
the annealing of low doses (typically used for active channels in GaAs MESFETs)
has been largely unsuccessful.

One of the major difficulties associated with transient processing of GaAs
is that it decomposes (due to As evaporation) at relatively low temperatures.
For cw irradiation, these factors limit the amount of incident power one can
use to scan a substrate. Deterioration of the surface (slip lines, thermal
etching) have been observed at a maximum induced temperature of about 800*C
using a conventional focusing lens. In this paper we describe a technique to
induce higher temperatures in the GaAs by growing a surface oxide during the
laser scanning. The thermal stress created by high incident laser power is
released in the oxide formation.

The i.pproach described in reference [2] using an elliptical beam is employed
to anneal low dose (1013 ci-

2
) implants in GCAs. Results below the laser damage

threshold are first described, leading to relatively poor annealtng. As the
incident power is increased, a gallium oxide ( 6-G32 0 3 ) is formed at scanning
speeds of s 0.5 me/sec. An analysis of the laser parameters that optimize the
growth of this oxide over a large area is presented. Auger spectroscopy and
x-ray analysis are used to study the composition and identify the oxide. The
formation of I•-Ga 2 03 will provide enough heat to the substrate to anneal deep
implanted layers.

PRELI41NARY RESULTS

Cr-doped GaAs substrates oriented along the 4.100> direction were used in this
experiment. Silicon (SiH+) ions at a dose of 1013 cm- 2 

and an energy of 120 keV
were implanted. Co-implants of Si (5x101

2 
cm-

2 at 120 keV) and S (5x10
1 2 cm-2

at 140 keV) were also performed in an effort to encourage Si incorporation onto
Ga sites. The annepling was carried out using the ow laser apparatus described

_ .
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in reference 31]. The annealing parameters uiceesary to obtain electrical
activity are found to be relatively different from those for a conventional
annealing. The backeurface temperature was held at 550*C during the scanning

to reduce the thermal shock created by the laser. The scanning speed was
reduced reduced to values between 0.2 and 0.5 mi/sec. The incident beam was

focused onto a cylindrical lens resulting in an elliptical spot of aspect
ratio 20 (1000x50 urm) at the focal plane. This beam geometry allowed us to
cover a large area with each scan and produce a more gradually distributed
lateral :.*mperature gradient [41. The beam was then scanned across the wafer

with 150 Wm between adjacent scan lines. Electrical activity was measured for

incident powers ranging from 4.6 W to 6 W. The lower range of powers resultea

in a smooth surface. In the higher power range, slip lines started to appear,
Furthermore, the edges of the wafer had to be screened and irregularities on
the substrate avoided to prevent the substrate from sudden decomposition (As
evaporation). It was observed at powers close to 6 W under these conditions
that part of the substrate surface would start to decompose under the moving
beam leaving behind it a blue layer.

The best electrical measurements obtained for the two kinds of implants are

summarized in Table I. At low power (P - 5 W) it can be seen that the choice
of co-implant brought higher activation (22%). At higher power (P - 6W) the

substrate is almost completely covered by the blue layer. It can be observed

from these data that high activation is obtained at the price of low mobility.

TABLE I
Sheet electrical measurement obtained for different incident powers.

At high power (6 W) oxide formation occurs.
0 pJH Activation

Q/0 cM
2
/V'sec %

S x 101 3  P - 5 W 1900 2480 13
Si

120 keV P - 6 W 3700 460 35

S 5 x 1012 f5 x 1012 P . 5 W 1770 1580 22
Si + 6120 keY (140 keY P - 6 W 1650 1480 27

Wa48 a - G&'O0

141 148 156 179' 198 2.1O 2822922.7 36 D-VALUESu{)

-20

Fig. 1. X-ray spectrum of the oxide layer grown on <100> GaAs. The

d values of the peaks correspond to the O-G4 2 0 3 oxide.

I
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OXIrD FORMATION

The blue surface layer formed with the high power scan has been identified
using rotating crystal x-ray analysis to be the gallium oxide ;•-GE 2 03 shown
in Fig. 1. A window of incident laser power and distance between adjacent
lines has been determined to form large areas of this oxide. The first obser-
vation was that the growth of the oxide occurs at significantly higher incident
laser powers than required for annealing. Figure 2(a) shows a micrograph of a
single scan obtained at Pa - 6.2 W. By looking at the edge of the line, it
is clear that GaAs has been consumed during the formation of .- Ga 2 03. A
single scan at this power created a 0.5 nmm wide oxide strip. Figure 2(b)
snows the surface morphology if the same power is used ar,4 the lines are
scanned with a 150 ,m spacing betweern adjacent scans. Figure 2(c) demonstrates
that the morphology can be improved by increasinv the power to Pc - 6.8 W.
The waviness of the surface indicates that the substrate may have melted during
irradiation. Finally, Fig. 2(d) shows an area of the same wafer used in Fig.
2(c) where suddenly at a surface irregularity a thinter oxide (lighter blue)
has grown. The overlapping boundaries are barely seen in this portion and
the surface structure (wavlness) has completely disappeared. In general,
good oxides have been grown with powers varying from 5.3 to 6.8 W and step
sizes ,arying from 100 to 250 ,m. Many sets of these two parameters were
found to form relatively smooth oxides [like Fig. 2(c)), with the general rule
that higher powers require higher step size.

0. ,efft $

a) SINGLE SCAN b) OVERLAP

0.1mm

C) OVERLAP d) OVERLAP

PC>Pb Pd-PC

Fig. 2. optical micrograph of the laser grown oxide for different
incident powers.
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The calculation described in refarerce (4), was carried out to obtain the
maximum temperature and the temperature at the edge of the beam with the
results shown in Fig. 3. The distribution of temperatures induced by the
laser within the scanning ellipse is then obtained. The working areas for
annealing and oxide growth are represented. The overlap between the two areas
indicates that he oxide can grow at low powers if the growth is initiated by
scanning an edge of the nubstrate or by making the first I !ear scac at highsx
power. While scanning over an already grown layer, the oxide growth will
continue.

1200

10000 Soo "
3 00 rA

200 -

PR (tW Icmý

Fig. 3. Temperature induced by the laser on (aAs for a cylindrical lens
of aspect ratio 20. The maximum temporature at the -enter of the beam and
the temperature at the edge of the beam are shown.

Sputtering Auger profiling has been used to study the composition of this

oxide and its interface with the GaAs substrate. The r ulting profile is
shown in Fig. 4. It can be seen that the gallium owide ia completely free of
As (within the sensitivity of the measurements) and .s about 1200 1 thick
(corresponding to the blue color). The interface appears to be relatively
thin (< 100 1).

The importance of the ambient during the oxide formation has also been

investigated. The laser annealing parameters were kept constant, while a
wafer was scanned in three different environments: forming gas (10% H2, 90%

N2), air, and oxygen. In the first case a grey powder characteristic of a
Gt excess, due to An evaporation, is observed. In the second and third envi-
ronments, a similar blue oxide is obtained, indicating that the reaction is
limited by the rate of Ac evaporation.

Some properties of this oxide have been investigated. It has been observed
that it was attacked very slowly by normal acids; 15 min. ia boiling HCl was
required to remove it. A temperature resistance test showed that the laser

grown 6-G&203 can withstand temperatures as high as 8000C.

IfI
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ANNEALING OF DEEP IMPLANTED ILAYRS

The curves of Fig. 3 indicate clearly that higher temperatures can be
reached if the sample is allowed to decompose at the surface and form an oxide.
Temperatures in the range 1050"C up to the melting point of Gads can be induced
in the substrate. Table I also demonstrates that higher incident powers result
in higher dopant activation.

For the Si implantation presented earlier (1013 cm-
2
/12j keV), all the atoms

lie within 2600 A of the surface. After the first 1200 A are consumed
during the growth of the r-Ga2 0 3 , only i7T of the implanted dopants remain.
The values obtained in Table I for P - 6 W suggest then that most of the re-
maining impurity atoms are activated onto substitutional -a sites. In view of
this observation, deeper Si implants have been carried out. A dose of 1 x 1013

M-2 at an energy of 300 key will leave the first 1200 1 relatively free

of implanted atoms. A wafer implanted under these conditions was then annealed
while trying to obtain a uniform oxide layer. The oxide layer was then removed
in boiling HCl and surface electrical measurements were carried out using a
van der Pauw technique. Complete activation of the implanted dopants was

measured. The reproducibility from scan to scan has been found to depend on
the quality and uniformity of the oxide layer grcwn. For example, sheet elec-
trical measurements made on the wafers, presented in Figs. 2(b) and 2(c),
displayed high carrier concentrations, but the mobility in the case of Fig.

2(b) was significantly lower than for the Fig. 2(c) wafer. The implanted
layer beneath the oxide shown in Fig. 2(d) did not show any electrical activity
probably because not enough heat was transferred to the substrate during the

growth of this thinner layer. The best measurements were obtained for P -
5.8 V and step size of 120 Ri. The following values were obtained: cheet
resistivity: 350 Q/fl ; Hall mobility: 1780 cm

2
/Vysecr and sheet carrier

concentration: 1.01 x 1013 cm"2.

4
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coNCLUSICN

It has been shown that a gallium oxide 8-GU2 0 3 can be grown at laser mcan
speeds of about 0.5 mm/mac on a GaA2 substrate. Thim oxide appears free of As

and is both acid and temperature resistant. The stress induced by the laser in
GaAs can be released by letting the substrate decompose at the surface and
form b-Ga203. This oxide growth permits significantly higher temperatures

to be developed in the GaAs by laser scanning, resulting in the ability to
anneal low dose Si implants. The electvical activity as judged by sheet remis-
tance measurements is close to 100% when the impurity content in the oxide

film is subtracted.
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SOLID PHASE EPITAXIAL REGROWTH OF ION IMPLANTED LAYERS
IN GaAs

Y. I. Nissim, L. A. Christel, T. W. Sigmon and J. F. Gibbons
Stanford Electronics Laboratories

Stanford, CA 94305

I. J. Magee and R. Ormond
Advanced Research and Application Corporation

Sunnyvale, CA 94086

ABSTRACT

The complete solid phase epitaxial regrowth of ion implanted layers

in GaAs was obtained during a short (10 min) capless furnace anneal at a

temperature of 475°C. Two factors believed responsible for the incomplete

regrowth of layers have been Identified. First, the damage density from

the implant should not exceed a critical value determined by a Boltzmann

calculation. Second, the growth of polycrystalline material from the sur-

face observed by transmission electron microscopy is a competitive mech-

anism. As+ implants, whose doses and energies were selected to achieve

the correct damage density, and to insure that its value was maintained in

the near surface region, led to a complete recrystallization.
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The annealing of ion implanted GaAs usually requires a thermal treat-

ment at temperatures higher than 600%. This process is typically carried

out in an As overpressure or with an encapsulant to avoid surface decomposi-

tion. Recently it has been shown [l] that under certain ion implantation

conditions, solid phase epitaxial regrowth of amorphized layers can occur at

temperatures of IEJ°C or above. The dose dependent recrystallization behavior

observed in this work can be tentatively explained [2] by the local stoichio-

metric imbalance resulting from the implantation. More recently, the ep!-

taxial regrowth of thin amorphous films [3) (thickness <400 1) has been

observed. In this work, we have identified some of the factors that appear

to be responsiblefor incomplete regrowth, and have found a set of implanta-

tion conditions that will create amorphous layers that can regrow completely

using lo~i temperature furnace anneals. These factors are in agreement with

the cxperimental data presented in the studies mentioned above.

The multiple pa-ameter dependence of epitaxial regrowth in Si [4) sug-

gests a large ntmbl:r 0f experi~mental conditions that can be studied in GaAs.

Based on physical arguments to be described here, a nuiiber of experimental

choices were made which allowed us to observe the dependence of the regrowth

properties on a limited number of parameters. The work reported in Ref. [I]

shows that a vei-y fAst regrcwth rate along the <100> direction exists. In

an attempt to control the process, we have chosen to use GaAs oriented along

the <511> diection (slower growth direction). The implantations were car-

ried out with the substrate held either aý ice water (for the highest dose)

or liquid n:trogen temperature, to obtain a sharp crystalline-amorphous inter-

face and reduce the necessary incident dose of amorphization. The contribu-

tion of dopant atoms to the regrowth rate is minimized by the implantation

of As+ ions.

-2-



Preliminary experiments were performed to determine the time-temperature

cycles for the annealing of a truly amorphous layer. A dose of Wl015 As+/cm2

was impldnted at 180 key into a <511> substrate held at ice water temperature.

The analysis of the layer was carried out using 2.2 MeV He+ ion channeling.

The channeling measurements showed the existence of a 1400 A thick amor-

phous surface layer on the as-implanted sample. The wafer was then scribed

into several pieces and thermally annealed in flowing nitrogen with different

time-temperature cycles to investigate the solid phase epitaxial regrowth.

The range of temperatures used was 4000 to 5001C in steps of 250C. For tem-

peratures between 4000C and 4750C, epitaxial growth from the crystalline-

amorphous interface was initially observed, but was found to terminate before

reaching the surface (40% of the initial amorphous layer :onsistently recrys-

tallized). At an annealing temperature of 500% a slow annealing of defects

is superimposed to the epitaxial growth. As shown in Fig. 1 this is charac-

terized by a reduction oF the backscattering yield with increase in the

annealing time without evolution of the damaged layer.

The depth at which the epitaxial growth stops in the preceding experiments

is close to the projected range of the As+ ions. The high disturbance of the

lattice at this point might then be a factor contributing to the incomplete

regrowth. To investigate this effect, samples where prepared with lower inci-

dent doses. Implantations of 2x10 1 5 As+/cm2 and 5xlO1 3 As+/cm2 at 145 keV

were carried out into <511> substrates held near liquid nitrogen temperature.

Figure 2 shows the channeling measurements obtained from as-implanted and

annealed samples of the 2x10 1 5 As+/cm2 implant. The as-implanted spectrum

displays a 1030 R thick amorphous layer. After a thermal annealing at

425*C for 10 min, it can be seen that 40% of the amorphous layer thickness

"3-
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regrew epitaxially from the interface toward the surface and stopped. Ann*l-

ing at the same temperature for an additional 10 min. produces no chA;ige in

the backscattering spectrum. The recrystallized region has a high concentra-

tion of defects revealed by the high backscatterlng yield obtained. Similar

results were obtained when the incident dose was &1015 As+/cm2 . For the

second impldnt (5x10 1 3 As+/cm2 ), the damaged layer is not completely amorphous

(65% of the random yield) but complete recrystallization is observed after

10 min at 4750 C.

In order to investigate the atomic profile in detail, damage distribu-

tion and net stoichiometric imbalance resulting from the implantation, a

Boltzmann transport calculation was carried out [5,6]. The results of this

calculation assuming that incident ions with energy more than 5 keV will

create, during the collision with lattice atoms, recoils contributing to

the stoichiometric imbalance, are shown in Fig. 3 for the 2x10 15 As/cm2 ,

145 keV implant. The interesting results are the minimum damage density

required to obtain an amorphous state, 4.8x10 24 eV/cm3 ; and the damage density

at which the regrowth stopped, 15.6x10 2 4 eV/cm3 . This upper limit Is not yet

well established since the recrystallized region is still highly damaged.

These results indicate that epitaxial regrowth of GaAs can occur following

an implantation that produces a damage density slightly above 4.8x10 2 4 eV/cm3 .

When driven amorphous, GaAs undergoes a change of reflection coefficient

induced by the lattice disorder. This is characterized by a milky appearance

compared to the shiny color of the single crystal. For all the previous

experiments, the substrate was observed to recover its single crystal color

after annealing. This observation indicates that a partial reordering of

the lattice at the near surface is taking place. This could be a competitive

-4-
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regrowth mechanism proceeding from the surface toward the crystal/amorphous

layer interface. A multiple Implant, leading to a flat dopant concentration

profile and damage density would suppress this partial reordering.

Using the above observations a new implantation series was designed.

With the substrate held near liquid nitrogen temperature, the following mul-

tiple As implantation was performed: 5xlOl4/cm2 at 145 keV followed by

1.7xlO 4/cm 2 it 80 keV. This results in a relatively flat damage density

profile at a value of 1-5xlO2 4 eV/cm3 . Channeling experiments show the

formation of a 8001 thick amorphous layer. As seen in Fig. 4 complete

solid phase epitaxial regrowth is obtained after a thermal annealing at 4750C

for 10 min. The annealed spectrum shows complete recovery of crystallinity.

The nature of microstructure in the as-implanted and annealed samples

for the above cases were studied by standard Transmission Electron Micro-

scopy (TEM) analysis. Figure 5 shows representative bright field electron

micrographs obtained from samples amorphized with the multiple implant, before

(as implanted) and after annealing at 475 0C for 10 min. After implantation,

we observe an absence of any resolvable microstructure and the presence of an

amorphous layer. This can be seen from the diffraction pattern (inset of

Fig. 5[a]). After annealing, complete recrystallization of the amorphous

layer is observed and well defined single crystal diffraction patterns are

detected. Within the implanted region, residual damage is observed in the

form of dislocation loops of 150 to 250 A average diameter [Fig. 5(b)] at

j'_ concentrations of -0ll/cm 2.

In contrast, after implantation at the higher dose (&l105 As/cnm2 at

"180 keV) and subsequent annealing in the same condition (475°C for 10 min) a

substantially different pattern of recovery from the amorphous state is

observed. The presence of an amorphous layer after implantation is observed.

-5-



After annealing, polycrystallites nf GaAs are detected within the implanted

region as shown in Fig. 6(a). The ring structure in the diffraction pattern

inset confirms the polycrystalline nature of the layer. Careful examination

also indicated the possible existence of residual dislocation line structure

beneath the polycrystalline layer. Using controlled chemical stripping,

750R of material was etched from the surface of the sample and specimens

were again prepared for TEM examination. Figure 6(b) shows that all the poly-

crystalline layer has been removed, and a complex array of dislocation nesting

is observed. The diffraction pattern indicates an absence of polycrystalline

rings and the presence of an imperfectly regrown single crystal layer at a

depth of n 750 A.

These TE4' observations are in excellent agreement with the channeling

spectra observed for these implant and anneal conditions. From these results

we have obtained the following set of sufficient conditions:

1. The damage density induced by the implantation must be below a

critical threshold but above the level of amorphization. Such windows can

eventually be found by holding the substrate at 77*K during the implantation.

2. Polycrystalline growth from the surface must be suppressed with a

multiple implantation cycle.

The same implantation and anneal cycle was performed on (100> GaAs lead-

ing again to a complete lattice recovery. Further work on the <100> orienta-

tion and on the electrical activation of dopants during this process for both

<511> and <100> orientation is being conducted and will be reported later.
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FIGURE CAPTIONS

Fig. 1 Channeling spectra illustrating the isothermal annealing behavior

at 500 0C for 8x10 1 5 As+/cm2 , 180 keV implant into <511> GaAs.

Fig. 2 Channeling spectra illustrating the incomplete epitaxial regrowth

at 425°C for 2x10 1 5 As+/cm2 , 145 keV implanted inL<5ll> GaAs.

Fig. 3 Net stoichiometric imbalance and damage distribution in GaAs pro-

duced by an implantation of 2x0O15 As+/cm2 at 145 keV (calculation).

Fig. 4 Channeling spectra illustrating the complete epitaxial regrowth at

475 0C for 5x104 As+/cm2 , 145 keV plus l.7xlO14 As+/cm2 , 80 keV

implant into <511> GaAs.

Fig. 5 Representative bright field transmission electron micrographs

obtained from samples implanted with 145 keV As ions to a dose of

5xl0 14 cm" 2 plus 80 keV As ions to a dose of 1.7xlO1 4 cm- 2 .

(a) As implanted; (b) implanted and annealed at 475 0C for 10 mrin.

selected area diffraction patterns characteristic of regions are

shown in insets.

Fig. 6 Representative bright field transmission electron micrographs

obtained from sample implanted with 180 keV As ions to a dose of

8xlO1 5 cm- 2 . (a) implanted and annealed at 4750C for 10 min.

(b) implanted and annealed when 750 A are stripped from the

surface. Insets show selected area diffraction patterns from

regions.
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Thermal diffusion of tin In GaAs from a spli-On SnO2/SI0 2 source)
Y. 1. Nisgimn and J. F. Gibbons
Stanford Elet rankcs Labopaw.*sm Stanford. California 94305

C. A. Evans, Jr., V. R. Deline, and J. C. Norberg
Charles Evans an~d Anwwitsm Saon Moaeo Cal jonia 94402

(Received 3 March 19801, acetpted for publication 22 April 1980)

The thermal diffusion of Sni in GaAs from a spin-on SnO 2/SiO 2 source is described. The
processing steps leading to reproducible electrical characteristics are presented. Electrical
measurements, secondary-ion mass spectroscopy, and Rutherford backscattening analysis have
been used to study the diffusion during various processing sequences. The results show that this
source can make Sni atoms available for diffusion at very low temperatures and produce heavily
doped, shallow n * layers that may be of interest for GaAs field-elfect transistor technology.

PACS numbers: 66. 30.Jt, 72.80.Ey

Sn has be-en used frequently as an n-type dopant in SnO2/SiO2 film. The temperature of deposition was 450*C.
GaAs. The introduction of Sn ini GaAs from Sn-doped sili- The thickness of this encapsulant is critical to avoid thermal
con dioxide has also been reported."' Recently a new source stresses during the subsequent thermal treatments. The ox-
consisting of n spin-on SnO,/SiO2 film was described.4 5 We ide thickness should be no more than 0.8jMm. We have cho-
are presenting here a study of the thermal diffusion from this sen 0. 5 pmn as our standard condition.
source, which shows significantly different chemical and Any abrupt changes in temnperature will produce
electrical behavior of Sni compared to the doped silicon diox- stresses that cause the films to peel. For this reason a slow
ide sources. thermal ramp is required before any subsequent thermal

The sample processing steps were as follows. A semi- treatment. A total time of 15 min with a 50VC increase per
insulating chrome-doped GaAs substrate oriented along the
(100) direction was used. The spin-on source is a tin silica
film obtdined from Emulsitone,6 consisting of a mixture of TBEI apn yl ny
3n0 2, SiO2, and ethyl alcohol. The film is deposited uiang a T- CC) p (1)/0j) ),, (c// $Cc) N. (atoms/cm2)
photoresist spinner. A rotation speed of 3000 rpm was cho - ______________________

sen, producing a film about 0. 3 pm thick. A thermal treat- 7730
ment at 200 *C for 15 min removes the binder (ethyl alcohol) am0 224 2255 l4.3x in"

Aand leaves alayer ofSnO2/SiO 2 with amolecular concentra- 90 122098 2.44x 1O"
tion of about 1: 10, according to the vensdor As an encapsu- 950 64 2234 4.3&x 10O"
lant, a film of undoped SiO2 (Silox) was deposited on the

Be Appl. Phys. Let. 37(l), 1 July 1960 0003-6951/80/130089-03$00.50 ©1980 Anrtca instintute of Phyiyucs 89
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-02, TABLE II: Thermal procesaing with source cap on

TraV �- ELECTRICAL
0'• ME ASUREMENTS 'Annealing condition p (fl/fl) (cm

2
/Viec) Nn (atoms/cm

2
)

tO?( '\ 0SZEIIRVIN MOBILITYMMEA. UED.. IS min ramp

+3Omin to 700"C 4667 767 1.75x 1011

15 min ramp
101. 9o +43 min at K00C 151 1794 .3! X 10"

15 min ramp
+45 min at 900 T 20 1750 1.82<x 10t

GaAs, the duration of the ramp (15 min) is not sufficient for
a a deep diffusion in the GaAs substrate

,017 --,o0 > Figure I also shows mobilities obtained by the differen-
tial Van der Pauw measurements, along with the Sze and
Irvin mobility corresponding to the measured carrier con-

.. . . ..... •_centration. One can see that the agreement between the two
005 01 015 values is excellent when the concentration of Sn is compara-

DEPTH (M m) ble to the electrically active concentration of Sn. We can see
FIG. I. Van der Pauw stripping and SIMS profile for a sample ramped to that beyond a depth of about 1250 A most of the Sn impuri-
90 1C. ties are electrically active and that the measured mobility

follows the expected value.
minute for the last 8 min was chosen to ramp the samples to Following the initial ramp, further thermal diffusion
the desired temperature. This ramp was carried out in a N 2  was studied. With the SnO 2/SiO 2; SiO 2 "source cap" on the
ambient, substrate, an anneal was carried out in N 2 ambient after the

A Van der Pauw technique was used to measure sheet initial ramp. The temperature of the annealing was the one
resistivity, mobility and carrier concentration after the reached during the ramping cycle. Electrical activity was
rzntping cycle, with the results indicated in Table 1. We see first detected after a ramp to 700 "C, followed by an anneal at
from t'ie data that the ramping sequence is responsible for 700 'C for 30 min, Table II summarizes this process where
diffusion and electrical activation ofSn. Measurable activity three annealing conditions have been chosen. The sheet car-
starts at 80(, *C with an active dose of 4.73 X 10.2 and can nier concentration varies from 1.75 X 102 (30 min at 700 C)
reach 4.38 x I'" atoms/cm2 at 950 *C. to 1.82x 104/cm 2 (45 min at 900 C). Rutherford backscat-

A comparison of the chemical profile and the electrical- tering analysis was done on a sample ramped to 900 "C and
ly active one was obtained from using secondary-ion mass annealed 5 min at 900 'C. The total concentration of Sn was
spectroscopy (SIMS) and differential Van der Pauw tech- found to be 6 X 10"/cm2. This result suggests that the source
niques. The measurements were carried out on a sample cap introduces enough Sn atoms in interstitial sites during
ramped at 900 "C and are presented in Fig. 1. It can be seen the rpmping cycle which are then ready for further diffusion
that only 3% of the total sheet concentration of Sn and activation.
(7 X 10' 4 /cm 2 ) is electrically active. The total diffusion In light of this last result, we carried out an anneal after
depth is 2000 A, with most ofthe Sn atoms located within the removing the source cap. The ramping cycle was done for a
first 10 k A. This was expected in view of the nature of this range of temperatures varying from 600 to 950 'C. The dura-
thermal treatment. Although the temperature of 900 "C is lion o&this cycle was kept constant at 15 min. The source cap
enough to introduce Sn atoms from the source into the was then removed by a 45-sec dip in HF to remove the oxides

TABLE IlI: Thermal annealing without source cap.

Annealing
conditions T,,-,,1 C) 600 650 700 750 800 850 900 950

30 min p(f7/0) 521 206 170 89 81 72 54 44
at 800'C p" (cm

2
/V iec) 2747 2633 2285 2169 2110 2254 2283 2079

NX 10 "/cm2  
0.436 1.15 1.61 3.22 3.65 3.85 5.05 6.85

30 min p 84 74 54 43 43 40 32 26
at 850VC Mn 2667 2154 2325 2196 2214 2110 2256 2206

N" X 10 "A 2.8 3.9 4.98 6.55 6.64 7.35 8.77 11.1

30 p 60 43 40 31 28 27 28 22
at 900"'C 140 2353 2341 2381 2199 2111 2103 2098 2176

N,, x 10 4.42 6.15 6.63 9.29 10.5 10.9 10.5 13.2

90 Appl. Phys. Left., Vol. 37, No. 1. 1 July 1980 Nalm eot/. 90



'0 \ _-M-, " *C [ 900, 800, and 600 *C. Thtse results are presented in Fig. 2.
is We can see that the peak of very high Sn concentration is still

IELECTRICAL ANEAL present after the anneal and that it now spreads to a depth of
10Oe-skM t o . 3000 A followed by a fiat distribution (SIMS analysis). The

active carrier concentration curve also shows a peak near the
surface. During the SIMS analysis we have also followed the

'9 \ behavior of oxygen. The wafer studied (ramp to 950/850 °C
E anneal) reveals that oxygen has been introduced to a depth

corresponding to the high peak Sn concentration. Conse-
*o quently the yield of Sn in this matrix does not correspond to

61 0' 1. *the scale shown in Fig. 2, since the SIMS calibration was
* performed for Sn in GaAs. This last observation is supported

0. by a Rutherford backscattering analysis showing a lower
1017 0 total concentration of Sn than the SIMS analysis.

0 As a result of these experiments, we believe that an in-
terface reaction between the source and the substrate occurs.
This reaction occurs at temperatures as low as 450 °C and is

0 0 2 o0 o 08 , ,.2T1 responsible for a high Sn concentration at the surface. The
majority of the Sn is not electrically active until a further

FIG. 2, Van der Pauw stripping result for ramping cycles to 900, 800, and anneal.
600 "Cfollowed by an anneal at 830 "C for 30 min with no source cap. Also a This source can produce a shallow n ' layer on an insu-
SIMS profile for the same sequence with a ramping temperature of 950 'C. lating substrate with excellent electrical properties and a

high percentagý- of active dopants below the peak Sn concen-

tration at the su. ace. These characteristics make this dopingand a 5-min dip in boiling HCI to remove any metallic tin. source attractive for use in GaAs field-efrect transistor
All the samples were then encapsulated with a film of heavily technology.

As-doped SiO. Three different sets of samples were an- theato rfa
The authors are grateful to AROD (Contract DAAG

nealed for 30 min at 800, 850, and 900 "C in H2 ambient. 29-78-G-01 19) for the support of this work.
Sheet electrical measurements were carried out with the re-
suits shown in Table II1. A monotonic evolution of the carri-
er density and sheet resistivity leading to an ultimate satura-
tion for the high-temperature ramping and annealing cycles
is obtained. It is interesting to note that Sn can be introduced 'W. van Munch, IBM J. Res. Dev. 10, 438 (1966).

'C. F. Gibbon and D. R. Ketchow, J. Electrohem. Soc. 118, 915 (1971).into GaAs at very low ramping temperatures. This conclu- ii'1 Yamazaki, Y Ka-'3saki, M. Fujimoto, and K. Kudo, Jpn. J. Appl.
sion follows from Table III since no electrical activity was Phys. 14. 717 (1975).
observed after the ramp (Table I). 4In. Arnold, H. Dambkes, and K. Heimy, in Digest of Technical Papers,

We focused our attention on the 850 "C anneal for pro- I Ith International Conference on Solid State Devices. Tokyo, 1979, p. 89).
'J. F. Gibbons, A. Lietoila, Y. I. Nissim. and F. C. Wu, in Proceedings ofthefiling measurements: SIMS analysis was performed on the Q7Q Materials Research Society Symposium on Laser and Electron Beam

sample ramped to q50 °C, and differential Van der Pauw Processitig of Materials (unpublished).
measurements were carried out on the samples ramped to 'Emulsitone Co.. 19 Leslie Court, Whippany, N.J.
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cw lasr assisted diffusion and activation of tin In GaAs from a SnOt/S101
source

Y. I. NiuWm and J. F. Gibbons
Stanford Rlectmrios LaboratoVex Stanton Cal.(Arni 9405

T.J. Mageeand R. Ormond
Adanced Remarch and ApplicaIons Corpomtie, SUnnyuale Calbrnla 94086

(Received 23 June 1980; accepted for publication 26 August 1980)

A new technique for doping GaAs with Sn from a spin-on SnO 2/SiO 2 source is described. Sn is
first introduced in the GaAs substrate by a slow thermal ramp. Subsequent diffusion and
activation of Sn is accomplished with a cw scanning laser. Results for laser power below and above
the melting power of the substrate are presented. Transmission electron microscopy and electron
diffraction patterns indicate that a chemical reaction involving the formation of a tin-arsenide
compound occurs during the diffusion process.
PACS numbers: 61.70.Tm

The diffusion of impurities in a semiconductor sub- The diffusion of tin was first studied in a regime where
strate from a deposited dopant source film has been studied the laser power was kept below the level required to melt the
for many years. Recently, the use of a SnO 2/SiO 2 source to substrate. The laser power for this condition was determined
diffuse Sn impurities in GaAs substrates has been intro- by observing the laser power required to just produce visible
duced'' and found to have properties of interest for GaAs thermal etching and then reducing the settings by 5%. A
technelogy Experiments by the present authors have used a power level of P = 0.61 W, leading to a maximum induced
double "z urce-cap" layer consisting of a 0.3-/pm spin-on temperature of about 800 "C, was obtained. A series of one,
SnO 2/SiO 2 film covered by a 0.5-pm film of SiO 2 prepared three, and five scan frames were performed with the double-
by chemical vapor deposition. The substrates were (100) layer source cap remaining on the substrate. A Van der
Cr-doped semi-insulating GaAs. The description of the pro- Pauw technique was used to characterize the resulting sheet
cessing steps and the behavior of Sn during thermal diffusion resistivity, Hall mobility, and sheet carrier concentration.
are presented in Ref. 3. In this paper we present data illus- The results are summarized in Table I. The increase of the
trating the use ofa cw scanning laser to assist the Sn diffusion sheet carrier concentration from 2.44 to 3.01>( l0X1 cm- 2 ,
process that was initiated thermally. accompanied by a decrease of sheet resistivity with a larger

To prevent the peeling of the double-layer source cap number of scans, illustrates either the diffusion from the
during laser irradiation, a slow thermal ramp was carried out source and/or the activation of tin impurities introduced
in N2 ambient. Typical thermal pretreatment for optimum during the thermal cycle.
laser action is a ramp from room temperature to 900 "C in 15 SIMS (secondary ion mass spectroscopy) analysis was
min. This step apparently breaks down an interfacial barrier performed on a sample thermally ramped only and on a sim-
to start the diffusion process. So far we have been unable to pie scanned five times after the ramping. The profiles show
start the diffusion by the scanning laser alone, an increase in Sn concentration and an in-diffusion of about

The thermal ramp gives an electrically active Sn con- 150 A. To investigate the contributinn of the irradiation to
centration of 2-3 x 10"8 atoms/cm3 to a depth of about 1600 the diffusion from the source cap, compared to the activation
Ak in the GaAs substrate. Following this ramp, the wafers of the impurity sitting in the substrate after the ramp, the
were laser treated using the scanning cw argon ion laser sys- source wax removed before the laser scannings. The refiec-
tem described by Oat and Gibbons." The beam was focused tivity of the bare substrate (after the thermal ramp) was mea-
by a 136-mm lens, leading to a 50-pm beam diameter at the sured and the incident laser power adjusted to reach the
focal plane. The spot was then scanned with 15-pm spacing
between adjacent lines at a speed of 12 cm/sec. In order to TABLE1. Sheet electrical measurement of the Sn-diffused layer induced byreduce the thermal stress created by the incident beam at the repetitiEve laser scans.
surface of the wafer, the substrate was held during irradia- __

tion at 350 *C. These parameters were found to be optimum P b,, N,
and were kept constant. The investigation of the different ("J /0) (cm2/V sec) (cm 2)

temperature regimes was accomplished by changing only Thermal ramp to 900 .C
the incident power level. The reflectivity of the substrate in 15 mi 122 2098 2." X 10"
with its double-layer source cap was directly measured to be I scan with source cap 118 2017 2.63 X 10"
24%. Using calctilations and curves of laser-induced tem- 3 scans with source cap 117 1838 2391 X 10"

7 peratures in GaAss and the above parameters, a maximum 5 scans with source cap 107 1940 3,01 X 10"S5 scans with no sourcesurface temperature was associated with each incident laser cap 118 2057 2.57 X 10"
power.

227 J. Appl. Phys. 52(1), January 1981 0021.8979/81/0227.03501.10 (c) 1981 American Institute of Physics 227



same maximum temperature (=_800 'C) as before. The wafer
was scanned five times and the sheet electrical measure- *Ramp *5mi at 900C

ments presented in Table I were carried out. The results, -Ramp + 5 min at 900"C .5 LASER SCANS
AT P -0.61W

when compared with those obtained with the source cap on, a Ramp * 5 min at 900 *C +3 LASER SCANS
suggest that the total increase in active impurities due to AT P -o066•W

laser irradiation is 77% from the source and 23% from the
activation of Sn introduced during the ramp. 6_.- "-i,2 2.2 Me v

The action of the laser is found to be more significant if G; GAs Sn
the sample is left "at temperature" for a short time after the 5
ramp. For this reason the above experiment was rm -ited 0

after thermally ramping the substrate and its source ,. .
900"C and leaving it for 5 min longer at 900 *C. A serý s of ,
five scans, inducing a maximum temperaturm of a,• jv
800 'C, w•a then performed. A differential Van der Pauw Z 3 -
technique was used to profile these samples. Figure I shows ou
the results obtained before and after the irradiation. A net 2
increase in carrier concentration to a value of about 8 X 1I0'a
cm _' is observed after the scans. The etching rate of these
layers was very nonuniform. For this reason the profiles in -
Fig. I should be averaged to a fiat distribution ending rapidly
at a depth of 2500 A. The total Sn profile was also obtained o15 1.75 2.0
using a Rutherford backscattering (RBS) system. A 2.2-MeV ENERGY (Me V)
incident helium beam incident on the GaAs substrate was
used after removal of the source. The spectra obtained in a FIG. 2. ROS random spectra showing Ga and As edges and the Sn profile.

random orientation from the backscattered particles are pre-
sented in Fig. 2. A sample having received a thermal treat-
ment only, another one receiving additional laser scans lead- served in the electrical profile (Fig. 1). This suggests that a
ing to Tin..ý 800 C, and a third one scanned at higher laser chemical reaction takes place in addition to the diffusion
power leading to T,, c-850 "C were analyzed. The Sn pro- process. To study this possibility, a sample ramped to 900 'C
file is characterized by a large peak concentration at the sur- and a sample ramped and scanned five times at a power in-
face which increased after laser scanning, probably showing ducing a temperature of 800'C were prepared for transmis-
Sn diffusing from the source. An increase in the width of the sion electron microscopy (TEM) and diffraction analysis us-
profile after irradiation is also observed. This illustrates the ing conventional jet thinning techniques. Bright field (Fig. 3)
diffusion of Sn in GaAs. and dark field transmission electron micrographs indicated

Both the RBS profiles and those obtained using SIMS precipitation after thermal ramp and after laser processing.
analysis' show an anomalously high concentration of Sn Selected area electron diffraction patterns revealed that the
close to the surface. No high surface concentration is ob- precipitates were composed of a tin-arsenic compound

Sn3As2. Additionally, an amorphous # Ga2 0 3 was detected
in the samples. After laser irradiation we observed an in-

1 0I* - crease of the amount of surface coverage byfi Ga20 3 crystal-
lites. In all cases the surface oxide film appeared as a laterally
discontinuous film.

E ..
1! 10`
Z

Z 10 0° Ramp to 900OOC +5 min at goo0°C0

So0 R .•m p to 9 0 0 *C + 5 m in at 9 0 0 *C

• 5 LASER SCANS
(Tmax M 800*C)

U 17 200

0 800 1600 2400

DEPTH (A) FIG. 3. Bright field transmission electron micrograph showing formation
of As2Sn3 plates. In the upper-right-hand comer are the rings associatedFIG. I Electrical profiles for Sn obtained using a differential Van der Pauw with 5Ga2O, and As2Sn.,. The d values were measured and checked to be

technique, consistent with above compounds.
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TABLE II. Electrical measurements of tin-diffused layer induced by the laaer at P•P,,,,, I W.

Temperature p N,

of the ramp p (fl/0)l (cm/V sJc)J (cm 2) (cm

0 scans
700 'C + I scan

2 perpendicular scans 127 220 2.27 x 1011

0 scans 537 2150 5.43 X 1012

800 "C + Iscan 120 600 8.62 X 10"

2 perpendicular scans 54 S00 2,36X 10"4

I scans 82 2100 ' 3.6 x 10"1

QO"C + Iscan 48 850 1,54X 1014

2 perpendicular scans 28 800 2.82 X 10"4

The temperature regime where the incident puwer is sion depth after laser scanning, as compared to a regular
above the melting threshold of the GaAs substrate has also thermal diffusion, allowed us to produce shallow n + layers,
been investigated. Melting occurs at about P = I W. Differ- making this new technique attractive for the GaAs
ent scans were tried in the range 1-2 W. A difference in color technology.
observed in the scanned lines as a function of incident power The authors are grateful to AROD (Contract DAAG
suggests that different tin-arsenide compounds are formed 29-78-G-01 19) for the support of this work.
(similar to the silicon-metal reactions ' ). Unfortunately it was
impossible to identify these compounds because the sub-
strate cracks during an overlapping scan (for P > 1.4 W). The
electrical conduction was observed to be significantly better
along the direction of the scan compared to a direction per- 'N. Arnold, H. Daembkes, and K. Heimne, J. Appl. Phys. 19, 361 (1980).
pendicular to the scan. For this reason the wafers were 2J. F. Gibbons, A, Lietoila, Y. L. Nissim, and F. C. Wu, in Laser and Eke-

scanned in two perpendicular directions. Table II summa- Iron Beam Processing of Material, edited by C. W. White and P. S. Peercy

rtelectrical measurements done on samples Academic, New York, 1980), p. 593.
rizes the sheet e'Y. 1. Nissim, J. F. Gibbons, C. A. Evans, Jr., V. R. Deline, and J. C.
scanned at Pc-zP,,,,1 , = I W with different ramping tem- Norberg, Appl. Phys. Lett. 37, 90(1980).
peratures. It should be observed that the change in sheet 4A. Gat and J. F. Gibbons, Appl. Phys. Lett. 32.142 (1978).

carrier concentration is drastic, but the overall mobilities are -Y. 1. Nissim, A. Lietoila, R. B. Gold, and J. F. Gibbons, J. Appl. Phys. 51,
214(1980).

low, probably owing to stress lines induced by the laser. 'T. Shibata. T. W. Sigmon, and J. F. Gibbons, in Laser and Electron Beam
We have shown that a cw laser could assist the difflusion Processing of Materials, edited by C. W. White and P. S. Peercy (Academic,

and activation of Sn in GaAs. The small increase in the diffu- New York, 1980), p. 530.
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Nonalloyed Ohmic Contacts to n-GaAs by CW Laser-Asslsted
Diffusion From a SnO2 /SiO2 Source

Y. i. NISSIM, J. F. GIBBONS, AND ,. H. GOLD

Abstrrci-Nonalloyed ohmic contacts were t'ormei; s. diffused n+
layers In GaAs. These layers were obtained in semi-insulating substrates
by a combination of themal and CW laser-asalsted diffusaton and acdva-
don of tin from a spin-on SnO 2/SiO 2 film. These contacts display low
specific contact resistance ( • I X 10"6 n' cm2 ) and good thermal
stability (up to 400&C).

The quality of ohmic contacts plays an iil•p)rlant role in the
performance and reliability of GaAs devices such as the field-
effect transistor. Traditional Au-Ge alloyed contacts have a
relatively low specific contact resiatance (in the low 10-6
, cm 2 range) but leave room for improvement in both morphol-
ogy and thermal stability 11, [121. In an attempt to solve
these difficulties, new techniques have been recently devel-
oped for the formation on nonalloyed contacts. For this
purpose, molecular beam epitaxy 131, 141 and pulse beam
annealing of high ion implar:ed doses 151 have been used to
produce heavily doped n layers. In this presentation we in-
troduce a orw' diffusion technique to obtain nonalloyed con-
tacts to GaAs.

The nt layers are obtained from the diffusion of tin in Cr
doped (100(' GaA ,.obstrates. The diffusion source is a spin On
SnO 2 /SiO 2 fiiMa (0 ' pi/) ecncapsulatcd with Si02) (0.5 Nm)
deposited by chemica! %apor deposition. Details of the pro-

Manuscript received December 5, 1980. This work was supported by
AROD Contract DAAG 29-78-"G-119.

Y. I. Nissim and J. F. Gibbons are with Stanford Electronics Labora-
tories, Stanford, CA 9430S.

R. B. Gold is with the Wall .ns-Johnion Company, Palo Alto, CA
94304.

0018-9383/81/0500.0607$00.75 0 198 IEEE



IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL.. ED-28, NO. 5, MAY 1981 609

08

6 REF. (2)

06-

T * 320C

01

SAKtE TIME (heurs)

Fig. 3. High temperature stability of planar nonalloyed contacts.

contact width, is plotted for two different temperatures (320
and 4000C) in Fig. 3. 1000 h at 3200 C produces an increase
in resistance of less than 50 percent. Even at 4000C, the slope
of the increase is still small. Published data for the degradation
of Au-Ge alloyed contacts are presented for comparison.

This low contact resistance and thermal stability make Sn
diffusion from doped films an attractive technique for the
fabrication of nonallayed contacts. The straightforward pro-
cessing sequence and the broad laser irradiatior window suggest
a numt~er of applications to GaAs devices.
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CW LASER-ASSISTED DIFFUSION OF TIN IN GaAs FOR NON-ALLOYED
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The diffusion of tin in semi-insulating GaAs from a Sn0 2 /SiO2
film has been studied 1P]. Such diffusion leads to the formation of a
thin n+ layer (n > 010 cmn ). We have found that the evaporation of
Ti-Pt-Au or Al on these diffused layers produces low-resistance ohmic
contacts without requiring a subsequent alloy. This process is of
particular interest for GaAs MESFET's since these metallizations are
also suitable for Schottky barrier gates on lightly-doped material.

The "source-cap" for the tin diffusion consists of a Sn02/SiO2
film (typically 0.3 pm thick and deposited by a spin-on technique),
covered by a 0.5 um film of CVD Si0 2. Single-layer CVD Sn0 2 sources
and multi-layer CVD Sn0 2 /SiO 2 sources have also been investigated.
The diffusion is initiated by a slow thermal ramp (typically room
temperature to 900 0 C in 15 minutes) after which the wafers are irra-
diated with a scanning cw argon laser. A typical incident laser
power of 0.6 W is focussed on a 50 um diameter spot, producing a
maximum surface temperature of -800*C. Carrier and impurity distri-
butions in the diffused n+ layers have been analyzed by differential
van der Pauw measurements and SIMS depth profiling, respectively.
Following the removal of the "source cap", contact metal is evaporated
and a transmission-line pattern is used to evaluate sheet resistance
and specific contact resistance.

The effect of the laser irradiation on these values is shown in
Fig. 1. It can be seen that the sheet resistance of the n+ layer is
relatively unaffected by the laser, for powers below 0.6 W, but that
there is a dramatic effect on specific contact resistance (two orders
of magnitude lower than with no laser scan). Contact resistances in
the low 10-6 ja-cm2 range can be obtained for a range of incident
laser powers from 0.4 to 0.7 W. The resistance of the resulting
planar contacts is roughly 0.1 0, for a 1 mm contact width. These
contacts appear to be thermally stable; 1000 hours at 3200 C produces
an increase in resistance of less than 50%.

We have also investigated laser processing in the regime where
power is increased to the level which causes melting (-1 W). It is

Ell Y. I. Nissim, J. F. Gibbons, C. A. Evans., Jr., V. R. Deline and
J. C. Norberg, Appl. Phys. Lett. 37, 90 (1980).
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observed that GaAs wafers with the double-layer '"ource cap" can with-
stand significantly higher laser-induced maximum temperatures than
unencapsulated wafers. Sheet resistances below 30 n/0 have been pro-
duced in this regime.

This work was supported by AROD Contract DAAG 29-78-G-0119 and by
Teledyne MEC.
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Fig. I The effect of laser power on the proper-
ties of diffused n+ layers and non-alloyed
Ti-Pt-Au contacts. The bars on the RSC
data represant the range of values
observed on various runs.
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