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Abstract

The 5" photoluminescence (PL) from 1.55 2V to

1.36 eV of semi-insulating bulk GaAs implanted with Si was

observed, using the 488 nm line of an argon-ion laser.

12 13 14 15 2
Implant dosages were 10 , 10 , 10 , and 10 ions/cm

Separate sets of samples were annealed at 750'C and 900'C.

The virgin unannealed sample spectrum contained a shallow

donor peak at 1.513 eV, a carbon donor-to-carbon acceptor

peak at 1.490 eV, a possible carbon donor-to-zinc acceptor

peak at 1.487 eV, and an optical phonon peak at 1.454 eV.

The virgin annealed sample spectra included, additionally,

a vacancy complex-to-silicon acceptor peak at 1.406 eV, a

Ga vacancy complex peak at 1.358 eV and a phonon replica

at 1.322 eV. The spectra of the implanted unannealed

samples showed an increasing quenching of native peaks

with increasing dosage, and included no new damage related

peaks. The spectra of the implanted samples showed an

increase in the native peaks due to annealing but not due

to Si dosage increases. The increase in Si dosage caused

an increase in low energy broad peaks. A temperature

study (5°K to 77'K) , and chemical etching depth resolved

15 2study of a sample implanted with 10 ions/cm and annealed

at 900'C showed two broad peaks: one near 1.38 eV and one

near 1.42 eV. The peaks were seen to vary inversely with

viii
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temperature il ampl 11tiide onily; but i.; e-tch d pth j ea.il,

the amplitudes increasd the-n dLCeasd, f iallaty d1 isappear-

ing at an etch depth of 0.2 microns. The peaks were

attributed to complex centers associated with Si in As

sites and As vacancies. A similar study using che.mical

etching follow( d by a measurement of normalized DL of the

1.49 eV peak in the unannealed samples, showed that the PL

was not restored to that of the virgin sample until nearly

twice the damage depth predicted by LSS theory was reached.

This was attributed to the diffusion of defects during the

room temperature implantation process.

ix



1'I[O t) ,J r I ES EN B ST'UD1)Y (,1-' 10o4 I M1'I .NT'ATI '

DAMAI U; I N (3AIAIUM AREIN I DE

'['li tin i t-(d S tat uS , Ai r [-'ar ce? ha3;, f 01 t 11, pas-t'

decade, been I nVolVed in r?)arc etL!.; to ()Ld'lt ifl

develiop, and1( i uI) L21mul21 t- I leW S(lfl i Con du t C Pl mIt, I aL I I mI S ellll

suited to delen se atppiication.s than those- pr(!viuuslydye

opod by industrLy for the civil ian con suiuie r S'er 1r-

device app-i ieatiols, pri mar ily iii the i ro.v are(-a,

depend on the deve 1opuneiit- )t' such new ma ttrils T I I a 1s ',

,requ irem-nL 1t -or this nc1(2W tecno odywa dciiV'id from1 t he

need for incre-ased signa I pruccssinq s;pee(d iii electronic

warfare, nuclear hardening o-)I cri tical components, new

real-time dijiLair tada r systems, and the nee-d 11( expand and

improve satellite reco)nnaissance and communl.ca tjon systems

(Ref 1) The2 Electronics Research Branch of the Air For-cc

Avionics Laboratory (AFWAL/AADR) has been pr-oviding research

in th is area , and , 1-()i thew la"st eL years; , hs dvotedl

a larye pnr Lion of- its e I forts-- to the study a)I cal 1 um

arsenide (GaAs) (Eel s 1: 33; 2: L)

GallIium arsenide is a grouip -11,1-V semiconductor com-

pound that ha,-s expcrlrnntal ly demons trated characteristics
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which are very well suited to ome of the new de-vice appl i-

cations. It possesses a relatively wide direct band gap

of 1.435 eV at 294"K, which reduces its vulnerability to

radiation damage. Also, it has a high electron mobility

and a short minority career lifetime (Ref 3:325), which

greatly increase its signal processing speed.

Unfortunately, efforts to establish reliable manu-

facturing techniques have encountered many problems. Many

of these probLems arise during doping in the device manu-

facturing stage. For instance, doping using the diffusion

method requires the material to be at elevated temperatures;

which, because of arsenic's high vapor pressure, causes the

material to badly decompose. Therefore, many researchers

have adopted the method of ion implantation for intro-

ducing electrically or optically active ion species into

semiconductors. This technique has been successfully used

in the production of bipolar and field effect transistors,

integrated circuits, microwave devices, and optoelectronic

devices (Ref 4:627). One major advantage of this method

over the dopant diffusion technique is that it can be per-

formed at room temperature. Although annealing of the

samples is necessary to activate the dopant ions, the

annealing temperatures are much lower than those of the

diffusion method. Although ion impiantation offe rs this

and other advantages, som2 ol which are (1iscusse2d in

Chapter [i, it has one major drawback. The collisions of

the imIlanted ions with the ato ms of t he host ]dattice

2



produce atomic displacement davage, which, in some cases,

destroys the original beneficial effects of doping.

Although several studies have been nde (Refs 4; 5; 6; 7),

and techniques devised to characterize the damage profile,

and the microscopic mechanisms causing it; a detailed

understanding has not yet been gained.

Photoluminescence is a non-destructive optical

diagnostic technique which can be used to evaluate the com-

position as well as the crystalline quality of the semi-

conductor device. The process relies on the radiative

recombination of electron-hole pairs of a material excited

by photons. The technique's sensitivity to crystal lattice

disruptions as well as the simplicity it offers in gather-

ing data, make it ideally suited to studies of lattice

damage.

Purpose and Scope

The purpose of this study was to investigate the

damaging effects of ion implantation in gallium arsenide

using photoluminescence as the primary diagnostic tool.

Fifteen sets of samples were generated by varying the

implant dosage, and annealing temperature. Only silicon

was used as an implant ;pecics. The surface photolumines-

cence of ill tle sample.; was measured to determine the more

likely candidates f(or further investigation. Once this

was dont,, : he samp le 's photoluminescence intensity was

measured aft(,r successive layers of the material were

3



removed by chemical etch ing. The magnitude of the resultant

photoluminescerice intens ity as a funeLion of sample depth

was use2d as an indication of crystal lattice damage caused

by ion implantation. Because of recent advances and

renewe~d iar;tin semi -insulat ing bulk grown crystals,

this type of material was used throughout the experiment.

4



11 .[ . Th ur y.

Since this effort is primarily concerned with the

damaging effects of ion implantation in gallium arsenide,

it is necessary to discuss the basic theory needed to

understand the procedures and results of this experiment.

This chapter contains a discussion of basic semiconductor

band theory, photoluminescence theory and ion implantation.

Semiconductor Band Theory

A semiconductor is a crystalline material contain-

ing an energy band structure in which a band of electronic

states, which is completely filled at absolute zero

(valence band) , is separated by an energy gap from another

band which is empty at that temperature (conduction band)

This band structure is depicted schematically in Fig. l(a)

(Ref 8:257). Although population within the energy gap is

forbidden for a pure material, electrons may transition

from the lower energy band to the higher and vice versa if

energy greater than the energy gap is absorbed or lost

respectively. Fig. l(b) shows a pure semiconductor at room

temperature. The void or hole that a transitioning electron

leaves in the valence band has an effective mass and con-

tributes to the conductivity of the material (Ref 9:231).

Pure or intrinsic semiconductors have very low con-

ductivities (Ref 8:260), so they are doped with impurities

5-
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in very carefully controlled ,,iouiits. The s!pecific type

of semiconductor material and typeA 0l impurity determine

if the impurity becomes an acceptor (p-type) or a donor

(n-type) A donor impurity wi 11 produce a ne:w electronic

state just below the conduction band, and an acceptor will

produce one just above the valence band. These new energy

levels are schematically depicted in Fig. I(c)

Usually, when impurities are introduced, they

replace constituent atoms, and are referred to as sub-

stitutional impurities. For example, in GaAs, a tellurium

atom in the arsenic site becomes a donor, as does silicon

in the gallium site; since they provide the crystal with

more electrons than the atoms they replace. Similarly,

a zinc impurity in the gallium site, or silicon in the

arsenic become acceptors. A missing atom (vacancy)

deprives the crystal of one electron per broken bond;

making it an acceptor. An impurity occupyinq a space

between constituent atoms (int-irsL i iial) becomes a donor

since its outer shell of electrons becomes available for

conduction (Ref 10:8).

The recombination of electrons and holes respon-

sible for transitions are categorized into two types,

simple and complex centers. In GaAs, a simple center is

defined as an impurity which sits on the Ga or the As

lattice site and which contributes only one additional

carrier to the binding. It is similar to hydrogen in that

only the s electrons take part in the binding. Complex

7
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centers produce levels that ai,! too broad and too low in

energy to be modeled by Lhe hydrogen atom. These deep

levels occur in nearly al1 melt-grown crystals of n-type

GaAs even at low doping levels. In p-type GaAs, complex

centers are relatively rare (Ref 11:327,359).

Photol uminescence

Photoluminescence (PL) is the optical radiation

emitted by a physical system (over and above the thermal

equilibrium blackbody radiation) resulting from excita-

tion to a nonequilibrium state by irradiation with light.

The process takes place in three distinguishable steps:

(i) creation of an electron-hole pair by the absorption

of the excitinq light, (ii) radiative recombination of

electron-hole pairs, and (iii) escape of the recombination

radiation from the system. The greatest excitation of the

sample takes place near the surface with the resulting

carrier distribution being both inhomogeneous and non-

equilibrium. To regain homogeneity and equilibrium, the

carriers diffuse away from the surface while being depleted

by both radiative and nonradiative processes. Since this

recombination radiation is subject to self-absorption,

most of the excitaLion of the crystal is limited to a

region within one diffusion 1ength of the maLerial. It

also follows that the recombination radiation most readily

departs through the illuminated surface (Ref 12:182).



The return to equilib, Lum of the irradiated sample

can take place by either a radiative recombination, non-

radiative recombination, or a combination of the two.

Radiative Transitions

During radiative transitions a photon is emitted

when an electron drops from an upper to a low(er energy

level. These levels may be either intrinsic band states

or impurity levels (Ref 13:1) . Of interest to this study

are transitions involving excitons, band to impurity levels,

donor to acceptor pairs, and phonon replicas. Fig. 2

depicts these different types of transitions in relation

to the conduction and valence bands.

Excitons. Excitons are classified into two cate-

gories, free excitons and bound excitons. A free exciton

consists of a free hole and a free electron bound by coulomb

interaction which are free to move around in the crystal

lattice. Their mobility is somewhat reduced since it is

associated with a mobile pair rather than with a single par-

ticle. Since an exciton has a reduced mass w'hich is lower

than that of the electron, the exciton binding energy is

smaller than either the donor or acceL)tor binding energies.

Additionally, the exciton states do not have a well defined

potential in the semiconductor's energy diagram. However, it

is customary to place these states very near the conduction-

band edge (Ref 10:12). Because of their unstable nature,

free excitons have a very short lifetime, and soon recombine

9
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to emit a photon. In the case of GaAs this radiation can

be observed at 1.5156eV (Ref 11:342). But, since extrinsic

transition compete very effectively with excitons in

emission, photoluminescence is not observed at these

energies unless a high-purity material is used (Ref 12:277).

In certain cases the binding energy of the exciton

is increased by the presence of a point defect; for example,

a neutral or ionized impurity. Since energy is the main

factor that determines whether or not an exciton can be

trapped by an impurity, if the total energy of the system

is reduced (corresponding to an increase of the binding

energy of the exciton) when an exciton is near an impurity,

then it becomes energetically favorable for it to remain

in that vicinity. The exciton is then said to be "bound"

to that impurity (Ref 12:299). The following bound exciton

transitions have been observed in GaAs: exciton bound to a

neutral donor (1..5145 eV), exciton bound to an ionized

donor (1.5133 eV), and exciton bound to a neutral acceptor

(1.5125 eV) (Ref 11:342). Different donors and acceptors

will result in small shifts in the hound exciton energy

position.

Band- Lo-l itjir Ly Trn sit a. Ioil.-,

Biand-Lo-impurity or free-bound transitions involve

the rcecombinaLion of a free electron (hole) with a hole

(electron) that is bound to an impurity. The most likely

and prominent of the two is the transition between the

]11



conduction band aril a bound (- J-'(j)-or Acceptor ioniza-

tion energies for different elements di ffer from each other

enough to allow the identification of most impurity species

with relative ease. The typical energy levels of this type

of transition in GaAs for several elements have been

reported (Ref 14:1051) , and arc, shown in Table I.

TABLE I

TYPICAL CONDUCTION BAND TO BOUND
ACCEPTOR TRANSITIONS (Ref 14)

Transition Energy
Acce ptor eV

Carbon 1.4935

Sil icon 1.4850

Gerinan ium 1.4790

Tin I. 3490

Zinc 1.4888

Cadmium 1.4848

Beryllium 1.4915

Magnesi um 1.4911

Since, in GaAs, all donor impurity levels reside in close

proximity, and transitions from these levels to the valence

band are very weak, they are extremely hard to detect and

resolve. However, a very weak line has been observed for

most donors near 1.5.37 eV (Ref 1- :331) . Experimental

observations of radiative transitions between impurity

levels and the more distant- band edge are limited to semi-

conductors with relatively low impurity concentrations

(Ref 10:134). As the impurity concentration increases

.12



impurity bands begin to form aLd may eventual ly merge with

the intrinsic bands. This causes the PL peaks to broaden,

and makes element identification ambiguous. Shallow transi-

tions from the valence band to an acceptor or from a donor

to the conduction band, to neutralize ionized acceptors or

donors respectively, are conceivable and could be radiative

in the far infrared (Ref 10:131).

Donor-Acceptor Pair Transitions

Another important recombination mechanism involves

the transition of an electron trapped on a donor to a hole

trapped on an acceptor. When the two form a pair, the

normal ionization energy of an isolated donor (or acceptor)

is reduced due to the coulombic interaction between the

bound electron and hole. If the impurities are substitu-

tional this ionization energy is influenced by the discrete

nature of the statistical arrangement of the donors and

acceptors within the lattice (Ref 11:335). Thus a numerous

series of sharp lines may be observed, each line corres-

ponding to discrete incremental separation of the pair

within the crystal lattice. In GaAs, these sharp lines

will not be observed for hydrogenic centers (donor-acceptor

pairs separated by less than the effective Bohr radius)

because their activation energies are so small (Ref 3:10).

At large distances between pair members (distances

greater than 40A), the emission lines overlap, forming a broad

13
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SpectrumIl. T[h is is t ht typ W p pt I u111 I t-f -t usr d i 1t

GaAs ( Re fs 10): L14 3- 14 7; I5:10 00

Th e I o I I o wi Incj a re (b sit vo I- d chflla tj r i C s S of 1)

spe cLC r, (I dUC Lo do I Io r -, ~IC p t o I pal r re Ila) it Ia t In ( Re2 i

I(1: 3 3 6).

I .Sht I I t. o f the In LU n( to te w ne rg s a-s thu_

exc itationlil nt (n1s ity is inicr~s

2. Apprcc Laib. I itltr t(w ini o-f the emnii ssion band a s

in ten sit y intc reases .

.3 . A b, tnd -;h i t- t to(ward s h i igh1)t r (, I 5(3- i e2 s w it h

increas ing donor (-oil( en t IrA Lj onl

4 . A raIpid ducr'ase inl initunsiLy as temperatures

increase fromt 25 to 35'K.

5. A s;hift- t.() higher otrisas the Lempo ra Lure

increaises from 25 LO 35)K.

Phonlon Cocpin~ i. As the bind iny energy of car-

riers bound to substitutional impurities increases, the

interaction of- the carriers with lattice vibrations also

increase2s. When rucombina Lion radiation is ass is ted by

the so in to rac Li ens IJ111 phnnconL[ i ig(s) , Lbhe raldia Li on

energy is reduced by 36 meV (For longlitudinal optical

phonunis) ti(! the number)C'i of p)honon ass is L, (Wefi 11388 ) .

Most transi Lions, invo lvin 11i cceptor-s in) Gaiws may a 1 low

phonon a!ssijstance, wihich capper r- as jeaks onI ho(- low energy

sidoe, anld dec r ,aso inl amp Iit udc as mt(i,. no coup 1 tnc;s Lake

place.
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No-Rad iaLt iv V i ill:; i t en.l:;
Non --- A - I- rid iit i %,-' trail:i it L onl is a tin i i wij(n fromil

anl upper Lo) I I (IWelr eiie;y sta-e wi thout. tmll l:sion)J of a

photon. T Ilie s ( Ilo 1- ridj VIt (IsSo-1 ; Are fii f11ult to

idnt Iv nd stkldy I)CCu, thin i ()(Ceurreuc- (,in only be

assumed f Dil a r dIc L ion ill FCIj I &t iV( ye no 'sil II1: fficiency.

But several miectian i:ms a epo. :; li) I

MulipIhmnon Emis :-; loll is s.imil11a r ito iWit mechanism

responsible foer phonion rfep 1ci :s exceipt tht the t nt ilc

amount of wrler~jy of all exci ted elect-ron is; "c7oupl1 cc away"

by lattice interactlls. Since the energy of a- phonon is

much less than that of an cxci ted electron multiple

phonons mustL be- qenierated (Ref-t 13 :6).

Auqe r I fet~. This illect hilis u i ccur:!; when an exci1t-ed

electron transfers t.e enerq, it woouid have radliated to

anothe'r excited electronl. The. second ci ectrori is then

raised t~o ai hi qher State where, it can return to a lower

ene rgy stateI~ by mu t if) phtlozi CflllssIon.

Non-Raid1_iative2 Iefect~s

i t isW w11 known ti> It irecomii ination at the sur face

of a seiildi~ri>; lrlrdaie. It is; :suso;cted that

the rea1so)n for L-ii J s Lila t a (lua!si-contin1iuml of state., is

formed whi;chi joins the vii ild'c( ini dl(illduL~iil bands allIow-

ing purely non-radiative recombinati-n . This surface model

can beaplie d to interna 1. ,;ur faces ca fled defects or

15



inclusions. Electrons and hol s which arc within a diffu-

sion length from the edge of the defect will be drawn to

this trap where they will recomoine non-radiatively. This

process severely reduces the radiative efficiency around

the defect. A cluster of defects or of precipitates

(metallic phase) can form, further reducing the luminescence

efficiency. if the same number of precipitatei aglomerate

into a few large clusters, the efficiency will be reduced

far less than if a uniform distribution of them is dis-

persed throughout the material.

Not all defects form recombination centers. In

some cases, the mechanical strain created in the area of

the defect either widens the energy gap, thus repellinq

both electrons and holes, or creates a field which separates

the electron-hole pairs. In either case, the carriers do

not recombine radiatively at that location (Refs 10:164-166;

13:7-8).

Ion Implantation

As mentioned in the introduction, ion implanta-

tion has become an established technique for introducing

dopant ions into semiconductors. This method offers many

advantages ovetr the more conventional doping techniques.

For a given target materijal and ion species, the number and

depth distribution of tho implanted ions can be simply and

accurately controlled by th, acceleration voltage and beam

current. Also, the implanted area can be very well defined

16



by the beam position and the n of matk.i2nC t c) ni .

Of great importance, also, is the higl purity cf the beam,

made possible by the mass analysis capabilities of the

implant equipment. The process is able to pro,'ide uncon-

taminated beams with a high degree of reproducibility

(Ref 4:627).

The implantation process involves the ionization of

chosen dopant species, the subsequent discrimination by mass

analysis of the single desired ion type, and the eventual

acceleration and direction of the ions towards the target

crystal. The energetic ions entering the target material

will, through collisions with target nuclei and electrons,

lose their energy and eventually come to rest. The projec-

tion of the penetration distance onto the incidence direc-

tion is called the projected range. Since the number of

collisions and the amount of energy lost per collision are

random, not all ions of a given type will have the same

projected range. The impurity depth distribution is found

to have a gaussian profile with the peak inside the target

material. The projected ranges and standard deviations for

many types of incident ions and target crystals have been

calculated and tabulated using the theory developed by

Lindhard, Scharff and Schiot (LSS theory) (Ref 16). These

tables give, among other parameters, the projected ranges

and standard deviations as functions of acceleration poten-

tial (Ref 17). For example, for silicon implanted into

17



GaAs at a potent ial of 120 KuV the project(d range is

0.1025 microis with a .;tanda rd deviation of 0.0510 microns.

As the (ener-getic ion,; travel. through Lhe target

crystal, atomic disp tacem(ent damage is produced by colli-

sions with the. host lattice. For such collision, the

energy trans ( red may b, t enough to completely dis-

place the host toms from thei,r Iattic_" sites. The dis-

placed atom thtn becomes t secondary projectile which may

co l ide_ wi oth teir atoms, crc t ing a cascade effect. This

process (,u.es.; a r((gion ofI damage around the path of the

implanted ion. The damage can be of several types; for

example, interstitial atoms, substitutional atoms, vacan-

cies, and combinations of these with impurities. The exact

type of defect or defect complex depends on several factors,

including the mass and energy of the incident ion, and the

mass and energy of the host atom (Ref 4:627-628).

It has been found (Refs 4; 5; 6) that, in GaAs, the

introduction of damage reduces photoluminescence efficiency

in some types of transitions through competition of non-

radiative mechanisms. But it has also been reported that

damage through ion implantation has enhanced PL efficiency

through the creation of other radiative recombination mech-

anisms such as donor-gal l ium vacancy complexes. The above

references also report th at evidence of damage has been

found at depths nearly one order of magnitude greater than

the projected range of the implanted ion. As stated in the

introductiton, it is the purpose of this research to study

18



the depth d is Lribution of- iip i rita Lion (lamd(J(2 by us inq the

change in 11 intens it y (-f I niuiubun peAks as we]l as those

peaks created by the clama-ge.
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III. ELuiynment and Procedures

This chapter contains a description of the various

components of the experimental setup, as well as the general

procedures used to gather data. This information is

covered in four sections includinq the sample environment,

illumination optics, signal detection and processing, and

general procedures.

Sample Environment

The gallium arsenide samples were housed in a

research dewar (Janis, Model DT) which was mounted on a

vertically adjustable platform attached to the wall. The

dewar, depicted in Fig. 3, consisted of a stainless steel

cylindrical body which contained an outer and an inner

reservoir. The outer reservoir, with a capacity of three

and one-half liters, was filled with liquid nitrogen (LN2 ).

The inner reservoir, also with a capacity of three and one-

half liters contained liquid helium (LHe). Both of the

reservoirs were surrounded by vacuum walls which were evacu-

ated by a mechanical vacuum pump (Welch Scientific Co.,

Model 1397), a diffusion pump (Consolidated Vacuum, Model

PMC-1]5) , and an Ultek ion pump. The diffusion pump was

connected to the inner baffle and was operated continu-

ously throughout the experiment.
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,liqJuid he1 iurn fr)iI thL, inner yeservoi r was allowed

to flow through a needle control valve to a capillary tube

connected to the bottom of the sample chamber. Sample cool-

ing was directly proportional to the Life flow rate con-

trolled by the valve.

The samples were mounted on the: flat area which was

cut out of a copper cylinder attached to the end of the

sample transfer rod. The samples were held in place by a

thin sheet of copper with a hole for each sample, and

secured to the copper cylinder by four screws. Mounted

directly behind the sample area on the cylinder was a pre-

viously calibrated silicon diode which was used as a tempera-

ture sensor. Also on the copper mount were three 30 ohm

resistive heaters which, together with the silicon diode,

were connected to a feedback tempejrature controller/dis-

play (Lakeshore Cryotronics, Model DRC 80C).

Illumination Source

and Optics

The GaAs samples w(re optically excited by the

488.0 nm line of an argon-ion laser (Spectra-Physics, Model

165). This water-cooled laser operated at eight wave-

lengths ranging from 457.9 nm to 514.5 rim, and had a peak

power of 1.1 watts at. tLh, 488.0 nm w-v'dngti. The lasci 's

inherent violet;/ult raviolet and infrared cmissions at all

wavelengths necessitated the use of ()ptical filters to

purify the output beam. The undesirible infrared emissions

were filtered out by using two 902 tri<i smission short-

22
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waveIenqth-pa!;;-fiI t ers (see I (. 4) The I i st, al though

possessing a nomin L upJWl cutot t WUV, 1 (JIItl( LII )r0 n5,

could be tuned by vary inj the incidenc,_ ang I . An angle of

25' allowed tuning to ap)roximately 489.0.rim. A second fil-

ter with a nominal. cuLoff of 700 im was ad i,:d t furth.'r

attenuate the longer wavelength infrared emissions.

In series with the filters was a spatial filter

and beam collimator (Jodon, Model LPSP-100) which was

adjusted to expand the beam to approximat (.ly 3 cm in

diameter. The beam was then turned by a I)ivoted concave

mirror which also focused the beam down to a 16 mm diameter

at the sample. Located between the sample chamber and the

mirror was a microscope slide which acted as a beam

splitter. The reflected part of the beam was directed

through a neutral density filter (1.0 O.D.) to a radiometer

detector head (EG&G, Model 450-1) . The transmitted portion

of the beam was directed through the three quartz windows

of the sample chamber to the mounted sample. The beam

splitter and detector head allowed the continuous monitor-

ing of incident power on the sample throughout each data

run. Once the transmissivity of the quartz windows, and

the ratio of the transmitted to the reflected power of the

beam splitter were experimentally determined, a total ratio

of the power at the detector to that incident upon the

sample was computed. Then the laser output power was

simply adjusted to yield the correct mtter reading for the

equivalent desired sample illumination. The beam arriving

23
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at the sample mount with a di<weter of 16 Hiun was approxi-

mately four tLimies as large as tiie exposed s,imple area.

This was intentionally done to minimize the existence of

power gradients across the sample caused by the inherent

gaussiln intensity profile of the laser beam. The quasi-

lambertian nature of the portion of the beam profile to

which the sample was exposed provided near-uniform illumina-

tion of the sample.

The photoluminescence emitted by the sample was col-

lected by a bi-convex 76.2 mm lens placed one focal length

away from the sample. Thu resultant pa rallel light was

directed towards another bi-convex lens with a focal length

of 200 mm which was placed one- focal length from the

entrance slit of the spectrometer. A 780 nm long pass

filter was placed between the 200 nm lens and the spectrom-

eter to eliminate any violet/ultraviolet radiation present

as well as any specular reflections of the laser beam from

the sample, which might have created higher order lines

in the output spectrum.

The emitted sample PL was dispersed by a Czerny-

Turner type 3/4 meter spectrometer (Spex, Model 1702)

The grating used was .]0 cm by 10 cm and contained 1200

grooves/mm blazed at 5000 A. All the data was taken using

slit widths of 0.5 mam. A slit he ight of 10 mm was used in

all cases to insure that the sample image overfilled the

entrance slit. Since the PL collection components required

to match the f/number of the spectrometer were not

25
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avail libi , it wd:; ieC(S.5,iry to usc tlit), fHU'\t)usJ y

described, wh ich did, at lost, overfi It the. grating. The

spectrometer scan rate signal was exterinal ly provided by a

locally assmb led steppei/cont i-el ]r which yielded a scan

rate o f pp[)l ):. ima t ,ly 52 A/iminut(,

Siunal Detect- ion and Processinj

The output spectrum of the spectrometer was detected

by a photomultipliici tube (P'MT) (RCA, Model C70007A, with an

S-I type phot oca thode ) The PMT was housed in a refrigera-

tion chamber (Products i-or Research, Model- 'TL-]76-RF) whici

was mounted on the exit slit assembly of the spectrometer.

A temperature controller (Products for Research) was used

to maintain the, PMT temperature at a constant -50"C by

regulating the flow of IN to the PMT chamber. Prior to the

collection of experimental data, a pulse heiglt analysis

experiment was coinducted to determine the discrimination

level and optimum signal-to-noise ratio of the PMT as a

function of bias voltage and temperature. A bias voltage

of 1350 V was used instead of the recommended 1250 V. This

bias voltage was provided by a high voltage supply (Prince-

ton Applied Research, Model IIVS-l) . The output of the PMT

was connected to a thi-e ;1iold amp1ifjc-/discriminator

(Princeton App I i ed Rescai-ch, Model 1.1.21) operated in a

single thre.;hold level mode. The output of the amplifier/

discriLminator- was connected to an in-house-built interface

26
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which amplif ied, stre-tcIed and inv(erted the2 signal

properly conditioning it for processing by the multichannel

analyzer (MCA) (Canberra, Model 8100/-). The frequency of

the spectrometer stepper/contr) l cr was divided and used to

trigger the MCA channel advance. The combinaLion of the

52 A/min drive rate and the frguency division resulted in

an MCA resolution of 0.868 A/channel. At Lhe MCA, the

threshold detected alses were counted until the channel was

advanced, then that number of counts was stored in a par-

ticular channelI address. The proccss was continued until

1023 channels were covered. Then a plot of counts versus

wavelength was displayed in the CRT display of the MCA in

linear or logacithmic form. This plot was then transferred

to an Y-y pl()tter (lwlett Packard, Modcl 7045A)

General Procedures

Prior to the introduction of LIfe into the research

dewar, the outer reservoir was filled with lN to precool

the inner reservoir for approximately two hours. During the

precooling, dry he ium was introduced into th( exchange

column through the needle valve and capillary tube to con-

tinuously purge that area, and maintain a positive pressur(,

to preveint the introduction of moist- almbient iir. ThI'n , t W

samples were mounlited, and] the samplo t rns fr l wam s

inserted and cliamped into place. Referenc e mark, (n tit

sample transfer rod collar and exchanqc column collal w,

27
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us ed t I I W, Iv\' 1 I t:( I ( !" II[) I I tn 11 ; it:I i t w th1 tin1(

inc idon t e, I: IIbea

OUC'q tO7 qIpItol, tI' I 1 as f low

inner I(<07' i by it ano o)f a111 (V .i d (1 llA-Wal led

flexlb 10k tOLD, connitC t (1d I() th 11 I 1,1 !t c'111 iu is ter . (),1(

fu.I , the m a resurvol wa WI.;Sea Io an '1d all I o"wed to S(-. f -

pressurise(' by 1,11e VaporTra-t ion. HlY' ad iU sting( the eel

control V,1l%7(, aj sojf! icj Intly low unount )t- vaporizing JAIC

surrounded the sample wh ch alI I ow iti i t t o) 1) cool ed , but

which al1so a 1] wed the rt1 at ivol-y Tow power o)f Hte sampl1e

heaters to maintain the Lemperature, se-t ait the- control

panel . Tlb rang hi ( t the ex:-perime(nt the' tepraureWas Set

at 5'K . Samlple cool--downl was acenp se :i th the laser

on so that any thermaL effec ts from thn Ias could be

taken into a ccount , and to nsuire t ha t the la-ser ha] reached

a stabl-e operta tincj tempo ture- and per levi

once the opt icalI component:; or al1i Ined and the PL

signal frnt tHie spec trrm:ter was maixmized, I in .y small

ad justments woenecessary during t-he remainder of the

ex per i 1'en21t. Since the, pl-acement of the sample within the

I ase ,r 1)0 am in :g was c ri t ical , only t wi samp lo s were mounted

tbrL etIch data- rn 'The :;amlp les were mounteti 2 mmi apart , one

aboe tn oh' . 'hi roui edonly the vertical. adjust-

m-nt otf t-he rese(.arch dewir to properly place the particular

SaipI f in t ore st. OnlIy one of the s ample05 moun ted in

c 41! h ru!waS i s to p at Itor da ta ; thle t-her was, the same for



encka to c(A I t'k te Ik- r('pot III) iIi t" ( )I ti St Cent I It1 8 d u I 1)(3

each r-un. AlthIlUtill the epltdr(ovi'l and epcmntof

the su-impj Ie CtLvis te V- rod viAsu I t tad iI ii 1Iti hlA(!1 ,1e conlUlip-

Lion r-ate, tLh is pruocedui, pryi dth 1 etcns 1stently

reproduc ibl 1con d it ions.

(Al1Ce th10 sam1ple tA21mpera-I-11- Lure richI I aSt ea"dy statc,

the laser out vut W,-IS rea,_djus'ted and 1]11w tc p)si~tions

were c ros sche (7k d . A ft__c r red ucilo n a mb C t Ij h t- to a

mlfiimum~, the socrmtidiewas bte(un. ,hrtl y after

this, an argjon ca-l ibraf. ion lamp was Uric(Piver "d nertho

ent rance sl it. of the sp St lIRme tr tO jIt-oC t r) 1- iy tw I 2S 0 of

known wjavceen~jtl . Th Ie I ine I (.ius e d wejre( the) . 8 ()6.16 A 1 i n

and the 8014. 70 A I i mu. (I)n(e these, peaIks wr dt'lected the

argon lamp wa-s coveretd. Du in fL(the d!i La r-un, wh ich lasteda

either 17 minutes o)r 34 minutes, depe(ndi~iq )n t-he size of

the spec t-rum be ing e~xamined, the samj 12 oi noidn t i rrad iane''

nominally 201 nm/cm 2) n t(mpeia Lure woLe(NI cmfefull v mon i-

tored .AftLer cempl (et i on of thle runi, t he pl 1ot- on the CRT

Was examind an1d aIIll data rcocrded pr-ior to qkenra t ing a

hard copy on t-he x -y pI otter . Throuohlou t this 'hasis, the

spectral p(f wee(p(riertaLted in Io(lr 1tlm ic form', because

of the (i VolI tar eae of scainDg Ipeaks o)f ra ly dI if re

magnitudes-..
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IV. sL-; (i~t t h- Expj iit-lit

Ti s chS'lIpL-12 colil i ij s 1 1011ci-;t i '1 l1d anialy sis oif

the re sulIts )f- th le exper i imuid. Bttl( ) L httme tisu are dis-

Cus sed, sectLion-ls a re nci Iuded wIch (1 C(O v( -sa-mp le in fo rma-

tion anid proces sing, as well 1is ciieniical I et-ch iny procedures

used .

S ajpl!e lnfimillitlon arid Prc ;in

The ''It l um arsenidu samples (de-signat-ed MR AO0l/R3)

used in this effort were produced by the Materialis Research

Corporation. The samples were hicgh-purity semni- insulating

bulk material yrown by the( Liquid-Enca-psulated Czochralski

(LEC) meLhod. A spark source mass spectrographic analysis

of the material- was conduiCte by Wright Statei University,

Dayton, Ohio for AF'WAL/AADR arid reported by Dennis C.

Walters on 16 October 19831. The resuILs of that analysis

are summarized in Table 2, adshow that Si aInd C are the

predominant- impurities.

The tiWo- and one-haclf inch diamet-er wafers were cut

in to sai 25 s a surVincq film h mn. The u S 1-S Were he

thorouglL ci ea'..d in a v ibat-ion cleanier while seg uen-

tially su; bmerjed in beak' us ru(nt a ilnq ci rehln

(TCE) , acetone, and me thurol. Thi s was ; Followed by rinsing

30



TIABI ::2

SPARK SOURCE MASS SPELCTROGRAPHIIC ANAIA'iS 1

OF GaAs SAMPLE (ppila)

ElecmeIntL

Te '.04

Se C-.0 2

Zn '.04

Cu ".03

NL i 1.0 5

Fe2 <.03

Mn <0

Cr <.02

5 <.05

S i 0.3

B <.03

C -0.1

Al <.03

Mg < .0 3

in dleionized water and drying in a stream of dry nitrogen

gas.

All thie samples were then etched in a hot solution

of 11 2 SO 4 :11 2()2 :11 20 in proportions of 3:1:1 for one minute.

This was clone in an effort to remove the layers of material

that weire dlamiaqed by the chemo-mechan ical pol ishing by the

man u f acL 1u 1r.' r . T1he intLent of this procedure was to remove

approx -mi t-e I. y I' II I i1-e runS f rem11 th I uC facef I . However , a sub-

seqluent e~xper iment to determine the actual et-ch dlepth

showed that this procedure remloved only about 6 microns.

Unfortunately, this was niot dliscoveredl until after the
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samtiples had I ',i co pl t. I)y 1) , p a1l , I tI Il>: l' imit,

and a lack o> t.m ,r<ecI1i(cd th, of tilel a wl l _101( new

set of sampi,.

After 1 ;urfa~cc, tchin(, Lii sill I s we r(- again

cleaned and thii impla,.L d with .iri licon aL an energy of

12 1 3 14 15 2
120 KcV with dsagcs of 10 , 10 1 and 10 ions/cm2

Figure 5 show,; the expecte d ion (,nentra . ions for each of

these four _imp1amL f]uencu, s as a IfuncL ion 0f .;ainjple d2pth

as predicteLd by LSS Lio ry . T his daLa was provided by

AFWAL/AADR. 'I'll, unimplanLed samj) Vs as well as those

implanted at tli lour dif[erent dosages were then divided

into threc cqual groups. Two of Lhe groups were then

capped using plasma dc,.po:; Lod Si3N4 with a thickness of

approximatclyv 1200 A. I;ich of th, capped samples was

then annealed for 15 minutes; en(' group at 750'C and the

other at 900"C. Table 3 is a summary of sample designation

and processimi.

Chemical LEthinj procedu5 -s

All sample layer removals were accomplished by

using solutions of i2 0-i,0 2- 2SO4 (Ref 18 :769) . For shallow

layers of 150 A, 250 A, 500 A, 1000 A, a solution of

50 11 2 :1 1 () )_0:1 I I2 IS() wi s ur';(.( . ,y xposint Lhb' samples to

a cold (ice bath) solution for 30 seconids and 60 seconds,

etchings 150 A deop and 250 A deep respectivoly were

ach icv(-(I. By using the :;am2 so lut ion at. room temperature,

for the, same timine periods staLe'd abovc, etch depths of

3 2
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TAB3LE 3

SUMARY OF' SAMPLE' D'S IGNAT ION AND PREPARATION

Sanip 1 e ImnplIant Anneal ing
Designa t ioni Dosage Temperature

1 Non(- None

2 None 750('C

3 None- 90011C

4 1012 /i 2 None

5 10 12 /i2 750 0 C

6 10 12/Cl 2 900 0 C

7 10()13 /Cm2 None

8 10 13 /il2 750cC

9 10 13 /il2 9001C

10 i.0 14 /Cm 2  N on e

11 10 1.4 /cinl2  750 0C

12 .10 14 /m2 900 0 C

13 10 15 /m2 None
15 275C

14 10 /cm75C

15 10 1 5 /Cm2  9000C
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500 A and 100) A t,:;u I td. IX 3) t'Lt np; ( I Wijijron) w.'.e

achieved with I solutoIn ()t 3 11 2S()4:1 i120 :1 12 Af t_,r the

cliCMica 1 s W( ' ' Mixed the saup I)Ie w..s suI)m: ;I while IC thf-

solution was it i 11 hot trom t-, react iou. Th is pr-ocedur

yielde- d an ec<, h :ate (of , in si-ma t -,y 6 ic I(,ns/minut .

The actual i: tei rat-u was found L() be -x trel'ly sensitive\ LO

the proportio i of Lhe ch(:micals, --;,mp ,1expusure time and

temperature. Because of this, during the e.periment, all

etch depLbs wre ricasured with a sur face p u l rneasuring

instrumeiiLt (Sl oanii Dektak) bc for c(e ,tcI)ng c( ndiLjons were

changed. An (etch reference sainp]e was etched simultane-

ously with the(, PI, data siample. Par<t of the etch reference

sample was ce-vered with wax to produce a reference surface.

After a sec-d, of ,tchings at a particular j-atC were com-

pleted, the wax was removed, the etch depth was measured,

and the ,,;raqo depth perL etching was computed.

Experimental Results

As an initial ste 2p, the photoluminescence of all

the generated samples was mreasured to determine the more

likely candida es to be used for further investigation.

Prior to this measurement the Si 3 N4 caips were removed from

the anneal ed samples by !u hlinc gil( thIml in hydrofluoric

acid for apj)t xiiiiatL(2y five minutes.
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PL of Uiannualed Sajuls)1-;

Figures 12 through 16 show the spectra of the five

unannealed samples. Figure 12 shows the PL of the virgin

sample from approximately 1.55 cV to 1.36 eV. The weak

peak at 1.513 eV is attributed to shallow donors (possibly

Si) . The previous assignment of this peak to free exciton

transitions by some authors is believed to be in error

(Ref 15:994) . The weak nature of this line is characteris-

tic of bulk-grown materials (Ref 19:1641) . The broad peak

near 1.490 is attributed to donor-acceptor pair recombina-

tion due to carbon donors (C Ga) and carbon acceptors (CAs),

and has been often observed by other researchers (Ref 20:36).

It is apparent from Figure 12 that the broad peak near

1.4903 eV is actually a triplet of peaks; an accurate resolu-

tion of the other two peaks could not be obtained from this

sample. Finally, the peak near 1.4543 eV, located 36 meV

from the 1.4903 eV peak, is believed to be a phonon (lLO)

replica of that peak. The absence of the conduction band-to-

bound acceptor due to Si near 1., -0 eV should be noted.

Figures 13 through 16 show the PL of samples

implanted with the successively increasing dosages, and

demonstLate the reduction of P1, ef f ic i ,ncy caused by implan-

tation damage even at low (i0 1 2 ion/rcm ) dosages. Samples

number 1, 7, 10, and 13 were chosen lor fur-ther investiga-

tion.

IFigures numbered 12 through 26 appear in the
appendix.
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PL1, of S-a .ple! Anneal ed at 7-50',

Figures 17 through 21 show the PI, of the samples

annealed at 750'C for 15 minutes. The photoluminescence

efficiencies of the 1.513 eV and 1.490 eV peak increased

by a factor of 7.5 and 4.6 respectively over those of the

unannealed virgin sample. The energies of all the peaks

as well as the transitions believed to be responsible for

their presence are listed in Table 4.

TABLE 4

SAMPLE 2 SPECTRAL LINES

Line E- rgy
No. (eV)

1 1.5162 [,xciton Transition (Ref 11:342)

2 1.5130 Shallow Donor

3 1.4901 C Donor to C Acceptor (Ref 20:36)

4 1.4870 Donor to ZN Acceptor (Ref 20:37)

5 1.4537 Phonon Replica of #3

6 1.4503 Phonon Replica of #4

7 1.4059 As Vacancy Complex to Si Acceptor (Ref 21:1097)

8 1.3581 Ga Vacancy Comp)lex

9 1.3223 Phonon Replica of #8

Figures 18 through 21 show the effects of the dif-

ferent dosages on the PL spectra. The broadening and

increasing tnten stty (IF the lower (nergy peaks associated

with vacancy complexes was also present in the samples

annealed at 900"C. An attempt to better characterize this

phenomena is made shortly in this chapter.
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PL of Saipies:; Anneal ed at 900' C

'The PL, spec t i-i of-th L),ijjjplefs a 1)11 ca 1( a t- 9001,C

had much the same characteristics as those annealed at

750'C. Figure 22 shows the P, of the virgin sample. The

1.513 eV peak ,ind t h 1.490 peak inc ruased iii intensity

by fact ors () (8 anld 34 it usjwe t iv( ly o2ve tLhose of the

unannealcd .,iil',:S. Although the mechanisms behind this

are not yet tol ly unLdCerstood, it- is believed that the short-

time heal t tt,,itlliOll £ ( I t-qj-own (;aAs improves radiative

efficiencies throuqlh the el imiination of both deep acceptor

traps and nonradiative defect centers, as well as an

increase of shallow donor concentr-ations with increasing

anneal temperaturc (Ref 19:1642, 1644).

PL of Sample 1.5

Sample 1.5, which was inplant-ed with a dosage of

1015 ions/cm2 and then anneale(d at 900'C for 15 minutes,

was further investigated to determine its usefulness in

the study of ion implantation damage as well as to study

the nature of the low enrgy broad band peaks. The PL of

the sample was taken at four different t( aeratures. The

resulLing spctra are shown in Figure 6. At 77°K (Figure

6(a)) , th( Ihmiiiiint ,,k w ,; ,''dtO'-(l at approximately

1.384 eV. As th2 tempo at ore was decreased to 30"K

(Figure 6(b)), the intnsi ty ()I the 1.38 eV peak increased,

and a new broad peak con u,,jeid at ihout 1.423 eV appeared. With

further redu t-ions in t(mperaturc to 15'K and 5°K (Figures
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6 ( c ) Ilic 0 1d) )I ,)" l 'la ' i it i lins'd I' ic r o i

e..ich uil o LII(II. Nt; kJ11 i Ii calt L chanis in ii1a ak po)s it i mn was

obsurv'd duns iii L tip Ljra Lui -cAhisj,; Ihov.w'vr, InIo conclIu-

S i~cls cok ld 1)' illd 1(( o ti' 11 iiij I-; LUi I'' iiil ()(,'I If' III Of tho(se2

tai I II it 1050-1 ) 'ti ' t h i s111 I LI i-, t11 A1 LU~ lull (, t- ,2 to -,(. e

TI1k . Il l t e t.,'[ Wd tLot t C. It t Is I(, -;IIll ,I c lu Ill ic a 1 ,

and observe I is behavior of th- I, its A 5-K. Figure 7

shows the rosO It ino PI, oyocti a. Th- pi inic ipal change

noticud hct-ytn [1iqoureS 7(a) andl i (hI is that Uh< dominanit

peak at about .38 oV at the surflace v-;a ov- iShadowed by

the peak at abo(_ut 1.42 cV at a de pth of 500 A. The magni-

tude of the 1 .42 e V linm ncrast by ai iactor of nearly

2 at 500 A, And at 1000 A, by a fact-or )if nearly 4. This

sugge-sts, Conlsideri ng Ri iure 5, that i lie- amlpl~itude of these

peaks is highl-ly dependentL on the Si concentration. Figures

7(Cd) anld 7(u) show that at a det f2000 A the 1.38 eV

and 1 .42 e-V p ak a had been gjreatiy reduced and that at

10 , 000 A th,, Ill spec tra had returned to tha t of the

virg in samli' . The nature of the low energy broad transi-

tions is blicmcd to involve d(ee-p level complexes associ-

ated wi th Si in As sit to; and As, vacanciecs (Ref 22:6188) .

These M-0s on r a Iso t h tugh I tio be- coMipica ted by the

presence of mul t Liplc Si acoeptoir st l' s well. as deep

band tail st ateas below the conduct-ion band crca ted by the

high Si concentration (Ref 23:2009) .Ini analyzing the
L

sur face PL of s;amples arine.a.nd at 750)"C and 900'C , it was

40



1, i 4 8 -7 1 . 4 . 3 l 1 9 1 . 3 8 0

SURF.ACE

x5

I~ . 2J

Fi~~~~j ~ 7. P , t m l 15 i u f c

i I

((") - . -r

1.41

x2 j t '-"

I . 2 -r

I I ",.

I . .1 1 2000 A .3I

(;NLI1.490v

Fi(. 7 P, o SI.n]e215is ura

I,~y'S WolfV (2 (2IW)Vt'd

41

L ..... .. " . . ... .... . . .



I ()t jc ' tIt c tIc In yci tc Ic Ie* td c I;'Lw I it

chan e' i I I I iCi' u I It I if t 11 ill(

I1.513 -,V acid 1.490 1'V. Tl ' I cjrc't .c;L n' cc ci in

the Ic. i iw.i t; coo)-,k:; iniI icricc oh'cvc'. 'I'isssccc';ts t

tLe 1j( i't r (c I'y' c t 11 ( I ciiiq IIIt ,'c I c; Ii -)I I '.1 Jct I vcItcIC I ct o

vacanc i c iiii' c C~ciV019)t, ,- j ,II ,cl IIi I I 'I ,;c~ i i' , k.:I I~i c torn.-1:

o S t Ily with in 11 Ill crcI I l th1w :ait c' (16t 24: -)2) . Yu rth ie r

chIaIr a cteI- i z cIt ic o th I()oIcd I okw Hk' 'T [hand1s woo-)l dJ

r (2 Ll L I u rti I1 Ii' a I I x CI I.i Illce j i''Icj I I i I vh i cii LcCI c ofIu

t imie cycis Lral i~ ic I olt v1i ii iii ti nccc i d th1is theS i s

o~~i f th li 1!1 r I i I it 111ali cc)iiipl (-x lAy of the

radia t i vo i i c sm:; int it., iinei I -d ;c jles , ais well as

the ioi " Ii ic 0q c Ls 1: (1c: 1i i c'j; t '.: cd(cci 1kd tha t Vi 11y

the cii 11inui l I ccd hm ; w ci Ic ( cc 1)1 Icc stdy damage1k- dI' to0

ioni jimplcinOtl L I ()cII.

PDec t -h Dis i -; L il)uit ion o-)f DjIo

in Unlann 2al l SaUIl-lc-sS

The ScImpies cciisiV'~ iccIicipi) aitcu2 with d1osages

of 10 13, 14 1,a d 15 cci~ / 2) I c 11 7, 1-0, aid 13)

In ordeto ('thil Th, t Ll( (pii dii c;?ibt-iw: of dfctthe

of tiic c(i' i l c5. Pr iou tc ('c ililiic tiic' iliiiulL utd

US iiV Llii' ;crcccc'curc' (,c' t iw I i bccc'c. 'Iii(' PIm'.5 ccicit

we re take(-n Icc~ depthLl oh -ipproxi litoI ly 301 rici oflls; thle

intens,;(iies of whiich wer I oUni to( renica in witini 10 percent

of each thr



The 1;11 t wt- Pf 111 , !a ur( t-nt S i k(n of II I II

unlannea, I eId sallup Iu L2 ( F ' j L(I I 's 12 tt IIou9)1 16) .; IP I~ I hit ftt I

i IIp Ian11t alLin 0 (cI muI~ d id neOL (25115. diny sue td I Iial.' t raIls I-

tion~s ill the Ilk (It - i.,11 Wit. It ill t Ii( ob!;trVct( I l :;) tl 1 1~

Thei o)n I y c ff ec L was th :1 ;ucess t i v b ,Iy inI c I (eaI; Lt 111 nc I~ AI 1(

of lUtliisccnek 1 nt cns i ty Wi th inlc i&a n;dsik(. As m-
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510 A. The t~ ic i5 ItJj p() I i' 1- 1,:A i Alit by

shil lowe2r, and 1, 1 dep iucted inV i9 l B. Tlhis dalta, der ~ivked
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do scr ji(d in Chlapte r 1 11. The pene ricr Li on de pthi or "skin
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the damagle req ion. Hlowevor, tl e b(ohav or of the curves

in Figures 9 and 10 within the first 1000 A, give a hint

of the presence of the predicted damage area. In the case

of the 1015 ion/cm2 implanted sample, the luminescence was

totally quenched to a depth of approximtely 1750 A.

The failure of the sample PL to be restored to that of the

virgin material until depths of 4200 A, 3000 A, and
0 0 13, 14, 15 2imlne3300 A, in the 101, 104, and 10 ion/cm implanted

samples respectively, showed that the damage region extended

deeper into the sample than predicted. Since the samples

were implanted at room temperature, the likely cause is

the diffusion of defects into the material. This is in

qualitative agreement with previous work (Ref 7:405)

except that the results of this study showed that defects

did not diffuse as deeply in the case of silicon implants.
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V. Conclusions and Reconmendations

Conclusions

The implantation of silicon into the LEC grown

semi-insulating GaAs samples did not generate damage peaks

within the observed spectral range (1.55 eV to 1.27 eV),

in the unannealed samples. The only effect observed was

the increasinq qguenching of the native peaks with increas-

ing dosage. The defects in these samples due to ion implan-

tation were found to exist at a depth nearly twice that

predicted by theory. This was attributed to the diffusion

of defects during the room temperature implantation process.

The fact that the sample luminescence returned to the virgin

state suggests that the effects of surface chemo-mechanical

polishing, which created some concern early in the experi-

ment, proved not to be a significant factor at sample depths

of approximately six microns.

Examination of tire Pt, spectra of the annealed sam-

ples suggested that, since no peaks associated with simple

silicon centers appeared, the majority of the silicon

implarited became associated with arsenIc vacancy complexes

which formed low ener(ly peaks neat 1.38 eV and 1.42 eV.

The intensity )f these peaks was found to vary inversely

with temperature, whereas the peak positions were not seen

to vary in the range of 5'K to 77'K. These peak positions

were found t( vary as sample layers were removed. The
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mater i 1  PL was found to re Lut ii to t Ii L of t I i v rIj n

material at approximately I micron of depth. This

suggested a peak dependence in silicon concentration. The

peaks were te-ntatively attributed to arsenic vacancy com-

plexes associated with silicon. The use of the annealed

samples for the study of ion implantaLion damage was

abandoned due to the uncertain characterization and origin

of the low energy peaks, as well as the damage healing

effects of Lhe thermal treatment.

Recommendations

It is recommended that detailed experimentation and

analysis be performed on the samples annealed at 750 0 C and

900'C to determine the characteristics of the low energy

broad peaks as well as the places and roles occupied by the

implanted sil icon atoms in the radiative and non-radiative

processes of the material. These studies should include

the dependence of the low energy peaks on changes in broad

ranges of temperature, implant dosage, illumination inten-

sity, and anneal temperature.

It is also recommended that, if future studies are

to be made of the nature of ion implantation damage, either

an ion speccies witLa projected range greater than the skin

depth of the 488.0 nm las(r ] ine be chosen, or another

suitable source with a short r skin depth be used. A more

suitable experimental Uchni que would involve the use of

cathodoluminescence equipment and procedures. Additionally,
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thc use of ((.tect-ors sensitiv in t.he, i,11,1' ()f 1. microns

to 1 .3 mic rons is recommeitondtd to o xplore thait r u-J toll of

the spectrum.

Recommended improvementas in t.hc photo luiinescence

equipment setup used for this effort inctu1(t- the2 installa-

tion of a rigid support for the laser to procu 1de subject-

ing its cavity to bending and torsion momen) ts. The present

setup uses a 3/4 inch thick piece of plywood supported by

two laboratory jacks. The wO)od waIs fould to be sensitive

enough to amuib lnt temperature nd humidity changes to

cause power Iluctuation in the- laser due to changes in the

resonant cavity parameters.

51-

. .. . .. 7



bo(J ryph< y

1. Air Force Avionics 'iaborat ory, Technical I'r__oyrams and
Contracts, March 1979, 10th ed.

2. Pomrenku, Gt-rnot S. _Photolunminescncne of Undoped,
Semi-Insulatinq, anld M(gzIniplanted Indium Phosphide.
MS thesis, Wright-Patterson AFB, Ohio: School of
Engineci ing, Air Force Institute of Technology,
December 1979.

3. Gershenzon, M. "Radiative Recombination in the III-V
Compounds," Semiconductors and Semimetals, Volume 2,
edited by R. K. Willardson and Albert C. Beer. New
York: Academic Press, 1966.

4. 4organ, D. V. "The Characterization and Application of
Ion-Induced Damage in Gallium Arsenide Devices,"
Radiation Physics and Chemistry, 15:627-636 (March
1980).-

5. Gavrilov, A., ut al. "Photoluminescence Investigation
of the Distribution of Defects in Gallium Arsenide
After Ion Bombardment," Soviet pjasics of Semiconduc-
tors, 10(8) :847-8 (August 1976).

6. Norris, C. B. and C. K. Ba1-nes. "Cathodoluminescence
Studies of Anomalous Ion Implantation Defect Introduc-
t ion i.n 1,ightly and Ilca vily Doped Liguid Phase
Lpatax ila GliAS : Sn," Journal of A{plied Physics,
51(i) :5764-5772 (November 1980).

7. Aoki, K., ft al. "I) ,lp h Dist ribution of Defects in
MCI-J( 3 and Cd-Ion Implant ed GaAs," JaEan Journal of
Applic! Pliy sics, 15,(2):405-6 (February 1976).

8. McKelvey, k)hn P. Solid State and Semiconductor
Phy sics. New York: -arper- ad Row,-1966.

9. Kitt<Ie, C. Introdiict Lon to Sol id State Physic.. New
York: ,John Wiley alnd Sons, 1974.

10. Pa nk'v , I CJIues I. Opt i raI P rocu(-:ses il Scmiconduc-
tol-s. Engl,'9wood Cliffs, NJ: Prout icc-H1all, Inc.,
1-971 .

52



I1. WiL I ianis, E'. W. , '0L 1 I llotol1111inusc5(flc( I I: Gall1m
A\r sen ide , " Sem icund uC torSa fl Se'1i1ii LaIS , Vo-]lme2 8,
edited by R. K. Willardson and Albert C. Bee(-r. New
York: Academic Press, 1972.

12. Bebb, 11. B., et al1. "Photoluminescence I: Theory," 1

semiconductors anid Semimetals, Volume 8, edited by
R. W. Willardsol anid Albert C. Beer.- New York:
Academic Press, 1972.

13. Pankove , J. I. etouinsec Tom _.cs in
Applied Physics, Volume 17, edited by Jacques I. Pankove.
Berlin: -S-pring-er-Ve rliag,1977.

14. Ashen, D. J. , et al. "The Incorp~oration and Character-
ization of Acceptors in Epitaxial GaAs," Journal of
Phys ics and Chemistry of Sol ids, 36 :1.041-1053 (i975)

15. Bogardus, E'. 11. and 11. B. Bebb. "BuLnd1-Exciton, Cret-
to-Bound, Band-Acceptor, Donor-Accept-or , anid Auger
Recombination in GaAs," Phlysical Review, 176:993-1002
(December 1968).

16. Lindhard, J. , et al. "Range Concepts and Heavy Ion
Ranges," Mat. Fys.Medd. Dan. Vid. Sclsk 33:1 (1963)

17. Gibbons, James F. Projected Ranje Statistics.
Stroudsburg, Pa. : Dowden, Hlutchinson and R.)se2, Inc.
(1975).

18. 1lida, S. , et a .1 ."Selective Etching of Galliumn Arsenide
Crystals d.n 112 S04-1l202-112 0 System11," JournaL of the
Electrocheinical Sodiety: Sol id State Science18()
7;68 ---7J7 (1970)

19. Kushiro, Y. e L al. "Improved Properties of Melt-
Grown GaAs by -Short-Time hleat Treatment," Journal of
Applied Physics, 46 (4) :1636-164 5 (April 1977)

20. Parzianello, L. V. Depth-Resolved CathodOluminescencC
of Carbon Implanted Gall-um Asenide. MS thesis.
Wright-Patterson AFB, Ohio: School of Engjineering,
Air Force, Institute of Technology, December 1978.

21. Yu , P. W . and Y'. S. Park. "PhoLel uminlescence in M11-
implmnted GaiAs--anm Explanmatonm o)F the 1 .40 eV Emis-
sion ," Journal, o)f App Iled Phyvsics, 510 (2): 1097-1103
(Februar~y 1979)

22. Lum, W. Y. and Hf. H. We idcr. "Photoluminescence of
Tpher~mally Treated n-type Si-doped GaAs," Journal of
Appl ied Phys ics, 49 (12) :618 7-88 (December 1978).

53



23. KressCl , I., C(t al. "llu, i nescence in Si] icon-Doped
GaAs Grown by Liquid-Phas Epitaxy," Journal of
Applied Physics, 39(4):2006-2011 (March1968) .

24. Itoh, T. and M. Takeuchi. "Arsenic Vacancy Formation
in GaAs Annealed in Hydrogen Gas Flow," Japanese
Journal of Aplied Physics, 16(2) :227-232 (February
1977).

25. Seraphin, 13. 0. and I1. E. Bennett. "Optical Constants,"
Semiconductor and Semimetals, Volume 3, edited by
R. K. Willardson and Albert C. Beer. New York:
Academic Press, 1967.

54



Fiiotolumines conce Spectra of Samplos

PIrio-r to E tchinq

55



(D U

C4

I

1,Y)
Oj -

>f

Ln)

00 00 Io "o r~o -0 O

(sjuo:))diS~i~ -ld90-

56w



(N *1II I

, '- . . . . .... . . . . .. . . ... . . . .. . . . .. . . .-.. . .

," - -

MZ S

0 0 >' ].

U)-4
" -[ -:"  Z ,_  J_

--f

3 U)

1 ',) 1V "''- Ul)

I L J I 1 .. _L a_ . ...... L U)

() o0.)JI.~ 'lk.~~~ - 0 )(1
--- --

Ft



('j

o

I r~ J

oo1

C) z E-

24

00

rr-4

-----------

,

[V o

...

o I

I) (.) ( ) K.)

V ~38



C)\

Ln
-4

LC))

5 99



Cn

-- 4-4

0H0

060

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

Z 4-"1- - -'.

I-. -. 

oC

,--I ""4-

,--I I--I

0. 0 I I[.. - -!.

} II - i
60-



0

I-

0>
6S 0OV T ) 0

z

OL8W r

(0 Nol -0 O

(sjufloD))USNiN I ild 90]1

6 1



0 Lr0
C)r

0>

~ILOV LO

tL z
wn

co

TO6VIT 0

8£VVI

-. (sjufOD)AISNiIN I ild 90-1

62



)0

WO 0

-98 L-

-Al

I8I? IV

1 1 .-4- 1 )
Ul) f) (\ -0

0 0 000-
(sjuo--,,) \ISN iN 1-1 d 90-

980V63



U)

0 L0
Q-fl rn

0

0-04

oz 
CL

t7L'L 1

Lo

LfI)

Ln

0 0 0

(sIno7 )\tS7i I -H0 -

IO6I~ c164



0 L0
Z)04

-4 ~

oro

Ir-4

Till) -- V ,4
LOa

Ln 10 NO -0 O0 0>-
r-t( T)

(sjun:)))iISN1iN -lt4900

65w



0 L0

z t

6 5( FV T

z
W

'

00

0 7~d 1.

T- r- I* ar -



0 C0
(N I

I E~Ln

v~cjE

0>- CI4

w
LnN

C)if0

I 6 J AV T)

M

0 0
8rl V_ lc t- T -

(sjuflO))XiISN~iN I ild 01

67



Ul

P4-

00

0>-
,T))00r

F8O1~0 wo

(su o )-,IN i I' - H0-

C68



W 00
0 -

-4-

'-4 ,0

-~ E-i af

0>

L8 0' 0~. 0

(slOD),J\ISNIiN I id 9021

69



)(D

00

C'-)

0 In

If)
0>-4

t(D
wl
zL
wn

8~8t Ti 0i

0 0o 0) ",J 0 -
(slufloD))\IISN]iN 1 -1d DO]1

70(



Vi tza

Manuel Vincent. Key was born on 6 December 1946 in

Caracas, Venezuela, the son of Edward and Margaret Key.

Ile received his high school education at Riverside Military

Academy in Gainesville, Georgia and graduated in 1964.

After attending Georgia Southern College for three years,

he transferred to Auburn Univrsity, where he received his

Bachelor of Science in Electrical Engineuring degree in 1972,

along with a reserve commission in the United States Air

Force. Upon entering active duty in 1972, he was assigned

to the Air Force Weapons Laboratory in Kirtland AFB, New

Mexico. In 1973 he was selected to attend Undergraduate

Navigator Training at Mal.her AFB, California. After

receiving his wings in 1974, he completed Navigator Bomba-

dier Training and was assigned as a B-5211 radar navigator

to the 449th Bombiardment Wing, Kincheloe AFB, Michigan.

While there he became an instructor and an evaluator, and

in 1977 he was assigned to the 28th Bombardment Wing,

Ellsworth AFB, South Dakota. There he performcd duties as

an instructor and fl ight examiner until his assignment to

the Schoo l of Eg ineering , Air Force InstiLute of Tech-

nology in June 1980.

Permanent Address: Auburn, Alabama

71

-------------------------------------------------- .. . ......- 1



UNCLASS 11' I.I)

Q ' UPHIT Y C-L AY I I T AT I, I , I I A I filb,' 0l,, 1-1, ,1

REPORT DOCUMENTATION PAGI li. J, , 1,.I( I -(, M
I l R 'PF p 2 WU At C I I 1 N I11 ~. ~ It* ArAt I' N lj i

AFIT/GIO/iII8 [ - 2
4 TITrLE 1-0 1")lI Q~I .7 1[ n f, I 11 tI , V0 F P F

PIOTOL,UMINESCENCE STUDY OF ION Ma S Ir'T sis

IMPLANTATION DAMAGE IN GALLIUM ARSENIDE 6 PFR ',MJN, OI, RePO NMBER

I-A-) THOR, - -. CON t C OP GRAN I NUMEI rR

Manuel V. Key
Captain USAF
qPERFORMINc, rp)OANIZA-tON NAME AND AODFli 10 Ir, (): A.0 ~A ILF N IR 0 V' A1

ARE. A & , , N, T mI[ I,,

Air Force Instit.ute of Techologly (AL IT/EN
Wright-Patterson AFB, Ohio 45433

I. CONTROLLIN'. O0 FI' 1- A AND AOR(SS f I I 'IF

Air Force Avionicsa Laboratory (AFWAL/AADR) Dcenib. r_1981
W r igh t-P a t te r so n A FB , O h io 4 54 3 3 13 .. ' 1 .. .. A7 "

73
14 MONITORING AGENCY NA. 1 AM O tI0SiiI Iif,, fr- ., (" ,I IrIIh,.t ' A'' r

UNCLASS I F II'D
iSI I A A I. lA

16. DISTRIBUTION STATEMFN T ,fli Rpfr)

Approved for public release; distribution unlimited

I7. DISTRI -UTIO t STAT -MFN T Hj Ih, 1,, tI,,, I-f,-',1! II I I. 2, ii ,,i~ t..,II fr R. -p .IE..

IS. SUPPLEM_ I TA RY NOI .

PR(VED FO PUBLIC RELEASE; IAW AFR 190-17

2 8 471e)
FREDRICK C. LYNCI Major, USAF

DI RECTOR OF PUBLI _AFFAIRS ..... .....
19 le FY WO RDS, Wt. ,liz -f- - -0 d-', l , I I' ' .tr tr rt'0f%, h ,l-' 1, r.... ...

iON IMPLANTATION
GALLIUM APS L;N I)I'
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Th 5' 1,l1t n1 11,n cc c' (1'1,) 1-1(1 1 .55 -lV to 1 .36 eV of semi-
insulat itij hul k GaAs imliantted wLth Si was observed, using the
488 nm I in' a an aron- I, laser. Implant dosages were 10 2

10 L 3, 1014, ,In(j _1015 io ol;/cml2 . S(epara t sets of samples were
anne2al ed -0 7500C and 900 C. Th( v .i rgin nnannea]ed sample
spectrul co rita t10( a ]h-( 1)w d(nor pcak at 1 .513 CV, a carbon
donor-to-ca,b(o, accept or peak at 1.490 eV, a possible
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carbon donor-to-zinc acceptor peak at 1 .487 eV, and an optical
phonon peak at 1.454 eV. The virgin annealed sample spectra
included, additionally, a vacancy complex-to-silicon acceptor
peak at 1.406 eV, a Ga vacancy complex peak at 1.358 eVand a phonon
replica at 1.322 eV. The spectra of the implanted unannealed
samples showed an increasing quenching of native peaks with
increasing dosage, and included no new damage related peaks. The
spectra of the implanted samples showed an increase in the native
peaks due to annealing but not due to Si dosage increases. The
increase in Si dosage caused an increase in low energy broad peaks.
A temperature study (51K to 771K), and chemical etchiny depth
resolved study of a sample implanted with 1015 ions/cm and
annealed tiL 900'C showed two broad peaks: one near 1.38 eV and one
near 1.42 ,V. The peaks were seen to vary inversoly with Lempera-
ture in amplitude only; but as etch depth increased, the ampli-
tudes increased then decreased, finally disappearing at an etch
depth of 0. 2 microns. The peaks were attributed to complex centers
associated with Si in As sites and As vacancies. A similar
study using chemical etching followed by a measurement of normal-
ized PL (of the 1 .49 eV peak in the unannea led sampIes, showed that
the PL was not r(estored to that of the yi in samplIe., Ln til nearly
twice the (Iamag{.- depth predicted by ISS theor-y was reachend. This
was attributed to the diffusion (f defects dun ini the room tempera-
ture implantation proccss5.
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