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Introduction

Since the pioneering work on laser annealing Cl] pulsed

lasers have been used: to anneal displacement damage in ion-

implanted semiconductors, to transform amorphous layers into

single crystal material, to clean surfaces of semiconductors,

to produce diffusion of dopant material deposited on surfaces

as well as to form silicides or super saturated solid solu-

tions etc. Progress in these areas during the last four years

has been astonishing, both in terms of fundamental understan-

ding and in the area of practical applications.

Numerous publications [2,3] show that pulsed laser anneal-

ing has become a new and potentially powerful method to obtain

a good-quality anneal of near-surface displacement damage,

offering a few advantages over conventional furnace treatment.

Only the near-surface region is heated to high temperature and

the bulk is not affected thus the reduction of the minority

carrier lifetime in the bulk is much less than in thermal

annealing; the depth control of the dopant distribution is

superior as well as the concentration that can be put on sub-

stitutional sites.

In the case of As+-implanted Si<lll>, it is difficult to

remove the radiation damage by classical furnace annealing,

therefore, we have investigated the behaviour of pulsed ruby

laser and free-running Nd-glass (ms) laser annealing of arse-

nic implanted Si<lll> as an example to understand the mechanism

for laser annealing. This is the subject of chapter II.

In the area of pulsed laser annealing a few fundamental

questions are still remaining. One of them is the oxygen in-

diffusion problem during laser annealing of silicon in open

air or with the native oxide on the surface. Several indica-

tions which might relate to indiffusion of oxygen have been

reported [4]. There are some authors [5] who have reported

incorporation of oxygen in depth induced by laser irradiation

in air. In addition it has been pointed out that oxygen in-

troduced in silicon with a concentration of 10 - 10 cm

significantly influences the evolution of micro defects [6 3.



So far very few studies have been done on the indiffusion of

oxygen. In chapter III we report on a study of the indiffusion

of oxygen during laser annealing/cleaning of silicon by means

of the i60(a,oc ) 1 60 resonance elastic scattering at 3.042 MeV.

Research on the physical mechanism of annealing damage in

GaAs using laser pulses is still largely lacking. Eisen L7J

have proposed that thermal melting is involved. If this is the

case then one should take into account evaporation of As since

its vapor pressure at the melting point of GaAs is rather

high. In chapter IV we investigate the thermal evolution of GaAs

under laser irradiation assuming instantaneous heating of the

lattice. The differential equation for the temperature, as

function of tiwa and depth has been solved. It is predicted

that as a result of a 1 J/cm pulse from a Q-switched laser

approximately 3x 10 As/cm vill evaporate. This is experi-

mentally tested in the second part of the same chapter.

Energetic ion penetration through a thin film can induce

atomic mixing between the film and its substrate, often refer-

red to as ion-beam mixing. Since the first demonstration of

the formation of suicides [ 8 ] induced by ion irradiation,

ion-beam mixing has been receiving considerable attention.

Particularly within the last three years, the use of ion beams

to induce structural and compositional changes in the near-

surface region of bulk materials has been actively investiga-

ted [ 9,10 ]• Ion-beam mixing has been used to form a wide

range of metastable phases and equilibrium compounds as well

as supersaturated solid solution [11,12,133. Ion-beam mixing

not only can produce the phase which is the same as that ob-

tained by normal thermal treatment it can also form alloys

where no equilibrium compounds are present.

The motivations of the investigation on ion-beam mixing

are as follows: First, ion-beam mixing is an alternative method

to replace high dose ion implantation for formation of meta-

stable compounds, specially in the case of ion implantation

in metals it is necessary to implant with a high dose
17 2

(typically 1 U 0 /cm ) in order to reach high concentration

(around 10 at. %) of foreign atoms required to change the
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metallurgical properties of solids. Unfortunately, there is a

limit of composition achievable by ion implantation. Liau et

al. [14], have shown that the maximum concentration of the

implanted species is limited by ion-induced sputtering of the im-

planted layer. The maximum achievable concentration of the

implant NA/Nfi by

NB (8-1)

where s is the sputtering yield, y is preferential the sputtering fac

tor for multi-elemental targets. For example, the predicted

maximum concentration for Au-implanted in Cu can be estimated

to be ~ 5%, which is in agreement with experimental results

[15]. It may turn out that the efficiency of high dose implan-

tation for metals is not good enough to modify the surface of

metals and ion-beam induced mixing may have more potential

for application to materials modification. In ion beam mixing

one deposits the material on the sample surface rather than

directly implanting it, then the overlayer and substrates are

mixed using an ion beam. This offers the possibility to over-

come the concentration limit due to sputtering during implan-

tation.

Secondly, it was shown that [16] atomic mixing accompanying

sputtering events causes ultimate limits to the depth resolu-

tion attainable in sputter profiling of composite targets.

The perturbation due to ion beam mixing may change the com-

position and distribution of species profiled. So it is

necessary to take the mixing effects into account when sputter-

ing is used in profiling the composition of materials.

The interest in ion-beam mixing does not only come from

applications point of view but also from understanding the

mechanism for ion beam mixing. Up to now the basic mechanisms

of ion-beam mixing are not yet very well understood, several

mechanisms have been proposed to deal with the observed mix-

ing phenomena which are summarized in table I. First, ballis-

tic mixing (collisional mixing) may be induced by recoil im-

plantation, collision cascades, as well as displacement spikes

[17,18]. In the collisional mixing process, kinetic energy

L



PROCESS

COLLISIONAL MIXING

(BALLISTIC MIXING)

1. primary recoil mixing

(recoil implantation)

2. cascade mixing

3. displacement spikes

DIFFUSIONAL PROCESSES

1. radiation-enhanced mixing

2. radiation-enhanced demixing

IRRADIATION-MODIFIED

DIFFUSION

TABLE 1

SUMMARY OF MECHANISMS FOR ION-BEAM MIXING

FEATURES

prompt processes,

non thermally activated

collision between moving and stationary particle/

low density, isolated displacements,

one of the first collisions in a sequence

collision between moving and stationary particle,

isolated displacements,

later in the collision sequence,

linear phenomena,

deposited energy <* number of displacements,

isotropic and anisotropic mixing,

collisions between moving particles,

overlapping displacements,

non-linear phenomena,

all atoms in spike volume have energy > heat of fusion

delayed processen,

thermally activated, thermodynamic driving forces

radiation induced mobile defects,

radiation induced separation of solute and solvent

persistent effects,

thermally activated

TIME SCALE

1O"13 sec

10"12 sec

10"11 sec

< 1 hr
(during
irrad.)

> 1 hr
(after
irrad.)
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of incident ions is transferred to target atoms via atomic

collisions which depends on the mass numbers of the systems

involved. In principle this effect does not depend on the

temperature of the substrate during ion irradiation.

Second, diffusional mixing involves radiation-enhanced dif-

fusion and radiation-induced segregation. Mobile defects,

such as vacancies and interstitials generated by the irradia-

tion, may give enhanced diffusion greatly accelerating the

diffusion of substitutional atoms [193. The diffusional mix-

ing is a thermally activated process and depends on the tem-

perature of the substrate.

In general, often more than one mechanism appears to be

contributing to the mixing observed for a particular system

and many factors influence the atomic mixing behaviour. Often

there are large variations (factor of j> 10) in the rate of

mixing from system to system [20] which cannot be explained

by mass dependences of systems expected from collision theory.

In addition atomic mixing behaviour for a thin marker layer

structure may differ from that of thicker layers. The reason

for this difference is not yet known. Therefore, it is worth-

while to study the mechanisms of atomic mixing for different

systems under various conditions.

In chapter V, VI, VII we investigate the atomic mixing be-

haviour of Cu-Au and Cu-W systems. As both systems have a compa-

rable mass number and because under normal thermodynamic con-

ditions the Cu-Au system is miscible whereas the Cu-W system

is not, comparison of both systems may provide a test for

current theories on ion beam mixing.

In chapter V we show results for room temperature irradia-

tion. In chapter VI the temperature dependence is investiga-

ted. In the last chapter we discuss and compare atomic

mixing effects induced by ion and pulsed laser beams.
4 +In this thesis He Rutherford backscattering spectrometry

has been used as analysis tool. The principle of the RBS

method has been given in detail by Chu et al. [21],

L.
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Laser annealing behaviour of As-implanted Si<lll>

and the mechanism of laser annealing

Abstract

Thz bzhavioun. o £ £- iwitchzd fiuby lcu>zn annzaZing and
JIU.YIYU.VIQ Hd-gZa&& Za&zn. annzaZing o fa atuznic -LmpZantzd &i.£i.c.on
<111> hcu bzzn &tu.d*,Q.d by mza.vi& o£ thz van dzfi Pauw mzthod
and Ratkzfi^ofid back&cattzJving. Thz mzchanA.&m o£ Za&zn annzaZZng
<L& at& o d<.& cué&zd.

Tnz n.z&u.lt& &how that tnz annzati.ng z£6zct& o£ hJLgn pouozn.
fuxby ta&zn. annzatX.ng anz bzttzi than tho&z ofa thzfimat annzaLi.ng,
Rzd'L&tKi.bu.tA.on o fa <LmpZan£zd ah.t>znLc atom& A.& ob&zivzd afatzn
fiuby la&zK annzallng and Ud-gla&& la&zfi ititiadj.at4.on.

According to outi tiz&ult&, It &zzm& that tkz Auifiacz di&-
otidzn. ha& bzzn tLZc.tiy&talZi.zzd tktiough ZiquuLd pka&z zpitaxiat
nzgnowtk. Tkzttz atiz a fazw points, kowzvzA, which, can not bz
zxpZainzd by a &impZz mzZting modzZ, thzy nzzd to bz &tudizd
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1. Introduction

Ion implantation has become a well-established technique

for the modification of surfaces, and particularly, as a new

method for the doping of semiconductors; however, in some cases

there is a limiting factor for developing and applying this

technique, as displacement damage will be induced by heavy-

ion implantation with a high dose. Therefore, the study of

suitable annealing procedures for obtaining layers with high-

quality electrical properties is an interesting topic.

In recent years, it is reported in a number of publications

that laser annealing is a new powerful technique to anneal

near-surface displacement damage. Many experiments have demon-

strated that both Q-switched laser and continuous-wave (cw)

laser irradiations can anneal the radiation damage in the im-

planted layer [1,2,31. Q-switched laser annealing not only

recrystallizes the amorphous implanted region but also moves

the implanted atoms to substitutional sites, resulting in elec-

trical activity close to 100%.

As for the mechanisms of laser annealing, a solid phase

epitaxy model [4] and a liquid phase epitaxial regrowth model

[5] have been proposed respectively. The study of the redis-

tribution of dopants is important not only for understanding

the mechanism of laser annealing but also for fabrication of

devices. Studying the behaviour of laser annealing of As-im-

planted Si<lll> also has a more practical purpose because the

conventional furnace annealing can not completely remove the

radiation damage in an implanted layer of Si<lll>. We present,

in this paper, a study of laser annealing of arsenic ion-

implanted Si<lll> using a Q-switched ruby laser (ns) and a

Nd-glass (ns) laser, measured by means of the van der Pauw

method and Rutherford backscattering (R.B.S.) analysis. More-

over, a comparison of laser annealing behaviour with that of

furnace treatment has been made. The investigation of electri-

cal properties of annealed samples has been reported in detail

elsewhere C6]. Our results show that pulsed ruby laser annealing

can yield a nearly perfect crystal and a high carrier concen-

tration .

L
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2. Sample preparation and experimental methods

A series of polished p-type Si<lll> wafers with a resisti-

vity of 8-15 ft cm were implanted with As ions at the 400 keV

implanter of the Beijing Normal university. These wafers were

implanted 7° off the <111> surface normal, at room temperature

with different doses of lxiO14/cm2, l><1015/cm2 and lxiO16/cm2

and each dose with three different energies: 50 keV, 100 keV

and 150 keV.

Following ion implantation, every implanted sample was an-

nealed with a single shot from a Q-switched ruby laser or a

free-running Nd-glass laser at room temperature in open air.

The ruby laser (wavelength 694.3 nm) was operated in multi-
2

mode, giving a maximum output power of 100 MW/cm , with a pulse

width at half maximum of 20 ns. The Nd-glass laser (N-1012

type silicate Nd: glass), was used in multimode with a pulse

duration of 1 ms, a wavelength of 1.064 ym, and an energy of

3 J per pulse. The spot area was 1 mm x 6 mm. Magnitude of the

laser energy falling on the silicon sample was changed by de-

focusing the laser beam by passing it through a set of lenses.

For comparison, one-step and two-step thermal annealings of the

samples were also carried out.

The samples which were implanted to a dose of 10 /cm with

150 keV As ions were analyzed in the a.s-implanted and annealed

conditions using 2 MeV He+ (or 185 keV H+) R.B.S. analysis and

ion channeling technique as well as electron microscopy. The

carrier concentration in the annealed samples was measured by

Hall effect and differential conductivity measurements.

3. Results and analysis

According to the expression of G.H. Kinchin and R.S. Pease

and the experiments of W.K. Chu et al., for a target temperature

of 300 K, the critical As -implanted dose for producing an

amorphous layer in silicon can be calculated to be 10 1 4 As+/cm2

16 + 2
C7]. In the present work, a dose of lxio As /cm was adopted,
therefore an amorphous layer has been formed in the implanted
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samples. It is seen from the R.B.S. spectra that the amorphous

layer is thicker than 1000 8 after ion-implantation. There-

fore, this kind of sample is quite typical in the study of

annealing behaviour.

3.1. Electrical properties of laser-annealed samples

In studying the annealing behaviour of the implanted semi-

conductor material, the final aim is to obtain good electrical

properties of semiconductors. In order to find out the best

annealing effect, the sheet resistance and the carrier concentra-

tion, of the annealed samples have been measured for As -

implanted Si samples which were subjected to various anneal-

ing and implantation conditions.

Results for the sheet resistance are shown in table 1 and

figure 1, where a comparison between thermal annealing and

ruby laser annealing has been made. It is seen from the curves

shown in figure 1 that the samples implanted with different

doses do not always show the same behaviour. Table 1 and fi-

gure 1 show that the sheet resistance of the laser annealed
16 2

sample which was implanted with a dose of 1*10 /cm at 150

keV is 13.8 Q/D. This value is much better than that of the

thermal annealing for 20 minutes at 1000°C, and almost equal

to that of the two-step thermal annealing (550°C + 900°C). This

is consistent with the results from R.B.S. analysis and the

results reported by Gibbons et al. [8].

3.2. Recrystallization of implanted layer by laser annealing

In the case of Si<lll>, it is difficult to restore the lat-

tice by means of thermal annealing after it has been damaged

by heavy-ion implantation with a high dose. Therefore, it is

necessary to study carefully the annealing behaviour and se-

lect a proper means of annealing. In order to study the re-

covery of Si lattice disorder, we have used aligned ion chan-

neling spectra to determine the minimum yield x • for each

sample studied and compare the results achieved by laser an-

nealing with that achieved by thermal annealing.
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The relation between the sheet
resistance and annealing conditions.
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Figure 2

2 MeV He + backscattering spectra of

thermal annealed samples.

A: one-step thermal annealing

30 min at 900°C

B: two-step thermal annealing

8 hour

C: virgin

8 hours at 550°C + 30 min. at 900°C
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TABLE 1 - The comparison of sheet resistance after thermal annealing and

laser annealing for As -implanted Si<lll>

>>, anneal ing

impl ant at ion>\^

50 keV

lxlO16As+/cm2

150 keV

lxlO16As+/cm2

600

244

72

°C

.8

.5

one-step

700°C

210

59.1

800

138

40

thermal annealing

°C

.3

900°C

54.5

30.1

1000°C

19.0

14.1

1100°C

9.1

8.8

ruby laser

annealing

13.8

Figure 2 shows the 2 MeV He backscattering spectra obtained

with the beam aligned along the <111> orientation for an As +

16 2
(150 keV, lxio cm ) implanted crystal in the one-step and

two-step thermal annealing conditions, compared to results

from a virgin crystal. For the one-step thermal annealing the

sample is annealed for 30 minutes at 900°C. The process of

the two-step annealing is described as follows. For the first

step the sample is annealed for 8 hours at 500°Cf and for the

second step the annealing continues for 30 minutes at 900°C.

The figure shows that the implanted sample which has been one-

step annealed at 900°C is partly restored, having a Xmin of

7.6%, while for the two-step annealed sample, the channeling

spectrum is much closer to that of the virgin crystal, the

xmin b e i n g 5*7%-

Figure 3 shows 185 keV H + <111> channeling spectra which

were taken from the sample in the as-implanted and ruby laser

(1.6 J/cm ) annealed conditions compared to results from a

virgin crystal. After laser annealing, the channeling spectrum

shows that the minimum yield X m n is 3.2% which is better than

that achieved by two-step thermal annealing.

The 2 MeV He beam random and channeling spectra for the

As -implanted sample which has been annealed by pulsed (ms)

Nd-glass laser with a power density of 35 KW/cm2 is shown in

figure 4. These spectra show that the amount of Si lattice

disorder is still higher than that for thermal annealing or

Q-switched ruby laser annealing.
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Channeling spectra for As-implanted

Si<lll> after Nd-glass (ms) laser

irradiation

A: as implanted

B: laser annealing

C: virgin
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3.3. Dopant redistribution by laser irradiation

The dopant profiles before and after annealing were deter-

mined from carrier concentration measurement and backscattering

analysis. The distribution of the arsenic concentration as a

function of the laser power density is shown in figure 5. The

laser irradiations were done using the pulsed (ms) Nd-glass

laser. After the silicon wafers were irradiated by the laser
2

with a power density of 40 KW/cm , movement of arsenic atoms in

silicon was observed. Broadening of the implanted atom profiles

took place and the arsenic impurities moved towards the sur-

face as well as the interior of the sample. Figure 6 shows the

relation between the carrier concentration profile and the

thermal annealing temperature. From this one can conclude that

redistribution of carrier concentration also can take place

in the case of thermal annealing.

The profiles of the carrier concentration of the As -implanted

ted samples which have been annealed by the pulsed (ns) ruby

laser are shown in figure 7. The figure shows that if the laser

energy is increased, a more pronounced broadening of the car-

rier concentration profile is observed. The highest carrier
21 3concentration reaches a value higher than 2*10 /cm , exceeding

the maximum solid solubility for As in Si. Indeed, this is

one of the advantages of laser annealing and similar results

have been reported before [8]. In both thermal annealing and

laser annealing, redistribution of dopants is observed. How-

ever, the mechanisms of redistribution are different. The for-

mer is due to thermally enhanced diffusion taking place during

thermal annealing at elevated temperature, while the latter is

due to liquid phase diffusivity.

In summary, the electrical measurements and backscattering

analysis show that higher electrical activity and no pronoun-

ced redistribution of dopants can be obtained by one-step ther-

mal annealing for half-hour at 900°C, but in this case resi-

dual point defects still remain; whereas both higher electrical

activity of dopants and better recrystallization can be achieved

by Q-switched ruby laser annealing.

i
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4. Mechanism of laser annealing

Many publications show that laser irradiation can be used

to anneal the displacement damage caused by ion implantation

and high-quality electrical properties for the implanted layer

can be obtained. In the present work, we found that the an-

nealing effect achieved from ns pulsed laser irradiation is

better than that achieved from furnace treatment. Various mo-

dels for the mechanism of laser annealing have been proposed:

1. For cw lower energy density laser annealing, the authors

of ref. [4] have proposed that the amorphous layer trans-

forms into a single crystal through an enhanced solid phase

epitaxial regrowth while no redistribution of dopants will

take place.

2. Baeri et al. C5 3 have suggested that high power pulsed laser

annealing involves laser-induced melting of the amorphous

layer accompanied by rapid dopant diffusion during the mel-

ting duration of silicon, followed by liquid phase epitaxial

regrowth on the underlying substrate. As a result of the

diffusion of impurities in the liquid phase the redistri-

bution of dopants can be observed experimentally. Measure-

ments of the instantaneous optical reflectivity of the sam-

ple surface were also explained by existence of a molten

layer [101.

According to the melting model for pulsed laser annealing,

the physical process of energy transportation may be described

by the one-dimensional heat conduction equation [12]:

2
cp || = K -2-| + a (1-R) I (t) e" aX (1)

3t 3X2 o

where T denotes the temperature of the sample/ p the density

of silicon, c its heat capacity and K its thermal conductivity,

a is the absorption coefficient for laser light either in crys-

talline or in amorphours, IQ is the incident laser power den-

sity.

To solve eq.(1) we use the finite difference method. In

its explicit form this gives:

I
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-a. Ax. .

«5+1-*5+5^fcj{I<Jvt)(1-

where T1? is the temperature for the j'th slice at the n-th

time interval, k.,, and k. , are the heat conductivities at

the two boundaries of the slices which are given by

+K(Tn)] (3a)

n, (3b)

On the basis of eq.(2), we have numerically solved eq.(1) by

computer [12]. Typical results of the calculation are shown

in figure 8. The results show that the melt depth can reach

more than 2000 A* with a duration of 160 ns when the laser ener-
2

gy density is 1.5 J/cm . In the present work, the thickness of

the amorphous layer induced by ion implantation is 2000 A,
2

therefore the laser energy density of 1.6 J/cm is enough to

recrystallize the amorphous layer mentioned above. In our ex-

periment, the laser energy window for annealing of Si<lll> is
2 2found to be 1.6 J/cm -2.0 J/cm which is in good agreement

with the prediction from our calculation.

The dopant profiles provide important information on the

mechanisms for laser annealing. As shown in figure 7, redis-

tribution of dopants is observed after (ns) pulsed ruby laser

annealing. From our results one can estimate that the diffusion
4 2

coefficient for As in silicon is 2.6><10 cm /sec which is con-

sistent with the diffusion coefficient for As in liquid sili-

con (3.3*10"" cm /sec) [13,15]. Therefore, from our experimen-

tal results and the calculations based on the melting model

one might conclude that pulsed ruby laser annealing recrystalli-

zes completely the implanted amorphous layer through liquid-

phase epitaxial regrowth. Probably this could be one of the

reasons why laser annealing enables one to obtain an annealing

effect much better than that obtained from conventional an-

nealing.
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For ms laser annealing, our results differ from those pu-

blished by Dvurechensky C9J. We found that the average diffu-
—8 "-7 2

sion coefficient for As in silicon is 10 - 10 cm /sec which

is between the diffusion coefficient for As in the solid and

in the liquid phase. It can not be explained by thermal melting

model only nor a solid phase epitaxial process alone.

So far the study of the mechanism for laser annealing is

still in a phenomenological stage, some remaining questions

have to be solved. Indeed, already Khaibullin et al. [16]

concluded that after laser irradiation the characteristics of

the implanted layer can not be explained in terms of heating

effects only and the direct interaction had to be taken into

account. Also, Hoonhout and Saris et al. Cl7] have shown that

the segragation of dopants to the surface can not be used as

an evidence for a thermal melting model and a laser-induced

electron-hole plasma should be considered. Therefore more theo-

retical and experimental work needs to be done in order to un-

derstand the mechanism of laser annealing.

. In summary, the present work shows that Q-switched (ns)

ruby laser annealing offers good-quality electrical properties

of implanted layers which are better than that achieved from

furnace treatment. On the other hand low power (ms) laser

irradiation can only partly anneal the radiation damage. Our

findings can be explained in terms of the melting model, how-

ever, some remaining questions have to be studied further.
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Abstract

An invzstigation ofa oxygzn -indi-Husion dulling laszn. pn.oczs-
si.ng oft iX.lA.con has bzzn pzn.fion.mzd with thz ö(a ,a ) 0 n.z-
6onan.cz sca.tto.Klng at ER = 3.042 Mel/. Thz pan.amzte.fii> ofi this
nzsonancz havz bzzn mzasunzd with thz ai.m ofi nu.cZ.zan. mi.cH.o-
analy&lti. We havz fiound thz fiull-wldth o£ thz KZ&onancz,
T = 10.9+_0.4 feet/, thz ctioi>& &zctlon at iz&onancz, aR = J. 1% +_ 0. OS
b/in. In CM. iyitzm and ER = 3.042 +_ 0 .003 Mel/. SI wa^z/ti VOZKZ

iftKadlatzd u6lng a Qr&wltchzd luby ZaizA, znzngy dznbity ofi
thz pul&zi, 1.5 3/cm , pul&zwldth 20 ni. Thz KZiulté &houi no
zvldzncz ^on. oxygzn i.ndA.^u.&ion nz-Lthzn. ^OK <Lon-implantzd
iilngtz puli>z annzalzd bi.li.con in ain, non ion a &i.licon wajje-t
clzanzd with S laizn. p\xZi>zi> in a UHV znvi/ionmznt. Pon. labzn
clzanzd silicon, thz uppzn. limit o& oxygzn concznttiation wa4
ioand to be zqual to on. lz&& than thz 6olid solubility limit
OJ5 oxygzn in silicon. Thii i& con&i&tznt with thz dissolution
timz OjJ SiO» in silicon, which i.s oKdzn. oh magni.tudz longzn.
than thz assumzd mzlt duration o<$ silicon fallowing pulszd
laszn innadiation. Onz has to concludz that most OjJ thz oxygzn
is zvaponatzd.

Visiting scientist from Beijing (Peking) Normal University,

Beijing, China.
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1. Introduction
There has been a great deal of interest in laser annealing

of ion-implantation damage in silicon in the past few years.

Many publications [1,2,3] show that high-power laser pulses

can be used to anneal displacement damage in ion-implanted si-

licon and transform amorphous into single crystalline layers.

Very few studies have been done on the indiffusion of oxygen

during laser annealing, although several indications which might

relate to indiffusion of oxygen have been reported.

First, the measurements [4] of the displaced fraction of

boron atoms in silicon under H+-irradiation have shown a lower

displacement rate for pulsed laser annealed silicon than for

thermally annealed silicon. The physical reason for this beha-

viour has not yet been understood very well. One of the possi-

ble explanations is that this is due to indiffused oxygen atoms

which compete with boron dopants as traps for defects.

Second, high leakage currents in the p-n junction of laser

annealed silicon solar cells are observed C5], indicating the

presence of defects in the p-n junction region which might be

oxygen related due to the laser treatment.

Third, deep level transient spectroscopy (DLTS) studies

[6,7] and infra-red [8] results also give an indication of a

high density of defects which are not identified. It was poin-

ted out [7] that defect studies on laser processed semiconduc-

tors are still in an early stage, on the other hand it is accep-

ted that oxygen introduced in silicon with a concentration of
18 21 —3

10 - 10 cm significantly influences the evolution of mi-

crodefects [9,10]. Therefore, it is worthwhile to investigate

whether the oxygen on the surface diffuses into the wafer du-

ring pulsed laser annealing.

In addition, it has been reported [11,12,13] that silicon

surfaces can be cleaned by laser pulses in an ultra-high va-

cuum (UHV) environment. After 8 pulses the Si and O Auger in-

tensity ratios were indicative of oxygen surface concentrations

less than one percent of a monolayer. After normal high tempe-

rature heat treatment of a clean Si<lll> surface one can ob-

serve a (7x7) LEED-pattern, whereas after laser cleaning a

i

L.
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metastable (lxi) LEED structure for <111> oriented Si has

been found [13,14], The question arises whether this abnormal

structure might be stabilized by oxygen.atoms at or underneath

the very surface. It is not clear, as yet, how much of the sur-

face oxide diffuses into the silicon bulk and how much is eva-

porated during pulsed laser cleaning.

Nuclear reactions have been used by several groups for de-

tecting and depth profiling of light elements. Amsel and co-

workers [15,16] have pioneered the use of nuclear reactions

for detection of low-Z elements, particularly oxygen. More

recently, Lewis [17] has proposed a general deconvolution tech-

nique for depth profiling with nuclear microanalysis. For me-

dium energy projectiles four reactions were proposed to detect

oxygen, the (d,p) and (p,a) nuclear reactions at ~ 0.9 MeV in-

cident energy, (p,p ) resonant scattering at 4 MeV and (a,aQ)

resonance scattering at 3.042 MeV. At energies below 2 MeV

nuclear reaction analysis has been devoted to investigate the

oxidation of silicon. At high energies, only very little work

has been done in connection with silicon technology and metal-

lurgy [18,19,20].

One of the advantages of the O(a,a ) O resonance scat-

tering microanalysis with respect to normal Rutherford back-

scattering is that it allows low background detection of oxygen

on silicon substrates and therefore provides high sensitivity

for trace amounts of oxygen. Sigmon et al. [21] have shown that

the minimum number of oxygen atoms that can be detected with
4 +2 MeV 9He backscattering, using channeling spectra, is about

15 2(3-4)x 10 at/cm . In the case of laser processed samples,

the areal densities of oxygen we want to measure are expected
14 2

to lie in the order of 10 at/cm or less. So Rutherford back-

scattering analysis is not sensitive enough to determine the
16 17

oxygen concentrations we are interested in. The O(d,p) O
reaction is not suitable for determining oxygen either because

of high backgrounds due to Si(d,p) reaction in the same region

of the spectrum. The O(a,aQ)
16O resonance scattering analysis

provides a high ratio between signal and background because

it has a pronounced resonance at 3.042 MeV for oxygen and not

for the silicon substrate.
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Using this resonance we have studied the indiffusion of

oxygen by laser annealing or cleaning of silicon. Preliminary

results have been reported earlier [22]. In the following the

experimental conditions will be described. Section 3.1 gives

the resonance parameters of the 0(a,aQ) 0 scattering as mea-

sured for standard samples. Section 3.2 gives a qualitative

analysis of pulsed laser irradiated Si and 3.3 the quantita-

tive determination of the oxygen concentration. The paper

finishes with a brief discussion of the resonance parameters

as well as the results of the analysis.

2. Experimental
In determining the oxygen concentration in ion-implanted

pulsed laser annealed silicon, we have worked with a set of

silicon <1OO> wafers. Every sample was divided into two parts.

One was annealed in air using a Q-switched ruby laser, the
2

energy density of the laser pulse amounting to 1.5 J/cm

pulselength 20 ns, the other part was used as reference.

We have analysed also a laser-cleaned Si<lOO>sample.

The sample, containing a native oxide layer on top, was clean-
2

ed in a UHV environment with 8 laser pulses of 1.5 J/cm each.

Auger measurements showed an oxygen content less than 1% of a

monolayer after 8 pulses. After this cleaning procedure the

wafer had to be exposed to air in order to transfer it to the

analysis chamber, so a new native oxide layer was formed again.

To determine the parameters of the O(a,a ) 0 resonance

we have used a series of Si<lOO>samples, having CVD-grown

oxide layers on the front surface. The oxygen densities of

these layers were measured with R.B.S. at 2 MeV. We have used

these samples as references for determining the oxygen in

laser annealed/cleaned samples. The parameters of all samples

used are summarized in table 1.

The experiments were performed at the 3.8 MV Van de Graaff

accelerator of the University of Utrecht. The energy stability

of the ion beam is better than 250 eV at 2 MeV. The energy

spread for 1 MeV He+ is about 200 eV [23]. A standard back-

L.



TABLE 1 - Standard and laser annealed samples

STANDARD

Sample
No.

1

2

3

Thickness

(A1)

261

177

90

Areal density
(at/cm2)

(1.20+0.03) x io 1 7

(7.95+0.31) x 10 1 6

(4.15+_0.14) x 10 1 6

LASER-ANNEALED/CLEANED

Orientation

Si<100>

Si<100>

Si<100>

Si<100>

Imi
Energy
(keV)

25

45

330

Plantation
2

Dose (at/cm )

5 x 10 1 5 B +

1.5x 10 1 5 Ga+

1 x io 1 6 Au+

Laser
Energy
(J/cm2)

1.5

1.5

1.5

1.5

Pulses

1

1

1

8

TABLE 2 - The cross section of 0(06,0) O resonance scattering

Sample

No.

1

2

3

Energy
loss

(keV)

5.3

3.6

1.8

Energy
straggling

(keV)

1.27

1.02

0.76

a

(barn/sterad.)

0.740

0.721

0.729

°R
(barn/sterad.)

0.786

0.756

0.798

mean value a

and

= 0.78 + .03 b/sr.

= 1.28 + 0.08 b/sr.

L
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scattering equipment [24] was used. The samples were mounted

on a three-axis goniometer, allowing channeling experiments.

The minimum stepwidth of the three independent axes of rotation

was 0.01°. Backscattered particles were detected with a sur-

face barrier detector, having an energy resolution of 20 keV

and a solid angle ~ 5 msr. The scattering angle could be

varied from 100° to 173°.

3. Results

3.1. The parameters of the O(a,a ) 0 resonance scatter-

ing.

A detailed study, from the point of view of nuclear physics,

of the 0(a,a ) o resonance scattering in a gaseous target

has been reported by Cameron [25]. Some authors [19,20] have

used the resonance cross, section measured by Cameron although

the latter did not correct his value for energy loss and

straggling in the target. Therefore, we have measured the para-

meters of the 0(a,a ) 0 resonance in solid targets, such as

the resonance energy, E R, the cross section, aR/ and the full

width of the resonance at half maximum T.

In order to determine the resonance parameters the elastic

scattering yields for the standard samples were measured as

a function of the incident energy in steps of 2 keV over the

energy range E a= 3.026 - 3.056 MeV. The resonance yield increa-

ses with increasing scattering angle and has its maximum at

9=180° [20]. The scattering angle in the present measurements

was fixed at 164° (6CM=168°). The excitation function for

standard sample Nr. 2 is given in fig. 1. From this excitation

function one determines E o and r. In the calculation of E D

one has to take into account the energy loss over the oxide

layer. Suppose we have a thin oxide layer containing (Nt)

oxygen atoms/cm , then the integrated area of oxygen peak will

reach its maximum value if the resonance is centered at the

middle of the layer. The incident energy E can be related to

the resonance energy E R and the energy loss in the following

expression:

I
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OXIDE THICKNESS = 177A

!\109keV <1keV

RESONANCE ENERGY ENERGY
HALF-WIDTH LOSS STRAGGLING

3026 3036 3046
incident energy (keV)

3056

Fig. 1 - Excitation curve for O(a,a ) O resonance scattering for

an oxide layer with a thickness of 177 8, at E = 3042 keV,
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F - v . N e t (1)

where N E t is the energy loss of the incident beam over

the oxide layer, e is the stopping cross section of

the incident ions in the oxide layer at E [26].

N is the density and t is the thickness of the oxide

layer.

Using this formula we have found the resonance energy E R=

3042 + 3 keV. The error of 3 keV is the estimated uncertainty

in the energy calibration of the accelerator. We have also ob-

tained the half-width r = 10.9 + 0.4 keV, which was derived from

the excitation function by taking the energy loss into account.

The value of 10.9 keV is comparable to the value reported by

Cameron [25].

When analysing targets using nuclear resonance scattering

it should be noted that the nuclear resonance cross section is

averaged over the thickness analysed. We have measured this

averaged cross section by comparing the oxygen peak at the

resonance energy with that at 2 MeV, i.e. for Rutherford back-

scattering, using the standard samples. If Y_m,(ED,6) repre-

sents the integrated area of the oxygen peak at the maximum

of the excitation function, and if Y R B S and tfRBS
 a r e t n e

Rutherford backscattering yield and cross section at 2 MeV,

then the averaged cross section a (6) is

y

YRBS R B S

For each of the standard samples listed in table 1, a (6)

was determined relative to RBS. The results are given in

table 2.

The quantity a (6) differs from aR because of three effects

related to the use of targets of finite thickness. First one

has to take into account the energy loss of the incoming pro-

jectiles, in addition there are energy straggling and multi-

ple scattering in the oxide layer.

L _
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When the energy loss of the incoming particles in the tar-

get is smaller than for the half-width of the resonance

(|E-ER| < T, see also insert in fig. 1) the Breit-Wigner for

mula is a good approximation for the energy variation of the

cross section near an isolated resonance level:

a(E) = aR
 T\4 2 (3)

Since r = 10.9 keV we have ignored the effects of energy strag-

gling (~ 1 keV) and multiple scattering ( << 1 keV). Then taking

into account the energy loss in the oxide layer the averaged

cross section, a(9), can be written as:

E„ + A/2 7 /E +A/2
r
R a_(e) T2/4 dE / ,R

5(9)= -£ = =-— / dE (4)
ER-A/2 (E-E R)

2
+r

2/4/ ^_h/2

where

A= N e t

is the energy loss. Integration gives

x/can"1

from which an can be determined, see tabl^. 2.

0_, was found to be 0.78 + .03 b/sr at 9= 164 . Subtracting

the contribution of Rutherford scattering and transforming

into the center of mass frame, tha resonance cross section

was found to be 1.28 + 0.08 b/sr at 9^= 168°.

3.2. Qualitative analysis of pulsed laser annealed and

pulsed laser cleaned samples

The B-implanted and pulsed laser annealed sample has been

analysed with the <l00> surface normal coinciding with the

i ,
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I/)

200 300

CHANNELNR

400

Fig. 2(a) - Backscattering spectrum of native oxide on surface of B+-im-

planted Si<100>, aligned in <100> direction, scattering angle

6 = 164 . Resonance at the surface.
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200<
CO

300 400
CHANNELNR

Fig. 2(b) - Resonance at 880 A in B-implanted pulsed laser annealed sili-

con, 6_ = 164 .

200 300
CHANNELNR

400

Fig. 2(c) - Resonance at 2200 X, in the same sample, 8= 164°.

I



incoming beam direction. Then He energy was tuned such that

the 16O(a,a ) 0 resonance yield was optimized in the native

oxide on the surface of the sample. The large peak in the

backscattering spectrum is shown in fig. 2(a). Fig. 2(b) shows

the same sample measured at E Q = E R + 17 keV. The maximum yield

is then produced at a depth of 880 5L In figure 2 (c) we show

the spectrum of the same sample with primary energy E Q=

E-.+ 42 keV, corresponding to a depth of 2200 SL In neither of

the two latter spectra an oxygen resonance peak is visible.

Similar results were observed both for the Ga- and Au-implan-

ted and for the unannealed samples.

In the case of the pulsed laser cleaned silicon wafer we

first measured the total amount of oxygen in the native oxide

on top of silicon (figure 3(a)). After that the primary energy

was increased to 23 keV above the resonance energy, no oxygen

peak was observed again (figure 3(b)). In order to investigate

whether indiffused oxygen might be positioned on lattice sites

spectra under random incidence were taken. Fig. 4(a) gives the

random spectrum with E R optimized at the surface of this sam-

ple and fig. 4(b) an E Q chosen such that for E R is reached at

a depth of 990 A, for which the oxygen signal is absent again.

In the next section it will be shown how the measured resonan-

ce signals have been used to determine the oxygen concentra-

tion in the surface and in the bulk of the sample.

3.3. Quantitative analysis of the surface and the bulk

oxygen concentration

The 0(a,aQ) 0 resonance yield from the surfaces of the

unknown samples is given by

Yun(ER,0) = ti* Qx (ct2)unx aun(8) (6a)

where fi is the solid angle of the detector and Q the total

number of projectiles bombarding the sample. The oxygen con-

centration in the unknown sample, ^ct2^un' c a n b e d e t e r m ined

simply by comparing the yield with that of one of the standard

samples for which the same formula (6b) holds:

L
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ï 300
CHANNELNR

400

Fig. 3(a) - Resonance at center of native oxide on surface of pulsed laser

cleaned silicon, 6 = 164 .

300 400
CHANNELNR

Fig. 3(b) - Resonance at 1200 8 in pulsed laser cleaned silicon, 0_ 164
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(ƒ)

150 220 290 360
CHANNELNR.

430 500

Fig. 4(a)- Random spectrum of laser cleaned silicon, resonance at surface

of the sample, 8_ = 164°.
L

80 150 220 290
CHANNELNR.

360 430 500

Fig. 4(b) -Random spectrum of laser cleaned silicon, resonance at 990

of the sample, 0_ = 164°.
L
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s t R i>st * ast ( 9 ) (6b)

Substituting eq. (6b) into (6a) gives an expression for the

oxygen concentration in the surfaces of our samples:

Y (ER,9) a (9)

(H.e) g <ctl>st

Note that here we make the assumption that oxygen atoms are

homogeneously distributed in the oxide layer of unknown as

well as standard samples. As was discussed in section 3.1,

the averaged cross section a (9) depends on the thickness of

the oxide involved, so substituting equation (5) into (7) one

obtains

Y (ER,6) Net;,
£

Y s t(E R,0)Net 1

_, N £ t _ -N £ t
{tan l{ ^ J 1

x

{tan ( ~^-) - tan"1

where

TNT;
{tan l ( ~^-) - tan

-N £ t, (cti>st(cti>st (8)

t1 is the thickness of the oxide layer in the standard sample,

t 2 is the thickness of the oxide layer in the unknown sample.

Note that if this oxide layer is very thin (< 100 8) then for

<?un(6) in eq. (7) one may use aR instead of expression (5).

Using this equation values for (ct 2) u n have been determined and

the results are listed in table 3. From this table it is

clear that the yield of the resonance scattering versus back-

ground is high enough to enable detection of oxygen concen-

tration below 10l4/cm2.

For the measurements of the maximum concentration of oxygen

under the surface of the unknown samples the beam energy was

set such that the resonance scattering occurred at a certain

depth x in the sample, see fig. 5. If the oxygen concentra-

tion in the bulk of the sample is uniform one should observe
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STANDARD SAMPLE

Si OXIDE

E 2 = E R~ 2

!\

SiOJ

K 0 E 2

UNKNOWN SAMPLE

,5LSi Si

K0E'2

Fig. 5 - The principle of determination of the oxygen concentration in

the bulk of the sample.

TABLE 3 - Concentration of oxygen in the surfaces of laser annealed and cleaned

silicon wafers

No.

1.

2.

3.

4.

5.

Sample

B -implanted

Si<100>

B -implanted

Si<100>

Virgin Si<100>

Laser cleaned

Si<100>

Laser cleaned

Si<100>

Treatment

Laser-annealed in air

Unannealed

None

After laser cleaned in

UHV, after that exposed

to air

Same as 4 but additio-

nal etching before

analysis

Y

1,543

1,634

3,337

3,336

608

/ Background

65

67

244

289

202

(ct)Qx(at/cm
2)

9.1 x io15

9.5 x io15

4.1 x io15

4.06X 1015

148.2 xio *

L
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a resonance peak with a half width AE. The calculation of the

resonance half-width observed in a backscattering spectrum

was given by Deconninck et al. [27]. In our case we did not ob-

serve a significant signal from oxygen in the bulk of any of

our samples, so the yield in the energy interval AE is too

small compared to the background. If Hfa i is the number of

background counts in channel i in the spectrum and £ HK . is
m o»1

the total background signal in the energy interval AE then the

yield measured from oxygen in the bulk of our samples is< /EH.
- m

Substituting this instead of Y (ED,6) in form. (8), gives:
un K

• ' •"• • ̂  'k -k "k

IL . x N e t
(ct)

un = Yst(ER,6) x (N z t)

x (ct)„. (9)

where

N*e*t* is the energy loss in the considered region for

unknown samples where the bulk of the material

analysed is Si (not SiO 2), because only a trace

amount of oxygen is present in Si, see also fi-

gure 5.

Using expression (9) we have determined the maximum con-

centration of oxygen in the bulk of the laser annealed and.

cleaned wafers for which the spectra have been shown in figs.

2-4. Our results are summarized in table 4. The integrated

areas of oxygen peaks for the standard sample with a thickness

of 177 A and the square root of background counts in the mea-

sured spectra are included in this table, respectively.



TABLE 4 - Maximum concentration of oxygen in the bulk of laser annealed and

cleaned samples

Sample

B-implanted

laser annealed

Si (channeling)

B-implanted

laser annealed

Si (channeling)

Laser cleaned

Si (channeling)

Laser cleaned

Si(random)

Primary
energy
E (keV)o

E R + 1 7

E R + 4 2

E R + 1 9

E R + 1 9

Depth
(8)for

880

2200

1200

990

Detected
interval

(8)

580- 1180

1900- 2500

900- 1500

690- 1290

m °»i

99.8

112.7

261

817

Y(ER,6)

73,356

97,808

586,848

606,144

(at/cm2)

14
< 1.3x 10

< 1.1x io14

< 4.4X 10 1 3

< 1.3X 10 1 4

cox
OX

(at/can3)

2.2x io19

1.9x io19

< 7.3x io18

< 2.lx IQ19

I



- 55 -

4. Discussion

4.1. The 1 O(g,a ) 1 O resonance scattering used in micro-

analysis

The parameters of the O(a,aQ) o resonant elastic scatter-

ing in a solid target have been measured. The resonance full-

width at half maximum/ r, was found to be 11.5 keV. By taking

into account the energy loss in SiC>2 one can obtain the cor-

rected resonance width to be 10.9 keV which is comparable with

Cameron's value (10 keV). The value for the resonance cross

section at 9 C M = 168°, 1.24 b/sr, differs from that published

by Cameron [25], 0(9^) = 0.95 b/sr. The reason for this differ-

ence is that we have corrected the measured value of the cross

section by taking the energy loss in the oxide layer into

account. Cameron did not correct the measured value of the

cross section. The published excitation function has a half

width of 24 keV although Cameron gives for F = io keV. So if

one would correct his excitation function for the energy loss

and straggling in his target the resonance yield would become

closer to our value. During our experiments we have noticed

a build-up of oxygen on the surface of our targets. We estimate

the error due to this effect < 5%. Further, we believe that the

absolute error in our measurements to be < 7% since we did a

relative measurement using the method, described in section

3.3, of comparing in situ to 2 MeV Rutherford backscattering.

The results show that the sensitivity for detection of

oxygen in silicon with the 0(a,aQ) 0 resonance at

3.042 MeV is enhanced by a factor of 10 as compared to RBS.

This resonance can also be used for depth profiling of oxygen

with a resolution of about 300 8. These advantages of the
1 fi 1 fi

0(a,aQ) 0 resonance for microanalysis have great promise

for the application in semiconductor technology and metal-

lurgy .

L
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4.2. The mechanism of laser cleaning of silicon surfaces

Zehner et al. [11] have shown that silicon surfaces atomi-

cally free from C and 0 contaminants can be produced in a UHV

environment by pulsed laser irradiation. To account for this

they suggest two explanations: 1) these impurities are desor-

bed from the surface during laser irradiation; 2) they are re-

distributed in depth during liquid phase epitaxial regrowth.

There are several authors who have reported incorporation of

oxygen in-depth induced by laser irradiation in air. Garulli

et al. [28] have shown that thermally stimulated precipita-

tion of oxygen atoms is confined within the melted thickness.

Hoh et al. [29] have presented the oxygen incorporation into

silicon during surface melting by pulsed laser irradiation.

Liu et al. [30] have reported the formation of oxide of

60 8- 300 8 when laser irradiation takes place in air or in

0 2 ambient. Irom table 3 and 4, after laser annealing of sili-

con in air, we only observe the native oxide on the surface

on the samples. We cannot account for this difference, our

method of determining oxygen atoms, however, seems to be more

straightforward than that in ref. [30].

Our results show no evidence for oxygen indiffusion from

the native oxide layer during pulsed laser annealing/cleaning

of silicon. If we assume that the silicon surface layer is

melted thermally during the laser pulse and that the oxygen
15 2

atoms in the native oxide layer (typical value, 5 x 10 at/cm )

are homogeneously distributed over the depth of the molten

layer (~ 3000 2 ) , an oxygen concentration of 1.6 x 10 at/cm

would be achieved in that molten layer. In fact, in the case

of the laser cleaned sample we find an amount of oxygen equal

to or less than the solid solubility of oxygen in silicon,
18 2

which is 5 - 8x 10 at/cm [10]. We can make this result plau-

sible by considering the time needed for liquid SiO2 to be

dissolved in silicon. The dissolution velocity lies in the

order 10 - 10 cm/min for silicon substrate temperatures

between 1700-1775 K [31,32]. One can calculate that the dis-

solution of a native oxide layer of 30 8 would take 1.8-

0.18 sec at about the melting point of silicon. Consequently,

in terms of a thermal melting model, a native oxide layer can-
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not be dissolved in silicon since the melt duration after

pulsed laser irradiation is calculated to be ~ 100 nsec.

From the above it is clear that there is no evidence for

indiffusion of oxygen during laser irradiation of silicon.

Therefore we may conclude that the effects such as high leak-

age currents in p-n junctions and a reduction of the displaced

B fraction under H irradiation, mentioned in the introduc-

tion, cannot be attributed to oxygen indiffusion during pul-

sed laser annealing. Although the amount of oxygen at the

Si surface after laser annealing has not been determined by
16 16

the O(a,a ) O resonance in situ, we have found that the

subsurface concentration does not exceed the solid solubility.

Therefore we may conclude it to be unlikely that the abnormal

(1x i) LEED structure, observed on pulsed laser cleaned

Si(lll), is stabilized by oxygen.

If the native oxide on top of silicon will not diffuse in-

to the bulk, it has to evaporate during the cleaning proce-

dure. One can show that this is reasonable by calculating

V(T), the SiO- molecular evaporation rate for different sili-

con substrate temperatures. Based upon equilibrium thermody-

namics one can estimate V(T) by the following equation:

where Pv is the vapour pressure of SiO2, k is the Boltzmann

constant, T the temperature (in K), and m the mass of a SiO-

molecule. At T=2000 K, V(T) is found to be 3.5 x 10 1 2 mol/cm2.ns,

A typical areal density of a native oxide on silicon is
15 22-4.5x10 mol/cm . Apparently, this amount is removed in

eigth laser pulses, or 5 x io mol/cm are evaporated during

each pulse. According to the above estimate this requires a

melt duration of the surface of ~ 150 nsec, which is the same

order of magnitude as obtained from thermal melting model

calculations.

L



- 58 -

Acknowledgements
The authors are indebted to Prof.Dr. C. van der Leun and

Dr. C. Alderliesten for careful reading of the manuscript and

fruitful discussions. It is a pleasure to acknowledge T. de

Jong and L. Smit for the laser processing of the silicon wafers,

We are grateful for the assistance of Prof.Dr. J. Bloem and

Dr. A.J.R. de Koek, who supported our work with data about

SiO2 and discussions.

This work is part of the research program of FOM with fi-

nancial support of ZWO. One of us, Z.L.W., would like to thank

Prof.Dr. J. Kistemaker for the hospitality.

References
[1] C.W. White and P.S. Peexjy, eds., "Laser and Electron Beam Proces-

sing of Materials" "icademic Press, 1980).

[2] J.F. Gibbons, L.' Hess and T.W. Sigmon, eds., "Laser and Electron-

Beam Solid Interactions and Materials Processing" (North-Holland

Pucl.Comp., New York, 1981).

[3] D. Hoonhout, Thesis, Amsterdam 1981.

[4] M.L. Swanson, L.M. Hawe, F.W. Saris and A.F. Quennneville, in:

Proc.of Conf.on Defects in Semiconductors, Boston, 1980.

Ed.by J. Narayan and T-Y Tan (North-Holland Publ.Comp., 1981).

[5] J. Michel, C. Fages, J.C. Muller, P. Siffert, D. Hoonhout, T. de

Jong and F.W. Saris, Proc.of Conf.on Photovoltaic Solar Energy,

Cannes, 1980, Ed.by W. Palz.

[6] L.C. Kimmerling, J.L. Benton, in ref. [1], p.385.

[7] P.M. Mooney, R.T. Young, J. Karins, Y.H. Lee, J.W. Corbett, Phys.

Status Solidi A48_ (1978) K31.

[8] M.S. Skolnick, A.G. Cullis, H.C. Webber, Appl.Phys.Lett., 38_

(1981) 464.

[9] S. Kishino, M. Kanamore, N. Yoshihiro, M. Tajima, T. Iizaka, J.Appl.

Phys. 5£ (1979) 8240.

[10] A.J.R. de Koek, in: Handbook on Semiconductor, Vol.3, Materials,

Properties and Preparation, p.247, Series ed. by T.S. Moss, 1980,

North-Holland Publ.Comp.

[11] S.M. Bedair, P. Horold, Jr. Smith, J.Appl.Phys. 40 (1969) 4776.



\

- 59 T

[12] D.M. Zehner, C.W. White and G.W. Ownby, Appl.Phys.Lett. 36_ (1980) 56.

[13] T. de Jong, L. Smit, V.V. Korablev and F.W. Saris, to be published

in Proc. M.R.S., Boston, 17-21 Nov.1981.

[14] D.M. Zehner, J.R. Noonan, H.L. Davis, C.W. White and G.W. Ownby

in: ref. [2], p.111.

[15] G. Amsel, J.R. Nadai, E.D. Artemare, D. David, E. Girard and J.

Moulin, Nucl.Instr.& Meth. 9_2_ (1971) 481.

[16] M. Croset and G. Amsel, J.Electrochem.Soc., 120 (1973) 536.

[17] M.B. Lewis, Nucl.Instr.S Meth. 190 (1981) 605.

[18] W.K. Chu, J.W. Mayer, M.-A. Nicolet, T.M. Buck, G. Amsel and F.

Eisen, Thin Solid Films Vl_ (1973) 1.

[19] G. Mezey, J. Gyulai, T. Nagy, E. Kotai and A. Manuaba, in: Ion

Beam Surface Layer Analysis, vol.1, p.303, Plenum Press (1976), Ed.

by O. Meyer et al.

[20] S. Petersson, H. Norde, G. Passnert and B. Orre, Nucl.Instr.S Meth.

149 (1978) 285.

[21] T.W. Sigmon, W.K. Chu, E. Lugujjo, J.W. Mayer, Appl.Phys.Lett. Z4_

(1974) 105.

[22] J.F.M. Westendorp, Z.L. Wang and F.W. Saris, to be published in

Proc.M.R.S., Boston, 17-21 Nov., 1981.

[23] J.W. Mass, Thesis, university of Utrecht (1976).

[24] L.W. Wigger, Thesis, University of Utrecht (1978).

[25] J. Cameron, Phys.Rev. 90_ (1953) 839.

[26] W.K. Chu, J.W. Mayer and M.-A. Nicolet, Backscattering Spectrometry,

Academic Press, 1978.

[27] G. Deconninck, Y. Fouile, in ref. 19 , p.87.

[28] A. Garulli, M. Servidori and I. Vechi, J.Phys.D ^3 (1980) 199.

[29] Koichiro Hoh, Hiroshi Koyama, Keiichiro Uda and Yoshio Miura,

Jap.J.Appl.Phys. j_9 (1980) 375.

[30] Y.S. Liu, S.W. Chiang and E. Bacon, in ref. [2], p.117.

[31] R.E. Chaney, C. Varker, J.Crystal Growth _33_ (1976) 188, and

J.Electr.Society IQ (1976) 846.

[32] H. Hirata, K. Hoshikawa, Jap.J.Appl.Phys. 19 (1980) 1573.



- 61 -

C H A P T E R IV

A thermal-meiting-model calculation of

pulsed laser annealing of GaAs and

comparison with experiment

1. A thermal-melting-model calculation of pulsed laser
annealing of GaAs.
Physics Letters 83A (1981) 367.

2. An experimental test of GaAs decomposition due to
pulsed laser irradiation,
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The temperature profile, melt depth and melt duration have been calculated for pulsed laser annealing of GaAs assuming
instantaneous heating of the lattice. The results indicate the need for a detafled experimental verification of As evaporation
and of the annealing threshold, as a possible test of the strictly thermal melting model.

Numerous experimental results [1—3] show that
high-power laser pulses can be used successfully to an-
neal displacement damage in ion-implanted semicon-
ductors and transform amorphous into single crystal-
line layers. This new method for annealing implantation
damage in semiconductors has attracted much attention
in the last few years. The investigation of the physical
mechanism of laser processing of semiconductors is a
significant topic whether considered from a fundamen-
tal or a practical point of view. Two very different mod-
els have been suggested to explain pulsed laser annealing.
Many recent publications dealing with Si pulsed laser
annealing have assumed that the transformation is due
to strictly thermal melting and «crystallization. On the
otheT hand the importance of an electron—hole plas-
ma produced by the laser has been argued. So far the
controversy raging over the annealing mechanism of
semiconductors has been limited to silicon [4]. Some
experimental work on pulsed laser annealing of GaAs
has been reported and good activation of high-dose n-
and p-type dopants has been obtained [5-7] . Yet
research on the physical mechanism of annealing da-
mage in GaAs using laser pulses is still largely lacking.
Eisen et al. [8] have proposed that thermal melting
is involved. (See also Wood et a!., in ref. [4].) If this is
the case then one should take into account evapora-
tion of As jince its vapor pressure at the melting point

1 Visiting scientist from Peking Normal University, Peking,
China.

of GaAs is rather high. Therefore in the present paper
we investigate the thermal evolution of GaAs under
laser irradiation assuming instantaneous heating of the
lattice. We have calculated the temperature profile,
and the molten depth as a function of time and of
laser energy density. Contrary to previous calculations,
our model incorporates the effect of evaporation on
the thermal behaviour of the semiconductor system.
The results of our calculations point to the need of a
detailed experimental verification of As evaporation
and annealing threshold as a possible test of the simple
thermal melting model.

The basic idea of the melting model is that high-
power laser annealing proceeds through a first-order
phase transition followed by liquid phase epitaxial
growth. The main assumptions are the following:

(a) The laser energy is instantaneously converted
into local lattice heat

(b) The local heat diffuses by thermal conduction.
(c) The losses due to radiation of heat by the sur-

face can be neglected.
(d) Energy transport takes place perpendicularly

to the surface only.
Using these suppositions the laser-induced heating

may be described by the following equation:

bE/bt = V«F+ Q , (1)

where E is the local energy per unit volume, Q is the
heat generation function and Fis the heat flow.

Assumption (d) allows a one-dimensional treatment

L
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of the problem. Using assumption (a), the heat genera-
tion function Q can be set equal to the input laser ener-
gy. Thus, cq. (1) reduces to an equation in T. We have

cp <>T(z, t)lbt = (9/9z)(X9r/9z) + Q , (2)

where p, c, K denote the density, heat capacity and
thermal conductivity of the material, respectively. For
the solution of eq. (2), we will assume the following
boundary conditions:

9r(z,r)/9z| z = 0 = 0 , (3a)

7Xz,f)|z = 2 o = const. Ob)

(z0 is total thickness considered), in which (3a) is due
to assumption (c). Eq. (2) is parabola equation. It can
be solved numerically by the method of finite differ-
ences [9]. The sample is divided into slices of variable
thickness Az and the time in a finite number of equal
intervals At. For the /th slice at the (« + l)th time in-
terval, we have

7?+1 = + (Ö,)/] , (4)

where (öd)/ is the amount of heat received in slice/
by thermal conduction from neighbouring slices, (Öa)/
is the laser energy directly absorbed in slice/. These
quantities are given by

V+l/2

j - V2

(5)

(6)

where I0(t) is the input laser power density, R is the
optical reflectivity; Kj+y2 and A)_ j / 2

 a r e the heat
conductivities at the two boundaries of the slices. The
latter are given by

(7a)

j V 2 f f (7b)

Tjt+X is the temperature of the/th slice at / = (« + 1)
X At which is calculated using eq. (4) as long as there
is no phase transition. When the temperature reaches
the melting point ( r m ) , the accumulated energy in the

/th layer is used to melt this slice according to its heat
of fusion (Lo) until the entire/th slice melts. Then, the
temperature T"+1 starts to rise again above the melting
point.

The accumulated energy in the/th layer is given by

(8)

A phase transition occurs when the accumulated energy
is L(J) >LQ. The temperature remains constant if
L(J) = LQ, but it changes if L(7) # L 0 -

To ensure the difference equation to be stable, it is
necessary that At and Az satisfy the following rela-
tion:

Vaporization should be considered in a description
of pulsed laser annealing in terms of thermal melting.
In particular, for the system of GaAs, thermal decom-
position and As evaporation may occur when the sur-
face temperature is above %650°C. According to the
phase diagram [10], the partial pressure of saturated
vapor of arsenic is much higher than that of silicon by
six orders of magnitude at 1323 K, while it increases
rapidly at higher temperatures and becomes 0.9 atm at
the melting point of GaAs (1511 K). The vapour pres-
sure of Ga, on the other hand, is so small that it can
be ignored. Therefore, the effect of evaporation must
become dramatic if pulsed laser annealing of GaAs in-
volves simple thermal melting. We incorporate the eva-
poration effect in the one-dimensional heat flow equa-
tion by assuming that during laser-induced heating and
melting of the surface layer of GaAs the latter conti-
nuously evaporates As. This evaporation is supposed
not to be hindered by the remaining Ga atoms. We then
have almost the same equation as eq. (4), but the cal-
culated temperature has to be adapted by correcting
the expression for ( ö d ) ; as follows:

(10)

*i-1/2

where (öv)/ is the energy transported by particles es-
caping from the irradiated layer. We can estimate the
(öv)/ a s will be shown next.

L



- 65 -

On the basis of the finite difference form (4) of the
heat conduction equation, we have solved eq. (2) nu-
merically by computer. As input parameters we have
used the data given in the literature [10-13] and ex-
trapolated values. For the density of GaAs, p = 5.32
g/cm3, specific heat, c = 0.85 J/g K. Experimental
data on the thermal conductivity K exist only up to
1000 K. At higher temperature K was assumed to de-
crease as I IT. For crystalline GaAs, the absorption
coefficient, a, at the wavelength of the ruby laser
(694.3 nm) can be interpolated to be a = 5 X 104

cm"1. It should be noted that the effects on a due to
ion-implantation damage on the one hand, and multi-
photon absorption on the other, are not known. In ad-
dition a is expected to increase as the temperature in-
creases. We estimate the latter effect to yield a factor 4,
so we have done all calculations for two values of a:
a, = 5 X 104 cm"1 and o2 = 2 X 105 cm"1. The re-
flectivity was assumed constant during the laser pulse,
« = 0.5.

The results of the calculation are given in figs. 1-3.
The use of a ruby laser with wavelength 694.3 nm arid
pulse of gaussian shape with FWHM of 20 ns has been
assumed. In the calculations Az = 50 nm and At have
been taken according to condition (9). Fig. 1 gives the
thickness of melted GaAs as a function of time and
laser energy density. The figure shows that in order to
anneal ion-implantation damage in GaAs for a layer of
200 nm thickness an energy density of 0.6-0.8 J/cm2

is needed, assuming melting and liquid phase epitaxy.
Experimental data in refs. [14,15] indicate that an-
nealing of a damaged layer of 100-200 nm thickness

150 200
TIME (nsl

Fig. 1. Calculated melt depth versus time and as a function of
laser energy density.

-2000

x

WOO;

iK) cm"

05
LASER ENERGY DENSITY (J/cm')

Fig. 2. Calculated maximum surface temperature versus laser
energy density.

may indeed be achieved at 0.6-0.8 J/cm2, but as yet
there are not any accurate measurements of the thresh-
old energy density for pulsed laser annealing of GaAs.

Fig. 2 shows that the calculated maximum surface
temperature as a function of laser energy density can
indeed be well above the melting point of GaAs. There-
fore, we have incorporated the effects of evaporation
in the calculations. From the saturated vapor pressure
of As at Tm, Pv - 0.9 atm, we obtained the saturated
vapor density at other temperatures according to the
relation n(T) = Pv/kT. The number of escaping As at-
oms may be estimated from n{Th/"2kTfm t. We get
« 2 X 1014 cm-2 ns-1 for the number of As atoms

2.0

1.5

a:

0.5

GaAs E=05J/an2

no fvaporoton effect

and mettag

50

23
x
o

'1

THE (ns)
90

Fig. 3. Calculated surface temperature and melt depth versus
time with and without taking evaporation effects into account.
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evaporated at the melting point. The required energy
for evaporation is A#v * 6 X 10~19 J/atom. There-
fore, the energy lost, (öv)/. due to evaporation is about
1.7 X 105 J/cm2 s which is substituted in eqs. (10)
and (9). Fig. 3 gives the calculated effect of evapora-
tion on the surface temperature and the melt depth as
a function of time for an input energy of 0.5 J/cm2.
It is striking that due to evaporation the melt depth is
reduced by 50% and the melt duration decreases from
60 ns to 45 ns.

From figs. 2 and 3 it is clear that at laser energy
densities above 1 J/cm2 the maximum surface temper-
ature increases very rapidly and the effect of evapora- .
tion must become dramatic. From fig. 1 the melt dura-
tion can be estimated to be 160 ns at 1 J/cm2. Then
the number of evaporated As atoms becomes « 3
X 1016 cm""2. This is a lower limit because we have ig-
nored evaporation below the melting point, whereas
decomposition of GaAs is known to occur already at
650°C. Venkatesen et al. [16] estimate from backscat-
tering measurements a loss of 1016 As atoms/cm2 for a
laser pulse of 0.6 J/cm2. Also other authors [7,17] indi-
cate decomposition of surface layers as a result of pulsed
laser annealing, but until now the experimental evidence
comes from RBS and channeling measurements which
are neither very sensitive nor very accurate because of
the overlap of Ga and As signals.

Although more optical and transport data on GaAs
are needed, the present calculations show that accurate
experimental numbers of As atoms lost during pulsed
laser annealing can be used to determine the surface
temperature during pulsed laser annealing and there-
fore contribute to the discussion about the annealing
mechanism.

The authors should like to acknowledge valuable
comments by Dr. D. Hoonhout. Wang Z.L. should
like to thank Prof. Dr. J. Kistemaker for the hospitality
and support at the Fom Institute. This work is part
of the research program of FOM with financial support
from ZWO.
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An experimental test of GaAs decomposition
due to pulsed laser irradiation

T. de Jong, Wang Z.L.* and F.W. Saris
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ABSTRACT

Latige. amount* ofi gallium and an*e.nic an.e. lo*t fifiom GaA*
single. cn.y*tal*, a* a n.e.*u.lt ofi itiKadiation with pul*e.d la*en.
light ofi znzKgy dzn&itiz* above. 0.5 3 f cm . Thi& indicate* a
ve.ny high Aunfiace, tzmpe.n.atuKz >_2000 K during the. la*e.n pul*z
fie.*ulting fifiom a *han.p incnza*e in the. ab*on.ption coe.fifiiciznt.

Pulsed laser irradiation is becoming a much applied and

studied tool in research and development of semiconducting

materials like silicon, germanium and compound semiconductors.

Single shot annealing with Q-switched lasers can be applied

to remove implantation damage in ion-implanted semiconductors

and to obtain in many cases high substitutional dopant atom

concentrations1. In the case of GaAs, pulsed laser irradia-

tion is also studied with the objective of circumventing en-

capsulation1 of the material, which is necessary in the

thermal annealing process. The cap, usually silicon-nitride

or -oxide, acts as a diffusion barrier and prevents decompo-

sition of the material due to the high temperature treatment.

*Visiting scientist from Beijing (Peking) Normal University,

Beijing, China.
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Encapsulation however, may introduce other problems and the

probability of eliminating the need for a cap seems attrac-

tive2'3.

unfortunately the problem of material degrading is not only

found in thermal annealing, but also in pulsed laser irradia-

ting of compound semiconductors, e.g. GaAs. A number of authors

explain this phenomenon by assuming that the GaAs surface is

heated by the laser pulse, causing the relatively volatile

constituent, arsenic, to evaporate1*. Venkatesan et al.5 assume arse-

nic to be the only evaporating species, and interpret their

Rutherford backscattering (RBS) and channeling data accordingly,
16 2

to find approximately 10 arsenic atoms/cm to evaporate
o

from a GaAs crystal as a result of a 0.6 J/cm pulse.

Calculations of Wang and Saris6, based on a strictly thermal

melting hypothesis predict that as a result of a 1.0 J/cm2 pulse

from a Q-switched ruby laser approximately 3 x 10 ° arsenic

atoms/cm2 will evaporate from a GaAs crystal.

In order to verify decomposition of GaAs resulting from

laser irradiating we performed channeling measurements on

laser irradiated GaAs. (100) oriented, Cr-doped GaAs samples

were rinsed in organic solvents and then dipped in 3^50. :

1H2O2 i lH^O at 60 C to remove the native oxide layer, and

treated in different ways immediately upon etching. Most

samples were irradiated in open air. A few samples were moun-

ted in an ultrahigh vacuum (UHV) chamber and irradiated once

the pressure was below 10 Pa. We used a ruby laser in the

Q-switched multimode, delivering pulses of 25 nanosec. Pulse

duration up to energy densities of 2 J/cm . After irradiating

samples were analysed by means of 2.4 MeV He+ RBS/channeling

using a solid state detector at 170 degrees scattering

angle. In figure 1 we show channeling spectra of samples

irradiated with 0.3 J/cm in UHV, 0.8 J/cm2 in open air and

an unirradiated sample. An enhanced dechanneling level with

respect to the unirradiated case, accompanied by enhanced

surface peaks for arsenic and gallium on both irradiated sam-

ples is indicative of disorder in the surface region of the

samples. Laser irradiating GaAs (also under UHV conditions
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Fig. l - RBS/channeling measurements on GaAs (100) show en-

hanced surface peaks of Ga and As after laser irradia-

tion as compared to the non-irradiated case.
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at low energy densities) increases the minimum dechanneling

level. The disorder causing this is also observed in other

(UHV) experiments7'8. We believe that it is not possible to

extract the surface stoichiometry from these RBS data. The

mass separation in the random spectrum of figure 1 is clearly

insufficient. In analysing the channeling spectra there is

the additional problem in the way the dechanneling contribu-

tion should be subtracted.

In ordei to determine the amount of evaporated surface

atoms directly we adapted the RBS method in the following way.

A set of irradiations was performed, in which samples, once

etched, were immediately irradiated through a thin glass plate,

separated from the GaAs sample by a metal spacer of .05 mm

thickness. The absorption of the glass was determined to be

negligible. Evaporated material from a sample is collected

on the surface of the glass plate, and can be detected by 2.0
4 +

MeV He RBS. Although in this open-air experiment the collec-

tion efficiency of gallium and arsenic on glass is not well

known, it still provides an indication of the composition of

the material lost from the GaAs selvedge (see also ref. 9).

In figure 2 we show the gallium and arsenic backscattering

signals measured on various glass plates for a number of laser

energy densities; the insert shows one of the full spectra

recorded. In figure 3 we plot the gallium and arsenic cover-

ages on glass, calculated from these spectra, as a function

of laser energy density. Surprisingly, we find at all energy

densities gallium and arsenic in roughly the same amounts.

The etching procedure was found not to affect the result.

Samples irradiated after rinsing in solvents but without

etching, gave the same coverages on glass after irradiating

(spectra not shown).

Irradiating the same spot three times, while using a differ-

ent glass plate at each pulse, the coverages of gallium and

i

I
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Fig. 2 - RBS measurements of glass plates, put in front of

laser irradiated GaAs, show comparable amounts of

collected Ga and As.
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arsenic within one pulse are the same within 15%, and no de-

pletion of one component is observed. Irradiated spots on the

GaAs samples stand out from the surrounding material, we think

this to be due to surface damage. This is seen at energy den-
2

sities as low as 0.5 J/cm .

The observation that not only As is lost from the GaAs sur-

face but also large amounts of Ga indicates a very high surface

temperature during the laser pulse. Wang and Saris6 and also

Wood et al.10 have calculated the temperature evolution of the

GaAs surface as a result of pulsed laser irradiation. For a

typical energy density of 1 J/cm a maximum temperature of

1700 K is predicted, which is much too low to explain evapora-

tion of Ga. In these calculations, however, the absorption co-

efficient of GaAs was assumed not to change during the laser

pulse. Recently Compaan et al.1l have measured the absorption

coefficient to rise to 4 * 10 cm which is close to the ex-

pected value for a metallic liquid and much higher than for

crystalline GaAs ( ~ 5 * 10 cm" ). Therefore a new calculation

was performed12 in which the absorption coefficient changes to

4 * 10 cm as soon as the surface temperature reaches the

melting point and starts melting. It was calculated that under
2

this condition, for 1 J/cm laser energy density, the GaAs

surface temperature becomes as high as 2800 K. This is above

the boiling point of Ga and evaporation of Ga cannot be ignored.

Using tabulated13 values of the vapour pressure of pure Ga, we

estimate the loss of Ga to be 1 * 10 atoms/cm for a laser

energy density of 1 J/cm and 2.5x 10 Ga/cm for 0.5 J/cm ,

which is in gooJ agreement with the experimental results.
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ION BEAM MIXING OF Cu-Au AND Cu-W SYSTEMS

Han WESTENDORP, Zhong-Lie WANG* and Frans W. SARIS
FOM-Institute for Atomic and Molecular Physics, Krmslaan 407. 1098 SJ Amsterdam, The Netherlands

300 keV Kr4 + ion-bombardment at a dose of 5X 1015 cm 2 has been applied to initiate mixing of 250 A W and Au coatings on
Cu single crystals. Cu-Au-Cu and Cu-W-Cu sandwiches have also been studied, using 2 MeV *He * Rutherford baekscattering as
an analytical tool. In contrast to the Cu-Au system, no Cu-W alloys are known to exist under normal thermodynamic conditions
which allow the formation of metastable Cu-W alloys by ion beam mixing. In addition.from the point of view of recoil implantation
and cascade mixing the Cu-Au and Cu-W systems are quite similar, so the comparison may provide a test of the current theories for
ion beam mixing.

Room temperature irradiations show that Cu-Au mix readily, whereas hardly any mixing is observed for the Cu-W system. This
clearly shows that any realistic model of ion beam mixing must include the thermodynamic properties of the species involved.

1. Introduction

It has been known for some years that bombarding a
thin coating deposited on a substrate with ions, whose
range is at least comparable witht he deposited layer
thickness, will bring about an interdiffusion of the two
species. Recent developments have led to the use of this
effect as an alternative to the direct implantation of the
impurity atoms [1]. In this way it should be possible to
form alloys that are hard to create by ion implantation
because direct implantation requires high intensity
beams which are not easily generated for every element.
In addition ion beam mixing is found to be very effi-
cient in some cases as beam doses of the order of I015

cm"2 are enough to form alloys with impurity con-
centrations for which beam doses of 1017 cm"2 or more
would be demanded in the case of direct implantation.

These mixing features are not only interesting from
the viewpoint of the modification of metal surfaces,
such as improving the wear resistance of surfaces, but
have also to be taken into account when sputtering is
used in profiling the composition of materials, because
due to the relocation of atoms a redistribution of some
constituents may take place.

Several mechanisms have been proposed to account
for the observed mixing phenomena. The first and the
theoretically best understood one is recoil implantation.
Littmark and Hofer [2] calculated the displacement of
silicon atoms under 5keV Ar+ irradiation. This was
found to be less than 50 A. Other theoretical work on
recoil implantation [3-5] pointed out that the displace-
ment of atoms under ion irradiation is of the order of a

Visiting scientist from Peking Normal University. Peking,
China.

few tens of angstrom, leading to the conclusion that the
efficiency of this mechanism is rather low.

An energetic ion will displace every target atom
along its trajectory and cause successive collisions of the
neighbouring atoms. This cascade of collisions can give
rise to the mixing of foreign and host atoms because
both types of atoms can become relocated. It can easily
be appreciated that this cascade mixing mechanism is a
far more efficient one than recoil implantation because
the overwhelming majority of displacements of foreign
atoms occurs as a result of impacts of recoiling matrix
atoms which are not only much more numerous than
direct impacts with the incident ions but these collisions
also take place at lower energies and consequently have
a larger cross-section.

Theories about cascade mixing have been worked
out by Haff and Switkowski [6], who proposed a model
describing the process by analogy with diffusion in a
gas, Matteson et al. [7] who based their model on the
theory of random flights and Sigmund and Gras-Marti
[8] who showed that the effectiveness of cascade mixing
is such that displacements of the order of a few hundred
angstrom should be possible. Both recoil implantation
and cascade mixing are typically kinematic collisional
models and do not show any explicit dependence on
temperature nor on radiation induced defects.

The third and most complex mechanism is that of
radiation assisted diffusion. This theory states that the
damage produced by the incident ions increases the
probability that thermally activated atomic jumps will
occur i.e. by the creation of defects the number of sites
to which atoms or complexes may jump is increased.
Some of the created defects will combine to form clus-
ters, while others will associate with an impurity. The
impurity-defect complexes may be mobile and in the
presence of a concentration gradient of the defects or

I
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th • impurities a thermally activated diffusion process
may take place. The diffusion length is determined by
the density of sinks and traps and can be long with
respect to the penetration depth of the incident ions
which initiate the process. The direction of movement of
the impurity atoms is found to be dependent on the
binding between a solute atom and a defect: strong
binding between these two provides a flow of the two
species in the same direction while in the case of weak
binding a flow of solute and solvent atoms in one
direction is accompanied by a flow of vacancies in the
other [9-10]. The impurity-vacancy binding energy de-
pendence of the direction of displacement of solute
atoms has already been reported as the result of a
variety of investigations [11-12].

In this paper we compare the mixing of Au and W
coatings with Cu substrates. Mayer et al. [I] deposited
Au layers of thickness of ~ 100 A on Cu single crystals
and showed that polycrystalline solid solutions of Au in
Cu can be achieved using 300 keV Xe ions at doses
varying 1-10 X 1015 cm~2. The atomic concentration of
Au in Cu was found to be higher than the maximally
achievable concentration in the case of direct implanta-
tion and the Au atoms were found to be positioned
mainly on substitutional sites. These results gave us the
opportunity to use Au-deposited Cu crystals as a refer-
ence. In contrast to the Cu-Au system, no Cu-W alloys
are known to exist under normal thermodynamic condi-
tions, so it is interesting to search for conditions which
allow the formation of metastable Cu-W alloys by ion
beam mixing. Both systems are similar from the point of
view of recoil implantation, so an analogous investiga-
tion of the mixing behaviour of the two systems may
provide a test of_the current theories for io beam
mixing.

tion. In all the analyses the scattering angle was set at
110°.

3. Results

Fig. 1 shows the backscatter spectra for the 250 A
layer on a Cu(I00) single crystal measured at an ion-
irradiated spot and at a virgin spot. Due to the irradia-
tion a mixing of the Au layer and the Cu substrate has
appeared, resulting in a layer Cu,Au,_% with a com-
position varying with depth. Using RBS we are only
able to determine the composition of the surface layer.
To decide whether a Cu-Au alloy is formed other
techniques, like X-ray diffraction, should be applied.

Fig. 2 shows backscattering spectra for the W
deposited layer on Cu(lOO). In this case no mixing of
the two species is observed. Due to sputtering during
the ion bombardment a decrease of the W layer thick-
ness of ~ 20 A has taken place.

Figs. 3 and 4 give similar results about the mixing
behaviour of the species under study. In the case of the
sandwich structure of Au (fig. 3) we see the start of the
formation of a CuxAu,_T mixture with more or less
constant composition throughout a region of about
400 A. Comparing the random heights of the Cu and Au
signals from the surface layer the average composition
of the mixture can be estimated to be Cu08SAu0,5. This
is to be compared with the known alloys Cu,Au, CuAu
and CuAu3 [14].

The corresponding specrum for W (fig. 4) hardly
shows any mixing; some broadening of the W and Cu
peaks can be seen. Comparing the full width at half
maximum of the W peak from the irradiated and non-
irradiated spot, a broadening of 30 A after irradiation

2. Experimental

Cu single crystals, 6 mm thick and 15 mm diameter,
of various crystal orientations were electrolytically
etched before deposition of the layers. Au and W layers
of 250 A thickness were sputter deposited on Cu(100)
single crystals. In addition, to improve the sensitivity
for displacements of atoms across the interface of two
layers, sandwich layers for both systems were prepared
built up as Cu<l 11>-IOOA Au-240A Cu and Cu<l 10)
-100 A W-240A Cu, respectively.

Ion irradiation was carried out at room temperature
and in all cases 300 keV Kr ions were used with an ion
dose of 5X1O15 cm"2. The range of the ions was
chosen such that the projectiles would reach at least the
interface of the deposited layer and substrate. The beam
current density was about 5 pA/cm2. 2MeV ^He +

backscattering analysis was carried out to study the
composition of the surface before and after ion irradia-
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Fig. 1. 2MeV *Hc + RBS-spectrum of a Kr-irradiatcd and a
non-irradiated spot on Au deposited Cu(IOO). Mixing is ob-
served over the entire Au layer.
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Fig. 2. Similar spectrum to that shown in fig. 1 for W deposited
Cu(100). These spectra hardly show any mixing.
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Fig. 3. RBS-spectrum of an irradiated and non-irradiated Cu-
Au-Cu(l 11) sandwich. Again mixing can be observed for the
Cu-Au system.
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Fig. 4. Similar RBS-spectrum for Cu-W-Cu<l 10). A broaden-
ing of the W peak of about 30 A can be observed.

was found. This is larger than the measured non-
homogeneity of the deposited W coating, but an order
of magnitude smaller than the observed mixing in the
case of the Cu-Au-Cu sandwich.

4. Discussion

As mentioned earlier in this paper, the mixing of Cu
and Au under 300 keV Xe+ irradiation has been re-
ported by Mayer et al. [I]. We have seen similar results
for irradiation with 300 keV Kr4+ . In contrast with this
case no mixing is observed in a similar expenment with
a W layer deposited on a Cu single crystal. If the
mechanism of ion beam mixing could be described
satisfactorily by recoil implantation and cascade mixing
no pronounced difference between the mixing phenom-
ena for both systems would be expected.

The pronounced differences observed between the
Cu-Au and Cu-W systems may be explained in two
ways: (1) the small displacement of the atoms observed
in the Cu-W systems may show what should be expected
from collision cascade mixing, then the substantially
larger extent of mixing in the Cu-Au system must be
due to radiation enhanced diffusion. (2) On the other
hand the Cu-Au mixing may be the result of cascade
mixing and in the Cu-W system this is counteracted by
demixing because Cu and W do not combine chemi-
cally. If this demixing effect indeed occurs, it does not
give rise to precipitates as can be concluded from spec-
tra 2 and 4. So we have to conclude that any realistic
model of ion beam mixing has to include the thennody-
namic properties of the species involved.

The authors are indebted to Prof. Dr. W.F. van der
Weg and Philips Research Laboratories for helping with
the sample preparation, and to Dr. A.E. de Vries for
helpful discussions. Z.L. Wang would like to thank
Prof. Dr. J. Kistemaker for his hospitality and support
at the FOM Institute.
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A COMPARISON OF ATOMIC MIXING BEHAVIOUR OF Cu - Au AND Cu - W SYSTEMS FOR ROOM
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FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam
The Netherlands

ABSTRACT

300 keV Kr ion irradiations with doses varying from 2* 1015 to 2* 1016 at/cm2

have been applied to initiate mixing of Cu-Au and Cu-W systems. As under
normal thermodynamic conditions the Cu-Au system is miscible whereas the Cu-W
system is not, the comparison of both systems provides a test for the current
theories on ion-beam mixing. A pronounced difference in mixing phenomena is
observed for both systems; in the Cu-Au system atomic displacements are one
order of magnitude larger than those in the Cu-W system. In addition, a
drastic temperature dependence of ion-beam mixing in the Cu-Au system has
been found. The mixing is suppressed by lowering the substrate temperature
during irradiation. These results show that radiation enhanced diffusion is
the mechanism underlying the ion-beam mixing of Cu and Au. Results for the
Cu-W system are consistent with a collisional mixing model.

INTRODUCTION

The atomic mixing of thin layers by ion beam irradiation has potential for
application to surface modification of materials and as an alternative to the
direct ion implantation in metals [1/2,33. The basic mechanisms of ion beam mix-
ing are not yet very well understood, several mechanisms have been proposed to
deal with the observed mixing phenomena. First, collisional mixing may be indu-
ced by the many successive displacements of target atoms by collision cascades
[4,5]. Second, mobile defects such as vacancies and interstitials generated by
the irradiation may give enhanced diffusion [6]. Third, Marwick et al. [7] inves-
tigated the segregation-assisted recoil implantation at elevated temperatures
and found that a radiation-induced solute flux away from the substrate/overlayer
interface is effective in carrying implanted atoms out of shallow surface layer.
The solute fluxes produced by segregation can be much larger than those due to
radiation-enhanced diffusion. In general, often more than one mechanism appears
to be contributing to the mixing observed for a particular system and many fac-
tors influence the atomic mixing behaviour. Therefore, it is worthwhile to study
the mechanisms of atomic mixing under various conditions.

In the collisional mixing process, involving recoil implantation and cascade
mixing, kinetic energy of incident ions is transferred to target atoms via ato-
mic collisions. In principle this effect does not depend on the temperature of
the substrate during ion irradiation. The segregation-assisted diffusional mix-
ing depends on temperature of substrate and enhanced diffusion is dependent on
temperature at low temperatures if annihilation occurs principally by recombina-
tion. Therefore, we can minimize diffusional contributions to the atomic mixing
by means of lowering substrate temperature during ion beam irradiation.

We have reported [8] the ion-beam mixing of Cu-Au and Cu-W systems at room
temperature as an example for comparing the atomic mixing behaviour of miscible

Visiting scientist from Beijing Normal University, Beijing, China.

i

L



- 84 -

6.0
100 A

240 A

NOT IRRADIATED SPOT

Au AT SURFACE

•IRRADIATED SPOT

340 380
CHANNELNR

420 460 500

Fig. 1 (a) - 2 MeV ;|He -backscattering spectra for the

Cu<lll>-Au-Cu sandwich.
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and immiscible systems. In this paper, we compare the temperature dependence of
atomic mixing for Cu-Au and Cu-W systems in order to understand the mixing mecha-
nism for these systems.

EXPERIMENTAL PROCEDURE

Cu single crystals, 6 mm thick and 15 mm diameter, of various crystal orienta-
tions were electrolytically etched before deposition of the layers. Au and W
layers of 250 8 thickness were sputter deposited on Cu<100> single crystals. In
addition, in order to prevent rapid Au or W sputtering by the incident Kr ions,
sandwich layers for both systems were prepared built-up as Cu<lll>- 100 A Au
- 240 8 Cu and Cu<100>- 100 8 W- 240 8 Cu, respectively.

The samples were mounted, for irradiation, on a copper target holder which
could be cooled from outside the vacuum by using liquid nitrogen. The tempera-
ture was monitored by means of an iron-constantan thermocouple connected to the
samples. Ion irradiation was carried out at room temperature and at low tempera-
ture and in all cases 300 keV Kr ions were used with varied ion doses from
2x 1015 Kr/cm2 to 2x 1016 Kr/cm2.

The low temperature irradiation was chosen at 127 K and LN2 temperature. The
irradiation beam energy was chosen such that the projected range would reach the
interface of deposited layer and substrate.

2 MeV 2 He backscattering analysis was performed at room temperature. It was
necessary to bring all samples to room temperature after low temperature irradia-
tion.

RESULTS

Comparison of Cu-Au and Cu-W systems
Fig. 1(a) and 1(b) compare the atomic mixing behaviour of the Cu-Au-Cu sand-

wich and the Cu-W-Cu sandwich irradiated by 300 keV Kr ions with a dose of
5 x 10 /cm at room temperature. Backscattering spectra for the Cu-Au-Cu sandwich
are shown in fig. l(a). A mixing layer of Au and Cu has appeared, resulting in
an CuxAui_x mixture with more or less constant composition throughout a region
of about 400 8. By comparing the random heights of the Cu and Au signals from
the surface layer one can estimate the average composition of the mixture to be
Cu.35Au.15. Fig. 1(b) shows backscattering spectra for the Cu-W-Cu sandwich.
This spectrum hardly shows any mixing, however, one can see some broadening of
the W peak even though no Cu-W alloys are known to exist under normal thermodyna-
mic conditions. Comparing the full width at half maximum (FWHM) of the W peaks
from the irradiated and unirradiated spots, a broadening of FWHM of 30 8 arter
irradiation was found. This is an order of magnitude smaller than the observed
mixing for the Cu-Au-Cu sandwich.

Dose dependence of atomic mixing
A series of irradiations with varied doses from 2>< 1015 Kr/cm2 to 2x 10leKr/

cm for Cu-Au and Cu-W systems at room temperature have been studied. Typical
ion backscattering spectra taken before and after irradiation with varied doses,
2x 1015/cm2, 5x 10ls/cm2 and lx 1016/cm2, at room temperature are shown in fig.
2(a). At increasing bombardment doses the spreading of the Au peak is increasing,
but the sputtering of the Au layer becomes significant which reduces the peak
width at high doses.

Fig. 2(b) shows the dose dependence of mixing in the W-Cu system. The mixing
of W and Cu induced by 300 keV Kr irradiation is clearly observed at a dose of
1.3x 1016/cm2.

Comparison of the dose dependences of mixing for C i-Au and Cu-W shows that si-
milar to the sandwiches Cu-Au mix readily, whereas less mixing is observed for
the Cu-W system.
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Temperature dependence of atomic mixing
Since diffusional mixing may be thermally activated whereas collision cascade

mixing will be independent of substrate temperature during the irradiation, the
temperature dependence of atomic mixing for Cu-Au and Cu-W systems has been in-
vestigated in order to find out the dominant mechanism of atomic mixing in dif-
ferent temperature regimes.

Fig. 3(a) shows the Rutherford backscattering spectra for the Au-Cu sample,
which were taken after 300 keV Kr irradiation with a dose of 5x10ls/cm2 at room
temperature and at 127 K. For comparison, fig. 3(b) shows the temperature depen-
dence of atomic mixing for Vf-Cxi sample. In the case of Cu-Au a pronounced differ-
ence between low temperature irradiation and room temperature irradiation is ob-
served. From fig. 3(a), one can determine the full width at half maximum of the
Au peak (FWHM). The increment of FW.M for Au at low temperature irradiation is
about 20 keV (corresponding thickness of «100 &), which is less than that at
room temperature. It is clear that at low temperature irradiation for the Au-Cu
sample, the diffusional contributions to the atomic mixing have been suppressed.
In the W-Cu system no influence of the substrate temperature during irradiation
has been observed.

DISCUSSION

Andersen [ 9 ] has proposed a model of cascade mixing in which the distribu-
tion of momentum transfers is taken to be isotropic, the resulting migration is
a random walk. Therefore, the transport of species can be characterized by intro-
ducing an effective diffusion coefficient D*. This quantity D* has been related
according to the Einstein's relation

D* = |- R 2 p(x> (1)

where R is the root-mean square separation for a vacancy interstitial pair and
P(x) is atomic displacement rates which may be calculated using the modified
Kinchen-Pease relation [10]

dE
where <j> is the ion flux, (-^)n is the ion energy deposited per unit depth into
ti

^ n p
atomic process, N is the atomic density of the solid, E<3/e£f is the effective
threshold displacement. Schitftt and Thomsen [ll] point out that the E,, « can be
written by a, err

For E D=2.6 E d # m i n , we have

dxV
4E, , M <>

d,mm
Therefore, the effective diffusion coefficient D can be rewritten as the follow-

. »2* <§>„ <5)
6NX 4 E. .

d,min
,

Since the cascade mixing process is a random walk process in Andersen's model,
an original delta function for the distribution of species will be smeared-out
to a Gaussian distribution with a = /4D t , which is the standard solution to the
diffusion equation. According to (5), we have the increment of FWHM

d,min



- 90 -

4.0

o
^ 3.0-

9
LU

> 2.0

er
UJ 1.0

H

• - <100> —
Au

•

• — 2 5 0 A

•~~ 300 keV Kr ƒ \

X 1 \
260 300 340 380

CHANNELNR
420 460 500

Fig. 3(a) - 2 MeV ^He -backscattering spectra for the Cu<100>-Au

structure. No mark: not irradiated; • : dose 5 x 1015

at/cm2, RT; A: dose 5 x 1015at/cm2, T = 127 K.



- 91 -

IT/

to

6.0
o

3
LU

" 3D
o

-<100>
w

1 •

•-250A

• — 300 keV Kr A

260 300 340 380
CHANNELNR

420 460 500

Fig. 3(b) - 2 MeV ^He+-backscattering spectra for the Cu<100>-W.

structure. No mark: not irradiated; • : dose 5 x 1015

at/cm2, RT; A: dose 5 x 1015at/cm2, T = 80 K.



- 92 -

where
Ed,min ^ s the minimum-displacement energy which can be found in [10],

(-r-) can be calculated theoretically with an accuracy of ~ 20% [12].

By the expression (6), we can estimate the order of magnitude of increment for
FWHM after ion bombardment. In the case of 300 keV Kr ion bombarding a W target
with a dose of 5 X 1015/cm2, we estimated the increment of FWHM to be 33 8. This
is consistent with what we observed in the case of Cu-W-Cu system. The same or-
der of magnitude of the increment of FWHM for Cu-Au-Cu is predicted from the cas-
cade mixing point of view, but this is clearly inconsistent with our results.
Expression (6) predicts that AFWHM increases with the square root of the dose,
but at present we do not have experimental evidence to support this.

The discrepancy between the observed for Au-Cu system and predicted increment
of FWHM from collisional mixing point of view can be explained by taking enhan-
ced diffusion into account, A radiation-enhanced diffusion may greatly accelera-
te the diffusion of substitutional atoms and this mechanism is believed to be
caused by the increase of the concentration of vacancies and interstitials above
their equilibrium values during ion irradiation. According to the approximation
in ref. [13] the enhanced diffusion coefficient D* can be estimated. We find D*
for Au to be 10"11* ~ 10"15 cmVsec and a diffusion length / D*t of 350 8 under
our typical experimental conditions would be predicted.

In principal, radiation-enhanced diffusion is a thermally activated process
and strongly depends on temperature. Therefore, one can understand why there is a
drastic temperature dependence of atomic mixing for Au-Cu system. In addition,
radiation-enhanced diffusion is of relevance to many factors, such as, creation
and escape or loss rate of vacancies and interstitials, vacancy formation enthal-
py and vacancy migration enthalpy etc. It is well known that for W and Au, the
values of the, vacancy migration enthalpy and the vacancy formation enthalphy are
quite different. These factors must influence the ion-beam mixing behaviour.
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Abstract

A &tudy oh thz mixing e.^tct oh Q-6uiltchzd nuby Za&zn In-
nadlatlon on Cu-Au and Cu-W Ay&tzm& li made, and a companion
with lon-bzam mixing oh both &y&tzm& l& Atudlzd. A compcviabJLa.
amount o& mixing JJOA Ca-Au Induczd by ta&zn. on. Ion bo.am l&
hound wh<LK<La6 no mixing oh Cu-W Induced by la&zn. Innadlatlon
li> ob&2.ti\)Q.d. The. fiz&uZt& on Za&zti mixing ptKL&zntad In thl6
papzx. ah.2. In agn.zzmo.nt with Sood't> gznznal cnltznla hon- ^ne-
honmatlon oh mzta&tablz &otld &olutlon*.

Complztzly dlhh^^12-^ mzchanl&m* anz Involvzd In la&zn. and
Ion bzam mixing, but, h0>l both quznchlng takz ptacz. In thz
honmzn quznchlng occunj, fj-tom thz Zlquld pha&z and imml&clbZz
&y&tzm& can not be mlxzd. In thz ca&z oh Ion bzam& baZZl&tlc
mixing and/on nadlatlon znhanczd dlhhu&lon anz jjo££owerf by
quznchlng In thz 6oZld pha&z.

*
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Beijing, China.
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1. Introduction
Directed energy deposition in order to induce atomic mixing

in thin film systems, has been receiving remarkable attention

recently. Within the last three years, the use of ion-, laser-

and electron beams to change the structure and composition in

the near surface region of bulk materials has been investiga-

ted actively [1-4]. Advantages provided by pulsed laser mixing

include short reaction times, localized heat treatment, high

heating and cooling rates, resulting in the formation of meta-

stable supersaturated solid solutions and surface alloys in

laser-irradiated thin film systems.

In some cases atomic mixing can be induced by both laser

or ion beam interactions; however there are some limiting fac-

tors, in particular in the case of laser irradiation. Sood

C5] has formulated a set of criteria for the formation of me-

tastable solid solution by pulsed laser irradiation. These are:

1) regrowth by liquid phase epitaxy can be ensured by proper

selection of beam parameters; 2) the system has miscibility

in liquid phase at temperatures and composition employed, and

3) cooling rates are high enough to suppress nucleation and

growth of equilibrium phases. In comparison with experiments

Sood has shown that agreement is very good for a large variety

of ion-implanted metals. Agreement with experiments on alloy

formation by laser mixing of overlayer films is less certain

because only a few systems have been studied sofar and dis-

agreement with the criteria of Sood is observed in the case

of Ag/Ni.

We have shown in earlier work [6,7] that mixing of Cu-Au

and Cu-W can be induced by 300 keV Kr ion bombardment. In the

present paper a study of the mixing effect of Q-switched ruby

laser irradiation on Cu-Au and Cu-W systems is made. In terms

of the above criteria these systems are of interest, for Cu-Au

is highly soluble and also many different compounds exist

whereas Cu-W is completely immiscible even in the liquid

phase and no compounds are known. Thus, the present work pro-

vides a further experimental test of Sood's criteria for the

formation of metastable solid solutions as well as a compari-

son between the effects of ion-beams and pulsed laser irra-

diation on thin film mixing.

L.
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2. Experimental Procedure
Two types of samples have been prepared, both on Si3N4 sub-

strates. One set was covered with a Cu-Au-Cu thin film sand-

wich with thicknesses equal to 2000 ft - 350 ft - 210 ft respec-

tively, the other with a Cu-W-Cu thin film structure with in-

dividual thicknesses equal to 3000 ft - 25 ft - 440 ft. Before

and during the vacuum evaporation of the Cu-Au-Cu system the
—7 —6

pressure was 10 and 10 torr. In order to avoid oxidation
-9

of W the pressure in the evaporation chamber was kept at 2x10
—8torr before and 3x10 torr during deposition of the Cu-W-Cu

sandwich.

For laser mixing the samples were irradiated in air and at

room temperature with pulses from a Q-switched ruby laser

{ T = 2 5 ns), maximum output 4 J. Mostly a laser energy density
2

between 2.0 and 3.0 J/cm has been used. In the case of the

Cu-W-Cu system a thin W layer of only 25 ft was used, because

samples with thicker (200 ft) W layers were found to be damaged
2

even at laser energy densities of 1 J/cm . This is probably

caused by the very low heat conductivity of these layers.

For ion beam mixing the samples were irradiated with 300

keV Xe ion beams at doses varying from 2xio cm" to 2xio
-2

cm . Irradiation was done at room temperature, the samples
were not cooled deliberately but beam currents were kept <

—6 2
3xio A/cm in order to avoid heating. For both laser and

ion-beam irradiation, the beam was collimated to a circular spot

of 3 mm diameter. The samples were analysed by Rutherford back-

scattering spectrometry [8] using 2 MeV He and scattering

angles of 110° and 170°.

3. Results

3.1. Laser mixing of Cu-Au-Cu

Fig. l shows 2 MeV He+ Rutherford backscattering spectra

of the Cu-Au-Cu thin film sandwich, taken before and after Q-

switched ruby laser irradiation at laser energy densities va-

rying from 2.35 J/cm2 to 2.6 J/cm2. In the case of 2.35 J/cm2

a little broadening of the Au peak in the backscattering spec-
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trum, as compared to an unirradiated spot on the same sample,
2

is observed. For laser energy densities of 2.5 J/cm and 2.6

j/cm2 the height of the Au peak is reduced and its width in-

creased, whereas the integrated area stays the same. This, as

well as the changes observed in the Cu-parts of the backscat-

tering spectra, clearly indicate mixing of Au and Cu. By com-

paring the full width at half maximum (FWHM) of the Au peak

from an irradiated spot and the virgin spot, we have obtained

the increment of the Au peak-width using:

A(FWHM)Au = / (FWHM)Jrr - (FWHM)
 2
±r (1)

This is related to the broadening of the Au depth distri-
Cu Au,_

bution in the sample through the energy loss factor C S ] A u
A x

of He + backscattered from gold in the Cu Au._ mixed layer:
X X ~X

A (FWHM)

The energy loss factor [S] changes with the compositional

changes as a result of laser mixing. We have used the peak

height of Au in order to estimate x in Cu Au._ . Since the
X X ™X

energy loss factors of pure Au and Cu differ by only 10%, the

error due to this estimated composition is acceptable. In fig.

2 we have plotted both A(FWHM)Au and a as function of laser

energy density. A linear dependence is observed throughout,

which will be discussed in section 4.
2

Below 2.3 J/cm any changes to the Cu-Au-Cu sandwich struc-

ture are below the detection sensitivity of Rutherford back-

scattering. We believe that there is a threshold energy den-

sity for laser mixing, in order to mix thin films of Au and

Cu one must at least melt both. Any quantitative analysis of

this, however, is beyond the scope of the present paper. It

is to be expected that multiple pulses above threshold will

allow further intermixing. This can be seen in fig. 3, which

gives Rutherford backscattering spectra of a virgin spot, a

spot irradiated with a single pulse from the laser at 2.35
2 2

J/cm and one irradiated with 4 pulses of 2.35 J/cm . Clearly

the intermixing in the latter spot is much enhanced. We find

that A(FWHM)Au or a for this spot to be almost exactly 4x as
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Fig. 3 - 2 MeV „He RBS spectra of Cu-Au-Cu sandwich structure, before

and after pulsed laser irradiation with 1 and 4 pulses óf

2.35 J/cm respectively (8 = 110 ) .
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high as the value for a single pulse of the same energy, see

fig. 2.

3.2. Ion-beam mixing of Cu-Au-Cu

We have reported earlier that atomic mixing of Cu-Au can

be induced by Kr ion bombardment at low doses. Here we give

the results for 300 KeV Xe bombardment of the same Cu-Au-Cu

sandwich structures used in the laser mixing experiments de-

scribed in the previous section. Fig. 4 shows 2 MeV He Ruther-

ford backscattering spectra of an unirradiated spot and spots

which were bombarded with 300 keV Xe 3 + to doses of 1.9 x10 1

cm"2, 4.7 xlO 1 5 cm"2 and 6.7 xio 1 5 cm"2. Initially the Au peaks

in these spectra show approximately a Gaussian profile, but

as the peak heights decrease and their widths increase a more

or less flat top becomes apparent. Also the copper part of the

spectra shows for higher doses a rather flat distribution in

the surface region. This indicates that gold and copper can

be mixed almost uniformly with a 300 keV Xe ion beam at a
15 —2

dose of 6.7 xio cm . From the heights of the Cu and Au sig-
2

nals, in fig. 4, a ratio of the number of Au atoms/cm over
2

the number of Cu atoms/cm in the mixed layer can be inferred.

We get: N_ /Nc =0.54, which must mean that the composition

of the mixed layer formed is Cu : Au = 0.65 : 0.35. The thick-

ness of this layer as determined from the width of the Au peak

is ~700 &.

In fig. 5 we compare laser and ion beam mixing. Fig. 5(a)

shows backscattering spectra before and after laser irradia-
2

tion with a single pulse of 2.5 J/cm , fig. 5(b) before and

after 300 keV Xe ion bombardment with a dose of 4.7 x10 cm .

Two qualitative differences become apparent immediately. Ion

bombardment causes the Au signal to spread to shallower as

well as greater depths, whereas under the laser beam the Au

signal appears to shift predominantly in depth. Even more

striking is the difference in composition. Under the ion beam

an almost homogeneous mixture of Cu and Au over ~700 A* can

be formed, which appears to be difficult to achieve with pulsed

laser irradiation. Not only for the single pulse (fig. 5a) but
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also under multiple pulses (see fig. 3) does the Au signal con-

tinue to look like a Gaussian concentration profile.

3.3. Laser and ion-beam irradiation of Cu-W-Cu

Problems have been encountered during laser irradiating a

200 A* thick W layer sandwiched between Cu. Even at the lowest
2

laser density applied (1 J/cm ) did we lose the evaporated

structure. This can probably be attributed to the rather poor

heat conductivity of W resulting in overheating and evaporation

of the top Cu layer. For a thin, 25 8, W marker sandwiched be-

tween 2000 A* and 450 A* Cu, such problems were not encountered
2

until a laser energy density of more than 2.7 J/cm was applied.

In fig. 6 four backscattering spectra have been plotted taken
2

before and after pulsed laser irradiation at 2.58 J/cm , 2.6
2 2

J/cm and 2.7 J/cm . The spectra do not show any evidence of

laser induced mixing of Cu-W. At higher laser energy densities

the evaporated layers were lost.

As we have reported earlier mixing of Cu-W can be achieved

using Kr ions. Fig. 7 shows ion beam mixing of the Cu-W-Cu

sandwich by 300 keV Xe + bombardment at doses of 3xio cm" ,

8x10 cm"" and lxio cm" . Note that although these spectra

give clear evidence for ion beam mixing of Cu-W, the efficien-

cy is much lower than for the system Cu-Au (fig. 4) .

4. Discussion
The results on laser induced mixing presented here are in

agreement with Sood's general criteria for the formation of

metastable solid solutions C5]. For the Cu-Au system a thres-

hold is observed which can be understood by assuming that in

order to mix thin films of Au and Cu one must at least melt

both. Once this has been achieved liquid phase diffusivity

will account for their fast intermixing. Indeed, we can es-

timate the diffusion coefficient, D, from the results of fig.

2 by putting the broadening of the Au distribution, a, equal

to /2Dt. Taking for the melt duration, t, e typical value of

100 ns one obtains, from the observed broadening of ~4Q0 &,
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—4 2
a value for D equal to ~10 cm /s. This is consistent with

published values of metallic liquid state diffisivities [9].

Although interdiffusion in the liquid state is fast and

for Cu and Au a number of equilibrium phases are known to exist,

our results do not show evidence for their formation. This may

be understood by the very high cooling rates involved in pul-

sed laser irradiation, thus suppressing nucleation and growth

of equilibrium phases and allowing formation of metastable so-

lid solutions. In view of this, structural analyses of the

mixed layers should be worthwhile.

The Cu-W system does not show laser mixing, which may be

explained in two ways. First, W has a very high melting point

(3683 K) compared to Cu (1356 K) or Au (1337 K ) . Therefore,

it cannot be ruled out that at laser energy densities for which

Cu and Au melt, W is not melted and intermixing with Cu will

not occur. On the other hand, even if the W film is melted one

does not expect [5] Cu and W to mix because they are immis-

cible also in the liquid phase. Whether the W film melts un-

der the laser pulses used, might be learned from calculations

similar to those done recently for semiconductors [10,11].

In contrast to the laser, our results show that ion beams

can mix soluble as well as insoluble systems. In order to de-

termine the mixing rate we have analysed our spectra as illus-

trated in fig. 8. Initially the thin Au (or W) film gives a

Gaussian profile due to the energy resolution of our detection

system. After irradiation this profile has changed due to the

formation of a Cu Au. ,_ mixture. This does not lead to an ideal
X A"~X

rectangular shape in the BBS spectrum, for the layer is not

entirely uniform over the total thickness mixed and the detec-

tor resolution causes further broadening. The amount of Au-

atoms moved, however, is determined by simply integrating the

shaded areas Qj and Q 2 in fig. 8 and subtracting the contri-

bution due to the Xe implant (QAu =Q1+Q2~ Qxe* * T h e c o n t r i "

bution Q X e has been determined separately using pure Cu samples

implanted to the same dose. The number of Cu atoms moved can

be determined by integrating the area by which the initial dip

in the Cu signal has been filled-in due to ion bombardment

(see Q C u in fig. 8).
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fore and after ion beam irradiation, for explanation see text.

By defining the mixing rate in the above way we neglect

stopping power differences in the original and final structures

As we discussed in section 3.1, for the systems under study

such differences are smaller than 10%. Other sources of error

in our way of defining the mixing rate are possible nonunifor-

mities in the thin film structures before or after irradiation,

and a shift of the Au peak due to sputtering of the top Cu

film. We estimate the total error due to these effects in the

present work < 15%.
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Despite these uncertainties a large difference in the mix-

ing rate of the two systems has been observed. In the case of

300 keV Xe ion bombardment of the Cu-Au-Cu sample at a total

dose of 4.7 x io15 cm"2 we found for °-Au/Q-xe
 = 1 2" 4 A u a t o m s / X e

ion, and a comparable amount of Cu atoms has been moved:

Qn /Qv =17.2 Cu atoms/Xe ion. For the Cu-W-Cu system after
16 -2

bombardment with lxio cm the mixing rate for tungsten is

1.3 W atoms/Xe ion. In this case Q C u/Q X e
 i s t o° small to be

determined accurately from the changes in the small dip in the

Cu parts of the spectra of fig. 7. A rather similar difference

has been found earlier for Kr bombardment [7] and has been

shown to be attributable to a difference in the mixing mecha-

nism. In the case of Cu-W only ballistic mixing is important

whereas for Cu-Au ion bombardment at room temperature leads

to significant radiation enhanced diffusion. Since 300 keV Xe

ions produce a rather high defect density throughout the whole

penetration depth of ~1000 A1, radiation enhanced diffusion over

this depth is possible. If one assumes that radiation enhan-

ced diffusion occurs during the time the sample is subject to

ion irradiation, which is a matter of minutes, one may under-

stand why a more or less uniform distribution of Au and Cu is

observed over a thickness of ~700 A* (fig. 5b) .

In summary, completely different mechanisms are involved

in laser and ion beam mixing, but for both quenching takes

place. In the case of laser pulses quenching occurs from the

liquid phase and immiscible systems cannot be mixed. In the

case of ion beams ballistic mixing and/or radiation enhanced

diffusion are followed by quenching in the solid phase.
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Summary

In the first three chapters of the thesis we deal with

laser-beam interactions with solid surfaces. This work is re-

lated to laser annealing/cleaning of the near-surface region

of semiconductors.

In chapter II we present a study of the laser annealing be-

haviour of As-implanted Si<lll> to demonstrate the advantages

of pulsed laser annealing of silicon. It is known that con-

ventional furnace annealing can not completely remove radia-

tion damage in an implanted layer of Si<lll>. After pulsed

laser annealing of Si<lll>, however, electrical measurements

and backscattering analysis show that the annealing effects

of pulsed laser annealing are better than after thermal

annealing, specifically carrier concentration can reach a value

higher than the solid solubility for As in silicon and better

crystallization, lower channeling yields, X mi n
=3.2%, can be

achieved.

In chapter III we describe an investigation of oxygen in-

diffusion during laser cleaning/annealing of silicon by means

of the O(a,ot ) 0 resonance scattering at 3.042 MeV. The

parameters of this resonance have been measured with the aim

of nuclear microanalysis. We have found the full-width of the

resonance, T =10.9 +0.4 keV, the resonance energy, E„ =

3.042 +.003 MeV, and the cross section at resonance, a R =

1.28+0.08 b/sr. in C M . system which differs from the pu-

blished value, öR=0.95 b/sr, by Cameron. We have presented

a method to determine the surface and the bulk oxygen concen-

tration by using the 0(a7ao) o resonance scattering. In

this way pulsed laser annealed/cleaned silicon samples have

been analyzed quantitatively. The results show no evidence

for oxygen indiffusion neither for pulsed laser annealed sili-

con in air, nor for a silicon wafer cleaned by multiple pulses

in a UHV environment. For laser cleaned silicon, ;he upper

limit of the oxygen concentration was found to be less than
18 3

7.3 x10 at/cm , which is equal to or less than the solid

solubility limit of oxygen in silicon.

L.
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In chapter IV we have calculated the temperature profile,

melt depth and melt duration for pulsed laser annealing of

GaAs based on the thermal melting model. The results calcula-

ted require an experimental verification of preferential loss

of As. For that an experimental test has been performed and

the results show that large amounts of gallium and arsenic

are lost from GaAs single crystals, as a result of irradiation
2

with pulsed laser light of energy densities above 0.5 J/cm .

This indicates a very high surface temperature during the

laser pulse resulting from a sharp increase in the absorption

coefficient.

In the second part of this thesis we discuss ion-beam in-

teractions with solid surfaces, mainly, mixing of atoms due

to ion bombardment. We describe a study of ion-beam mixing of

Cu-Au and Cu-W systems in order to illustrate the mechanism

for ion beam mixing. As Cu-Au are miscible whereas Cu-W sys-

tems are not, and both systems have comparable mass numbers,

comparison provides a test for current theories on ion-beam

mixing.
4+

In chapter V we present experiments where 300 keV Kr
15 -2

ion-bombardment at a dose of 5 xio cm has been applied to

initiate mixing of a single layer structure and sandwich

samples for both systems. Room temperature irradiations with
15 —2

a dose of 5 x 10 cm show that Cu-Au mix readily, whereas a

small mixing effect is observed for Cu-W systems.

In chapter VI we have studied atomic mixing behaviour

more extensively by comparing Cu-W and Cu-Au systems for

room temperature and low temperature irradiation. It was

found that Cu and W can be mixed by Kr ion bombardment at room

temperature even if under normal thermodynamic conditions no

Cu-W alloy exits and a pronounced mixing of Cu and W was

observed with high dose irradiation at room temperature. In

the Cu-Au system atomic displacements are one order of magni-

tude larger than those in the Cu-W system and a drastic tempe-

rature dependence of ion-beam mixing in Cu-Au systems is

found. The differences between the two systems observed indi-

cate that atomic mixing of Cu and W is a purely ballistic

mixing process and the results are in agreement with Andersens1
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cascade mixing model. Then, the substantially larger extent

of mixing in the Cu-Au system must be due to diffusional mix-

ing.

The thesis finishes with a comparison of mixing of Cu-Au

and Cu-W systems induced by laser and ion beams. A compara-

ble amount of mixing for Cu-Au induced by laser or ion beams

is found whereas no mixing of Cu-W induced by laser irradia-

tion is observed, which is in agreement with the criteria

for formation of metastable solid solutions due to pulsed

laser treatment.
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SAMENVATTING

In de eerste drie hoofdstukken van dit proefschrift wor-

den interacties van laserbundels met vaste stofoppervlakken

bestudeerd. Kennis hiervan is noodzakelijk wanneer lasers

worden gebruikt bij het herstellen van schade in halfgeleiders

en bij het schoonmaken van halfgeleideroppervlakken.

In hoofdstuk II wordt aangetoond dat de behandeling van

As gedoteerd Si (111) met een gepulste laserbundel uitstekend

geschikt is voor de annealing van dat Si. Zoals bekend kan

stralingsschade veroorzaakt door implantatie in Si (Hl) niet

volledig hersteld worden met een conventionele ovenbehandeling.

Na beschieten van het geïmplanteerde Si met gepulste laser-

straling echter,tonen elektrische metingen en terugstrooiings-

analyses aan dat het kristalherstel veel beter is; vooral de

concentratie ladingsdragers kan een waarde bereiken die hoger

is dan de oplosbaarheidsgrens van As in Si en betere rekris-

tallisatie met een lagere channeling opbrengst, X . =3.2%,

kan worden bereikt.

In hoofdstuk III wordt het onderzoek beschreven naar de in-

diffusie van zuurstof, aanwezig in de natuurlijke oxidehuid

op het Si-oppervlak, tijdens laserannealen. Hierbij werd ge-

bruik gemaakt van de „O(a,a)8 0 resonante verstrooiing bij

3.042 MeV. Bij de bepaling van de resonantieparameters werd

voor de breedte r = 10.9 + .4 keV gevonden, voor de resonan-

tie energie E_, = 3.042 + .003 MeV en de werkzame doorsnede

werd bepaald op a_ = 1.28 + .08 brn./sr in het zwaartepunt-

systeem, een waarde die afwijkt van de door Cameron gepubli-

ceerde waarde aR = .95 brrt/sr. Een methode waarmee zowel de

zuurstofconcentratie in het oppervlak als ook daaronder be-

paald kan worden, wordt besproken. Hiermee zijn Si-preparaten

kwantitatief geanalyseerd.

De resultaten geven geen bewijs voor diffusie van zuur-

stof van het oppervlak naar binnen toe, tijdens laser annea-

ling van silicium in lucht, en evenmin voor silicium dat in

ultra hoog vacuüm is schoongemaakt d.m.v. meerdere flitsen

uit de laser. De maximale concentratie voor zuurstof gemeten
.18 at/na deze schoonmaakexperimenten was lager dan 7.3 x 10'

cm , hetgeen gelijk is aan of minder is dan de oplosbaarheids-

_J
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grens van zuurstof in silicium.

In hoofdstuk IV wordt het temperatuurprofiel, de smelt-

diepte en de levensduur van de smelt berekend tijdens rekris-

tallisatie van GaAs met gepulste laserstraling uitgaande van

het thermische smeltmodel. De berekende resultaten vragen om

een experimentele bepaling van de voorspelde hoeveelheid As

die zal verdampen. De experimentele test hiervan laat zien

dat grote hoeveelheden Ga en As verloren gaan uit GaAs een-

kristallen t.g.v. laserflitsen met een energiedichtheid van
2

meer dan .5 J/cm . Dit toont aan dat de temperatuur van het

oppervlak zeer hoog wordt tijdens de laserflits vanwege een

sterke toename van de absorptiecoëfficiënt.

In het tweede deel van dit proefschrift wordt de wissel-

werking besproken tussen ionenbundels en vaste stof oppervlak-

ken, hoofdzakelijk de atomaire menging o.i.v. ionenbombarde-

ment. De hoofdstukken V, VI en VII betreffen een studie van

de ionenbundelmenging van Cu-Au en Cu-W systemen teneinde

een beter inzicht te krijgen in de fysische verschijnselen die

optreden wanneer lagenstructuren van Cu en Au respectievelijk

Cu en W beschoten worden met een Xe- of Kr-ionenbundel. Aan-

gezien Au in Cu oplosbaar is maar W niet in Cu en beide sys-

temen vergelijkbare atomaire massa's hebben, zal een vergelij-

king tussen beide systemen een test betekenen voor de geldig-

heid en het belang van verschillende theorieën aangaande ionen-

bundelmenging.

In hoofdstuk V worden experimenten gepresenteerd waarbij

300 keV Kr ionen zijn gebruikt tot een dosis van 5 x 10 cm" ,

om een enkelvoudige en een sandwich laagstructuur van beide

systemen te vermengen. Bestraling bij kamertemperatuur laat

zien dat Cu en Au goed mengen maar nauwelijks enig effect

wordt waargenomen voor Cu en W.

In hoofdstuk VI is atomaire menging verder onderzocht door

een vergelijking te maken tussen Cu-Au en Cu-W systemen tij-

dens bestraling bij kamertemperatuur en lage substraat-tempe-

ratuur. Dit onderzoek heeft aangetoond dat het in thermody-

namisch evenwicht niet bestaan van legeringen, niet noodzakelijk

betekent dat menging van de betreffende elementen d.m.v. een

ionenbundel onmogelijk zou zijn. Voor Cu en W werd gevonden

dat bestraling met hoge dosis tot aanzienlijke menging leidt,
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voor het Cu-Au systeem echter werden verplaatsingen van ato-

men gemeten die een grootte orde hoger liggen dan voor het

systeem Cu-W. Tevens bleek de menging in het Cu-Au systeem

temperatuur-afhankelijk. Deze verschillen duiden er op dat

de menging van Cu en W verloopt via een puur ballistisch effect

en in goede overeenstemming is met Andersen's model voor

menging in de botsingscascade, veroorzaakt door het ionenbom-

bardement. De veel effectievere menging in het geval Cu-Au

moet worden toegeschreven aan stralingsgeïnduceerde diffusie.

In het laatste hoofdstuk wordt de vergelijking behandeld

tussen Cu-Au en Cu-W systemen, enerzijds o.i.v. laserbundels,

anderzijds o.i.v. ionenbombardement. Voor Cu-Au is de menging

met de laser vergelijkbaar met die met de ionenbundel, maar

voor Cu-W wordt geen menging onder laserbestraling waargeno-

men, hetgeen in goede overeenstemming is met recent geformu-

leerde algemene criteria voor de vorming van metastabiele

vast'ï stof verbindingen m.b.v. een gepulste laser.
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Olson's conclusion that the mostly favoured orbital
angular momentum quantum number is equal to the
mostly favoured principal quantum number in the f i -
nal states in electron-capture by fully-stripped
ions from hydrogen-atoms in not correct in general.

R.E. Olson, Phys.Rev. A24 (1981) 1726.

Experiments using correlated Compton scattering of
annihilation photons1 cannot be used to verify the
"hidden variable theory"2.

1. L.R. Kasday et al., Nuovo Cimento, 25_ (1975)
633.

2. F.J. Belinfante, "A survey of Hidden Variable
Theories" (Pergamon Press, 1973).

Long computing times when doing finite-difference
calculations1 are due to the use of the forward
Euler method. Time integration by means of implicit
integration methods like the backward Euler method
or by means of multistep methods would require sub-
stantially less computing time.

1. R.F. Wood and E. Giles, Phys.Rev. B23, 3_
(1981) 2923.

In the early days of y-ray spectrometry with Ge-Li
detectors i t was common practice to perform energy
calibrations in which the energy difference between
full energy, single escape and double escape peaks
was assumed to amount to MoC2 and 2MoC2. With Ge-Li



detectors used sof ar this procedure may lead to ex-
citation energies for higher bound states that are
too high by several keV.

P. Alkemade et al., Nuclear Instruments and
Methods, 197 (1982) 383.

For general photo-fragment studies, the "modern"
Laser Induced Fluorescence Technique may lead to
erroneous results. It is sometimes better to use
the "classical" Time of Flight Method.

W.G. Hawkins and P.L. Houston, J.Chem.Phys. 73_
(1980) 297.

W.G. Hawkins and P.L. Houston, J.Chem.Phys. 76_
(1982) 729.

A.E. de Vries, Comments on Atomic and Molecular
Physics, 11_ (1982) 157.

The influence of a crystal electric field on the
paramagnetic susceptibility, X(T), can easily lead
to the erroneous determination of a Curie-Weiss mean
field from X""1^1) versus T plots.

T. de Jong, Doctoral Thesis 1978, Amsterdam Uni-
versity (unpublished).

In order to allow mass spectrometry of large bio-
molecules improvements of the optics of the mass
spectrometry source should be considered.
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