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Abstract

The 5° photoluminescence (PL) from 1.55 ¢V to

1.36 ev of semi-insulating bulk GaAs implantced with Si was
observed, using the 488 nmline of an argon-ion laser.
Implant dosages were 1012, 1013, 1014, and lO15 ions/cmz.
Separate sets of samples were anncaled at 750°C and 900°C.
The virgin unanncaled 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 ¢V, and an optical phonon peak at 1.454 eV.
The virgin anncaled 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 increasc in low encrgy broad peaks. A temperaturce
study (5°K to 77°K}, and chemical ctching depth resolved

' study of a sample implanted with lOlS ions/cm2 and annecaled
at 900°C showed two broad peaks: onc ncar 1.38 eV and onc

near 1.42 ¢V. The peaks were secn to vary inversely with

viii




N

temperature in amplitude only; but as cteh depth increascd,
the amplitudes increascd then decreased, flnally disappear-
ing at an etch depth of 0.2 microns. The peaks were
attributed to complex centers associated with Sioin As
sites and As vacancies. A similar study using chemical
etching followed by a measurement of normalized PL of the
1.49 eV peak in the unanncaled 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.




PHOTOLUMINESCENCE STUDY OF 10N IMPLANTATION

DAMAGLE IN GALLIUM ARSENIDE

I. Introduction

Background
The Unated States Alr Porce has, for the past
decade, been involved in rescarch cftforts to wdentify,
develop, and 1mplement new semiconductor materials moro
suited to defense applications than thosce proeviously devel-
oped by industry for the civilian consumcer. Several new

device applications, primarily in the microwave area,

depend on the development of such new matertials.  The

requirement for this new technology was derived from the

necd for increasced signal

1

rocessing speed in clectronic

warfare, nuclecar hardening of critical components, new

real-time diyital radar systems, and the nced to expand

and

improve satellilte reconnaissance and communication systems

(Ref 1). The Elcctronics

R

cscarch Branch of the Air For

ce

Avionics Laboratory (AFWAL/AADR) has been providing rescarch

in this arca, and, for the

past sceveral years, has dovot

a large portion of its cfforts to the study of gallium

arscnide (GanAs) {(Rels 1:33;

Gallium arsenide

1s

2:1).

a group 111-V scmiconductor

od

com-

pound that has cxperimentally demonstrated characteristics




which arc very well suited to .ome of the new device appli-
cations. It possesses a relatively wide direct band gap
of 1.435 ¢V at 294°K, which rceduces its vulnerability to
radiation damagyc. Also, it has a high clcectron mobility
and a short minority carcer lifetime (Ref 3:325%), which
greatly increasce its signal processing speed.
Unfortunately, efforts to cstablish reliable manu-
facturing techniques have encountered many problems. Many
of thesec problems arise during doping in the device manu-
facturing stage. Por instance, doping using the diffusion
method requires the matcrial to be at clevated temperatures;
which, because of arsenic's high vapor pressurce, 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 ficeld ecffect transistors,
integrated circuits, microwave devices, and optoclectionic

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

Ty T

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

B viiey TP

formed at room temperature. Although anncaling of the
samples is necessary to activate the dopant itons, the
annealing temperatures are much lower than thosce of the :
diffusion method. Although ion implantation offcers this ;
and other advantages, some of which are discussced in ‘
Chapter [1, 1t has onc major drawback. The cellisions of

the implanted ions with the atoms of the host lattice

2
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produce atomic displacement damage, which, in some cases,
destroys the original beneficial cffects of doping.
Although several studies have been made (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 clectron-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 sects of samples were generated by varying the

implant dosagc and annecaling temperature. Only silicon

was uscd as an implant species.  The surface photolumines-
cence of all the samples was measured to determine the more
likely candidates for further investigation. Once this

was done, the sample's photoluminescence intensity was

measurced after successive layers of the material were




removed by chemical ctching. The magnitude of the resultant
photoluminescence intensity as a function of sample depth
was used as an indication of crystal lattice damage caused
by ion implantation. Because of recent advances and

renewed interest in semi-insulating bulk grown crystals,

this type of material was used throughout the experiment.




IL. ‘“Theory

Since this ecffort is primarily concerned with the
damaging cflrcects of ion implantation in gallium arsenide,
it 1is 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 Thcory

A semiconductor is a crystalline material contain-
ing an energy band structure in which a band of clectronic
states, which is completely filled at absolute zero
(valence band), is scparated by an cnergy gap from another
band which is cmpty at that tcemperature (conduction band).
This band structure is depicted schematically in Fig. 1(a)
(Ref 8:257). Although population within the encrgy gap is
forbidden for a pure matcrial, elcctrons 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. 1(b) shows a pure scmiconductor at room
temperature.  The void or hole that a transitioning clectron
leaves in the valence band has an cf fective mass and con-
tributes to the conductivity of the material (Ref 9:231).

Purc or intrinsic semiconductors have very low con-
ductivitics (Ref 8:260), so they arce doped with impurities

5
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in very carcfully controlled arounts. The specific type
of semiconductor material and type ol impurity delermine
if the impurity beccomes an acceptor (p-type) or a donor
(n-type). A donor impurity will produce a new clectronic
state just below the conduction band, and an acceptor will
produce one just above the valence band. These new encergy
levels are schcmatically depicted in PFPig. 1(c).

Usually, when impurities are introduced, they
replace constituent atoms, and arc referred to as sub-
stitutional impurities. For cxample, in Gahs, a tellurium
atom in the arsenic sitce becomes a donor, as docs silicon
in the gallium site; since thecy 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 clectron per broken bond;
making it an acceptor. An impurity occupying a space
between constituent atoms (interstitial) 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 Galds, o simple center is
defined as an impurity which sits on the Ga or the As
latticc site and which contributes only one additional

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

only the s clectrons take part in the binding. Complex




centers produce levels that ar: too broad and too low in
cnergy to be modeled by the hydrogen atom. These deep

levels occur in nearly all melt-grown crystals of n-type
GaAs even at low doping levels. In p-type GaAs, complex

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

Photolumincscence

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 noncquilibrium 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 exciting light, (ii) radiative rccombination of
clectron-hoic pairs, and (iii) escape of the reccombination
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 rcgain homogencity and equilibrium, the
carriers diffusc away from the surface while being depleted
by both radiative and nonradiative processes. Since this
recombination radiation is subjcct to sclf-absorption,
most of the cexcitation of the crystal is limited to a
recgion within one diffusion length of the material. It

also follows that the recombination radiation most readily

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




The return to equilib, ium of the irradiated sample
can take place by either a radiative recombination, non-

radiative rccombination, or a combination of the two.

Radiative Transitions

During radiative transitions a photon is cmitted
when an electron drops from an upper Lo a lower cnergy
level. Thesec lecvels may be either intrinsic band states

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

are transitions involving cxcitons, 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. Ixcitons are classified into two cate-
gories, freec excitons and bound excitons. A [ree exciton
consists of a free hole and a free clectron bound by coulomb
interaction which are frec 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 wiich is lower

than that of the clectron, the exciton binding energy is

smaller than cither the donor or acceptor binding encrgics.
Additionally, the exciton states do not have a well defined

, potential in the semiconductor's energy diagram. However, it
is customary to placce these states very ncar the conduction-
band edge (Ref 10:12). Becausce of their unstable nature,
free excitons have a very short lifetime, and soon recombine

%‘ 9
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to emit a photon. 1In the case¢ of GaAs this radiation can
be observed at 1.5156 ¢V (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 cnergy 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 ¢V), and exciton bound to a neutral acceptor
(1.5125 eV) (Ref 11:342). Different donors and acceptors
will result in small shifts in the bound exciton ecnergy

position.

Band-to-Impur ity Transitions
Band-to-impurity or frce-bound transitions involve

the recombination of a frece clectron (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 and a bound acceptor. Acceptor ioniza-
tion encryies for different elements differ from cach other
enough to allow the i1dentification of most impurity species
with relative case. The typical cnerqgy levels of this type
of transition in GaAs for scveral clements have been

reported (Ref 14:1051), and are shown in Table 1.

TABLE 1

TYPICAL CONDUCTION BAND TO BOUND
ACCEPTOR TRANSITIONS (Ref 14)

———— - —_—
Transition Energy
Acceptlor eV
Carbon 1.4935
Silicon 1.4850
Germanium 1.4790
Tin 1.3490
Zinc 1.4888
Cadmium 1.4848
Beryllium 1.4915
Magnesium 1.4911

Since, in GaAs, all donor impurity lecvels reside in closc
proximity, and transitions from thesc levels to the valence
band arc very weak, they arce extremely hard to detect and
resolve. However, a very weak lince has been obscrved for
most donors ncar 1.5137 eV (Ref 11:331). Experimental
observations of radiative transitions between impurity
levels and the more distant band edge arce limited to semi-
conductors with relatively low impurity concentrations

(Ref 10:134). As the Impurity concentration increascs

12




impurity bands begin to form and may eventually 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, toncutralize ionized acceptors or
donors respectively, arc 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 elcctron 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 duc 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. 1In GaAs, these sharp lines

will not be obsecrved for hydrogenic centers (donor-acceptor
pairs scparated by less than the cffective Bohr radius) 3
because their activation energics 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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spectrum.  This 1s the type ot spectrum often obscerved in
GaAs (Refs 10:143-147; 15:1000).

The following are obscrved characteristics of Pl
spectra duce to donor-acceptor pair recombination (Ref
(11:336).

1. shift of the line to higher encergies as the
exclitation intensity 1s increascd.

2. Appreciable narrowing of the emission band as
intensity increases.

3. A band shift towavds higher energies with
increasing donor concentration.

4. A rapid decrease in intensity as temperatures
increcase from 25 to 35°K.

5. A shift to higher energies as the temperature

increases from 25 to 35°K.

Phonon Coupling. As the binding encryy of car-

riers bound to substitutional impurities 1lncreases, the

~wws

interaction of the carriers with lattice vibrations also

1 —

increases.  When recombination radiation is assisted by '

these interactions (phonon couplings), the radiation '
energy Iis rcduced by 36 meV (for longitudinal optical

phonons) times the number of phonon assists (Ref 11:388).

Most transitions involving acceptors in Gads may allow H
b
phonon assistance, which appear as poaks on the low encrgy i
‘ &
side, and decrease in amplitude as more couplings take B
d
place.

o
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Non-Radiative Transit ions:

A non-radiat ive transition 1s a trancition from
an upper to a lower cnerqgy state without cmission of a
photon. These non-radiatlve processes are difficult to
identify and study because their occurrence can only be
assumed f.om a reduction in radiative emission officiency.

But scveral mechanisms are possible.

Multiphonon Emission is similar to that mechanism
responsible for phonon replicas except that the entire
amount of c¢nerqgy of an excited clectron is "coupled away"
by lattice interactions. Since the enerqgy of a phonon is
much less than that of an excited electron multiple

phonons must be generated (Ref 13:06).

Auger Effect.  This mechanism occurs when an excited
clectron transfers the energ, 1t would have radiated to
anothor excited electron.  The sccond eclectron is then

raisced to a higher state where it can return to a lower

enerqgy state by multiple phonon emission.

Non-Radialive Defects

1t 1s woell known that recombination at the surface
of a scemiconductor s non-radiative. It 15 suspected that
the reason for this is that a quasi-continuum of states is
formed which joins the valence and conduction bands allow-

ing purcly non-radiative recombination. This surface model

can be applied to internal surfaces called defects or




inclusions. Electrons and hol s which arce within a diffu-
sion length from the cdge of the defect will be drawn to
this trap where they will recompine non-radiatively. This
process scverely reduces the radiative efficlency around
the defect. A cluster of defects or of precipitates
(metallic phase) can form, further reducing the luminescence
efficiency. If the same number of precipitates aglomerate
into a few large clusters, the efficiency will be reduced
far less than if a uniform distribution of them is dis-
perscd throughout the material.

Not all defects form recombination centers. 1In
some cases, the mechanical strain created in the area of
the defect ecither widens the energy gap, thus repelling
both electrons and holes, or creates a field which separates
the electron-hole pairs. In cither 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 over the more conventional doping techniques.
For a given target material and ion species, the number and
depth distribution of the implanted ions can be simply and
accurately controlled by the acceleration voltage and beam

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

16
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by the beam position and the u.ce of masking techniques.

Of great amportance, also, 1s the high purity of the beam,
made possible by the mass analysis capabllitics of the
implant equipment. The process 1s able to provide uncon-
taminated beams with a high degrece 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 ecnergetic ions entering the target material
will, through collisions with target nuclei and eclectrons,
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. 8Since the number of
collisions and the amount of c¢nergy 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 thceory developed by
Lindhard, Scharff and Schiott (LSS thcory) (Ref 16). These
tables give, among other paramcters, the projected ranges
and standard deviations as functions of accelecration poten-

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




GaAs at a potential of 120 Kev  the projected range is
0.1025 microns with a standard deviation of 0.0510 microns.

As the cnergetic ions travel through the target
crystal, atomic displacement damage is produced by colli-
sions with the host lattice. For such collision, the
energy transferred may be great enough to completely dis-
place the host atoms from theiv lattice sites. The dis-
placed atom then becomes o sccondary projectile which may
collide with other atoms, creating a cascade coffect. This
proces:s causes a reglion of damage around the path of the
implanted ion. The damage can be of scveral 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 scveral factors,
including the mass and cnergy of the incident ion, and the
mass and encrgy of the host atom (Ref 4:627-628).

1t has becen found (Refs 4; 5; 6) that, in GahAs, the
introduction of damage rcduces photoluminescence efficiency
in some types of transitions throuyh 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-gallium vacancy complexes. The above
refercnces also report that evidence of damage has been
found at depths ncarly one order of magnitude greater than
the projected range of the implanted ion. As stated in the

introduction, it is the purposc of this rescarch to study

18




the depth distribution of impl ntation damage by using the
change in PL intensity of incumbent peaks as well as those

peaks crecated by the damage.




IIl. Equipment 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 1in four secctions including the sample environment,
illumination optics, signal detection and processing, and

general procedures.

Sample Environment

The gallium arscnide 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~115), 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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Liquid helium from the inner reservoir was allowed
to flow through a ncedle control valve to a capillary tube
connected to the bottom of the sample chamber. Sample cool-
ing was dircvctly proportional to the LHe flow rate con=-
trolled by the valve.

The samples were mounted on the flat arca 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 cach sample, and
secured to the copper cylinder by four screws. Mounted
directly behind the sample arca on the cylinder was a pre-
viously calibrated silicon diode which was uscd as a tempera-
ture sensor. Also on the copper mount were three 30 ohm
resistive hecaters which, together with the silicon dieode,
were connected to a feedback temperature controller/dis-

play (Lakeshore Cryotronics, Model DRC 80C).

Illumination Source

and Optics

The GaAs samples were optically excited by the
488.0 nm line of an argon-ion laser (Spectra-Physics, Model
165). This watcr-cooled lascr operated at cight wave-

-

lengths ranging from 457.9 nm to 514.5 nm, and had a pcak

power of 1.1 watts at the 488.0 nm waveloength, The laseor's
inhcrent violet/ultrvaviolet and infrared cmissions at all
wavelengths nccessitated the use of optical filters to
purify the output becam. The undesirable infrared emissions

were filtered out by using two 90% transmission short-

22
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wavelength-pass-filters (sce g, 4) . The tirst, although

possessing a nominal upper cutott wavelength of 550 nm,
could be tuned by varying the incidence angle.  An angle of
25° allowed tuning to approximately 489.0.nwm. A sccond fil-

ter with a nominal cutoft of 700 nm was added to further
attenuate the longer wavelength infrarced cemissions.

; In seriecs with the filters was a spatial filter

and beam collimator (Jodon, Model LPSF-100) which was
adjusted to expand the beam to approximately 3 cm in
diameter. The beam was then turned by a pivoted concave
mirror which also focused the beam down to a 16 mm diameter
at the sample. Located betwecen the sample chamber and the
mirror was a microscope slide which acted as a beam

splitter. The reflected part of the becam was directed

through a ncutral density filter (1.0 0.D.) to a radiometcr
detector hcad (EG&G, Model 450-1). The transmitted portion
of the beam was directed through the threc quartz windows
of the sample chamber to the mounted sample. The beam
splitter and dctector head allowed the continuous monitor-

ing of incident power on the sample throughout ecach data

run. Once the transmissivity of the quartz windows, and

k 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 wmeter rcading for the
- equivalent desired sample illumination. The beam arriving
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at the sample wmount with a dicmeter of 16 mm was approxi-
mately four times as large as tne cxposed suample area.

This was intentionally done to minimize the existence of
power gradients across the sample caused by the inherent
gaussian intensity profile of the lascer beam.  The quasi-
lambertian naturce of the portion of the beam profile to
which the sample was exposed provided ncar-uniform illumina-
tion of the sample.

The photoluminescence emitted by the sample was col-
lected by a bi-convesx 76.2 mm lens placed one focal length
away from the sample. The resultant parallel light was
directed towards another bl-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 mm lens and the spectrom-
eter to climinate 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 spcctrum.

The emitted sample PL was dispersed by a Czerny-
Turner typc 3/4 meter spectrometer (Spex, Model 1702).

The grating uscd was 10 cm by 10 cm and contained 1200
grooves/mm blazed at 5000 R. All the data was taken using
slit widths of 0.5 mm. A slit height of 10 mm was used in
all cascs to insure that the sample image overfilled the

entrancc slit. Since the PL collection components required

to match the {/number of the spectrometcer were not
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available, it was necessary Lo usce those previously

described, which did, at lecast, overtfill the grating. The
spectrometoer scan rate signal was externally provided by a
locally asscmbled steppoec/controller which yielded a scan

(8]
rate of approximately 52 A/minute.

Signal Detection and Processing

The ovutput spectrum of the spectrometer was detected
by a photomultiplicr tube (PMT) (RCA, Modcl C70007A, with an
S-1 type photocathode) . The PMT was housed in a refrigera-
tion chamber (Products for Rescarch, Model TE-176-RF) which
was mountoed on the exit slit assembly of the spectrometer.
A temperature controller (Products for Rescarch) was used
to maintain tho PMT tcemperature at a constant -50°C by
regulating the flow of LN to the PMT chamber. Prior te the
collection of experimental data, a pulse height analysis
experiment was conducted to determine the discrimination
level and optimum signal-to-~noisc 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 Rescarch, Model HVS-1). The output of the PMT
was connoected to a threshold amplificer/discriminator
(Princcton Appliced Rescarch, Model 1121) operated in a
singlce threshold level mode.  The output of the amplifier/

discriminator was conncected to an in-house-built interface
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which amplificd, stretched and inverted the signal;

properly conditioning it for processing by the multichannel

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

the spectrometer stepper/controller was divided and used to

trigger the MCA channel advance. The combination of the

52 R/min drive rate and the frequency division resulted in
an MCA resolution of 0.868 R/channcl. At the MCA, the
threshold dctected ulses were counted until the channel was
advanced, then that number of counts was stored in a par-

ticular channel address. The process 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 i

to an ¥-y plotter (llewlett Packard, Model 7045A7) .

General Procedures

Prior to the introduction of LHe into the research

. dewar, the outer reservoir was filled with LN to precool
the inner reservoir for approximately two hours. During the
precooling, dry helium was introduced into the exchange
column throuygyh +the ncedle valve and capillary tube to con-
tinuously purge that areca, and maintain a positive proessure
to prevent the introduction of moist awbicent atr.  Then, twe
samples were mounted, and the sample transfer rod was

‘ inserted and clamped into place. Refoerence marks on the

sample transfcr rod collar and cexchange column collar were
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used to always place the sampl s ot the S angle with the
incident laser beam.

once precooling was completed, the helium gas flow
was stoppoed and ligquid helium was inty sduced into the
inner reservolr by means of an evacuotoed double-walled
flexible tube connected to the Lile storage canister.  Onmco
full, the nuer rescrvoir was scaloed and allowed to self-
pressurize by Llle vaporization., By adjusting the ncedle
control wvalve, a sufficirntly lTow amount of vaporizing LHe
surroundced the sample which allowed it to be cooled, but
which also allowed the relatively low power of the sample
heaters to maintain the temperature sct at the control
pancl. ‘Throughout the experiment the temporature was sct
at 5°K. Sample cool-down was accomplished with the lascer
on so that any thermal cifects from the laseor could be
taken into account, and to insurc that the laser had reached
a stable opcerating temperature and power level.

Once the optical components were aligned and the PL
signal from the spectrometer was maximized, only small
adjustments were necessary during the remainder of the
experiment.  Since the placement of the sample within the
laser beam spot was critical, only two samples were mounted
tor cach data run. The samples were mounted 2 mm apart, once
above the other.  This required only the vertical adjust-
ment of the rescarch dewar to properly place the particular
sample »of interest.  Only one of the samples mounted in
cach run was used to gather data; the other was the same for
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all data runs of o porticular type, and wis used as a refor- 1
ence to check the repeatability of test conditions during
cach run. Although the repeated removal and replacement of
the sample transfer rod resulted in a higher LHe consump-
tion rate, this procedure provided the most cunsistently
reproducible conditions,

Once the sample tempoerature reached a steady state,

the laser output was readjusted and all switch positions

were crosschecked.  After reducing ambient light to a
minimum, the spectrometer drive was begun.  shortly after
this, an argon calibration lamp was uncovered near the
entrance slit of the spectrometer to introduce two lines of
known wavelength. The linces usod wore the 8006.16 1:\ linc
: and the 8014.79 A line. oOnce these peaks were detected the
argon lamp was coverced. During the data run, which lasted
either 17 minutes or 34 minutes, depending on the size of
the spectrum being examined, the sample incident itrradiance

(nominally 20 mW/cm™) and temperature were carefully moni-

tored. After complcetion of the run, the plot on the CRT '
was examinced and all data reocorded prior to generating a
hard copy on the x-y plotter. Throughout this thesis, the

spectral plots were gencerated in logavithmic form because

of the greater case of scaling peaks of greally differing

b magnitude:s.

«
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1V. Results of the Lxporiment

This chapter contains a deseription and analysis of
the results of the experiment. But boetore these are dis-
cussed, scctions arc included which cover sample informa-
tion and processing, as well as chemical etching procedurces

uscd.

The gallium arsenide samples (designated MR AO0L/R3)
used 1in this cffort were produced by the Materials Rescarch
Corporation. The samples werce high-purity scmi-insulating
bulk material grown by the Liquid-Encapsulatced Czochralski
(LEC) method. A spark source mass spoectrographlc analysis
of the material was conducte ! by Wright State University,
Dayton, Ohio for AFWAL/AADR and reported by Dennis C.
Walters on 16 October 1981. The results of that analysis
are summarizoed in Table 2, and show that Si and C are the
predominant impurities.

The two and once-half inch diameter wafers were cut
into samples weasuring 5 mm by 5 mm.  The samples werce then
thoroughly cleaned in a vibration cleancr while seguen-
tially submerged in beakers containing trichlorvocethylene

(TCE), acctone, and methanol. This was followed by rinsing
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TABL 2

SPARK SOURCE MASS SPLECTROGRAPHIC ANALYS1S

E O GaAs SAMPLLE (ppma)

q Element
Te .04
Se .02
Zn <.04
Cu <.03
Ni .05
Fe <.03
Mn <.02
Cy ~.02
S <.05
Si 0.3
B <.03
C 0.1
AL <.03
My <.03

in delonized water and drying in a strecam of dry nitrogen
gas.
All the samples were then ctched in a hot solution

of M, S0, :11,0

250,11, 2:”20 in proportions of 3:1:1 for onc minute.

This was done 1n an cffort to remove the laycers of material
that were damaged by the chemo-mechanical polishing by the
mahufacturer. The intent of this procedure was Lo remove
approximately 15 microns from the surface. However, a sub-
sequent oxperiment to determine the actual ctch depth
showed that this procedure removed only about 6 microns.

Unfortunately, this was not discovered until after the
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samples had been coapletely pr pared for the cxperiment,
and a lack of time precluded the genceration of a whole new
set of samplo:s.

After surface ctebing, the samples were agaln
cleaned and then implanted with silicon at an encrygy of

120 KeV with dosages of lUlZ, lO13

, ],()14 and l()lS ions/cm2
Figurc 5 shows the expected ion concentrations for cach of
these four implant fluences as a tunction of sample depth
as prodicted by LSS theoury. This data was provided by
AFWAL/AADR. The unimplanted samples as well as those
implanted at the tour different dosayges were then divided
into three cqual groups. Two of the groups were then
capped using plasma depositaed Si3N4 with a thickness of
approximately 1200 ;\ Lach of the capped samples was

then anncalcd tfor 15 minutes; one group at 750°C and the

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

and processing.

All sample layer removals were accomplished by

using solutions of IIZO—II,O ~11,80, (Ref 18:769). For shallow

2 2774
layers of 150 A, 250 A, 500 A, 1000 A, a solution of
[ . . IS o wn ’ v 31 ) N .
50 112().1 “2()2'1 “2.3()4 was used. By oexposing the samples Lo
a cold {(1ce bath) solution for 30 scconds and 60 seconds,
etchings 150 A decep and 250 A deep respoectively were

achicved. By using the same solution at room temperaturce,

for the same time periods stated above, ctch depths of
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SUMMARY

Or SAMPLL

TABLE 3

DESIGNATION

AND

PREPARATION

Sample

Inmplant

Anneal ing

Designation Dosage Temperature
1 None None
2 Nono 750°C
3 None 900°C
4 1012/cm2 None
5 ].Olz/cm2 750°C

12 2 o
6 10" /cm 900°C
7 ]_()13/cm2 None
8 1013/cm2 750°C
9 1073 7em? 900°C
10 1_014/cm2 None
11 1044 /cn? 750°C
12 ],014/(:m'2 900°C
Lo
13 lOlJ/Cm2 None
[
14 1012 /em? 750°C
15 10 /em? 900°C




500 R and 1004 A resulteds Do opoctehings (1 micron) were
achieved with o solution ot 3 1, 50,1 i 0O :
274 272
chemicals were mixed the sample was submerged while the
solution was still hot from the reaction., This procedure
yielded an cteh rate of approximitely 6 microns/minute.
The actual ctoeh rate was found to be extremely scensitive vo
the proportion of the chemicals, sample oxposure time and
temperaturce. Because of this, during the cxperiment, all
etch depths woere neasurced with a surface profile measuring
instrument (Sloan Dektak) before ctching conditions were
changed. An ctch reference saunple was etched simultane-
ously with the PL data sample. Part of the etch reference
sample was covoered with wax to produce a reference surface.
After a series of ctchings at a particular rate were com-
pleted, the wax was removed, the ctch depth was measured,

and the average depth perv ctching was computed.

Experimental Results

As an initial step, the photoluminescence of all
the gencratced samples was measurced to determine the morce
likely candidates to be used for further investigation.
Pricr to this mecasarcment the Si3N4 caps were removed from

the anncaled samples by submerging them in hydrofluoric

acid for approximately five minutes.
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PL of Unanncaled Samples

Figures 12 through 16l show the spectra of the five
unanncaled samples. Figure 12 shows the PL of the virgin
sample from approximately 1.55 ¢V to 1.36 cV. The weak
peak at 1.513 eV is attributed to shallow donors (possibly
S1) . 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 1s characteris-
tic of bulk-grown materials (Ref 19:1641). The broad peak
near 1.490 1is attributed to donor-acccptor pair recombina-
tion due to carbon donors (CGa) and carbon acceptors (CAS),
and has becen often observed by other rescarchers (Ref 20:36).
It is apparcent from Figurce 12 that the broad peak necar
1.4903 ¢V is actually a triplct of pcaks; an accurate resolu-
tion of the other two peaks could not be obtained from this
sample. Finally, the pcak necar 1.4543 ¢V, located 36 meV
from the 1.4903 ¢V peak, is believed to be a phonon (1LO)
replica of that pcak. The abscnce 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
demonstrate the roeduction of PL efficiency caused by implan-
tation damagce cven at low (lO"2 ion/cmz) dosages.  Samples
number 1, 7, 10, and 13 wcre chosen for further investiga-

tion.

lFigurcs numberced 12 through 26 appear in the
appendix.
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PL of Samples Anncaled at 7507

Figures 17 through 21 show the PLof the samples
annealed at 750°C for 15 minutes. The photoluminescence
efficiencies of the 1.513 eV and 1.490 ¢V pecak increased
by a factor of 7.5 and 4.6 respectively over those of the
unannealed virgin sample. The encergies of all the peaks
as well as the transitions belicved to be responsible for

their presence are listed in Table 4.

TABLLE 4

SAMPLE 2 SPECTRAL LINES

Line Encryy

No. (cV)

1 1.5162 Bxciton 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 Conplex to Si Acceptor (Ref 21:1097)
8 1.3581 Ga Vacancy Complex
9 1.3223 Phonon Replica of #8

Figurcs 18 through 21 show the cffects of the dif-
ferent dosages on the PL ospectra.  The broadening and
increasing intensity of the lower cnergy 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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PLoof Samples Anncaled at 9007 ¢

The PL spectra of the samples anncaled at 900°C
had much the same characteristics as those anncaled at
750°C. Figurce 22 shows the PL of the virgin sample. The
1.513 eV peak and the 1.490 peak increased in intensity
by factors ot o8 and 34 respectively over those of the
unannecaled samples.  Although the mechanisms behind this
are not yet tully understood, 1t is belicved that the short-
time heat treatment of melt-grown GaAs improves radiative
cfficiencices through the ¢limination of both deep acceptor
traps and nonradiative defect centers, as well as an
increase of shallow donor concentrations with increasing

anncal temperature {(Ref 19:1642, 1644).

PL of Sample 15

Samplc 15, which was i1mplanted with a dosage of
lO15 ions/cm2 and then anncaled at 900°C for 15 minutes,
was further investigated to determine its uscfulness in
the study of i1on implantation damage as well as to study
the naturce of the low encrgy broad band peaks. The PL of
the sample was taken at four different tco oeratures. The
resulting spoectra arve shown in Figure 6. At 77°K (Filgure
6(a)), the dominant peak was conterod at approximately
1.384 V. As the temperature waos decreased to 30°K
(Figurc 6(b)), the intensity ol the 1.38 oV peak increased,

and a new broad peak centered at about 1.423 eV appeared. With

furthcer reductions in temperature to 15°K and 59K (Figures
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Fig. 6. PL of Sample #15 with Variations in

Temperature from 5°K to 77°K
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6(c) and 6(d)), these two peak s continucd to inerease in
intensity but rematned approximetocly constant relative Lo
cach other.,  No significant change in peak position was
obscrved duc to the temperature change; however, no conclu-
stong could boe made on the temperature dependincee of these
transitions over the small tempervature vrange testoed.,

The nest step was to otch the sample chemically,
and obscerve the behavior of thoe peaks Jt 5"K. Figurc 7
shows the vesulting PILospoctia. The principal change
noticed betwen FPilgures 7(a) and 7(b) is that the dominant
pecak at about 1.38 oV at the surface was overshadowed by
the peak at about 1,42 ¢V at a depth ot 500 A. The magni-
tude of the .42 ¢V lince increasced by a factor of nearly
2 at 500 R, and at 1000 A, by a factor »f ncarly 4. This
sugyests, consildering Pigure 5, that the amplitude of these
peaks is highly dependent on the Si concentration. Filgures
7(d) and 7(c¢) show that at a depth of 2000 R the 1.38 ¢V
and 1.42 oV peaks had been greatly reduced and that at
~10,000 R the PILospectra had returned to that of the
virgin samplo.  The nature of the low cncergy broad transi-
tions is belicved to involve deep level complexes associ-
ated with S1 in As sites and As vacancices (Ref 22:6188).
These transitions are also thought to be complicated by the
presence of wmultiple §i acceptor states as well as deep
band tail stales below the conduction band created by the
high Si concentration (Ref 23:2009). In analyzing the

sur face PL of samples anncaled at 750°C and 900°C, it was
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: notirced that the

an mplant dooage tnevegsed, o very Lot
change occurred an the dnlensiCies of  Uhe proeaks gean
1,513 v and 1.490 V. tThe groatest Increase was seen in
the low onergy peaks mentioned above.  This suggosts that
the majority ot the tmplanted silicon was activatoed into
vacancy complexes mvolving arsente vacancicos, which form
mostly within a micron ot the suriace (Retr 24:229) . Further
characterization of the broad low oncrgy bands would

roequite

time constraints, i1s not within the scope

Because of the

radiat ive mechanitsms in the annealod

the healing eftfects of annealing; it

the ananmealed samples would e oaood to

lon implantation,

Depth Distribution of Dorects

; - L
- in Unanncaled Samples
. The samples choson were those implanted with dosages
13 14 15 . L2
' of 10°7, 10", and 10 fons/em” (samples 7, 10, and 13). .
P ‘
F In order to get the depth distribution of defects, the )
i i
t photoluminescoence at 5'K was measurcd by successive ctching :
3 '
! of the samplo surfaces.  Prior to ctehing the tmplantoed )
‘ i
L samples, the homogeneily of PLowas tested in o vivrgin sample :
| using the procoedure described above.  The PL o measurcements .
[ !
b woere taxken to a depth of approximately 30 microns; the
intensitics of which were found to remain within 10 percent
L of cach other.
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The surtace PL measure wnts taken of ol the

unanncaled samples (Frgures 12 through 16) Showed that the
mplantation damage did not causce any new radiative Lransi-
! tions in the naterial within the observed spectral range.
The only effect was the successively increasing quenching
of luminescence intensity with incrceasing dosage.  As men-
tioned in Chapter 11, the LSS theoretical prodiction of the
(5]
ion projected range is 1025 A with a standard deviation of
e .
510 A. The theorctical damage profile 1o slightly
shallower, and i1s depicted in Figure 8. This data, derived
from a Monte Cavlo simulation, was also provided by AFWAL/
AADR. Figure 9, 10, and 11 show the change in intensity
of the 1.490 ¢V peak as a function of depth for the three
implant dosages. The PLoointensity was normalized by that.
of a virgin sample which had been ctched to approximately

25 microns below the original surface.  The PL of both

samples was measured in cach run using the procedures

describaed in Chapter 1IT.  The penctration depth or "skin :
depth" of the 488.0 nm lascor light used was calculated to

be 1050 A, using a valuc of the imaginary part of the index

of refraction at 21°K (Ref 25:522). The position and '
amplitude of the theoretical damage profile could not be
!
resolved or accurately verificd very neatly.  This was :
'

duc to the fact that the changes in PLoantoensity obscerved

were a result ob a convolution of the gaussian-like theo-

retical damage profile and the exponentially decaying

niid Ak

illumination, which at the outset covered the majority of
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the damage region.,  lHowever, the behavior of the curves

in Figurcs 9 and 10 within the first 1000 A, give a hint
of the presence of the predicted damage arca. In the case
of the 1015 i()n/cm2 implanted sample, the luminescence was
totally quenched to a depth of approximately 1750 X.

The failure of the sample PL to be restored to that of the
virgin material until depths of 4200 X, 3000 A, and

)
10'3, 10%*, and 10'° ion/cm?® implantea

3300 A, in the
samples respectively, showed that the damage region extended
deeper into the sample than predicted. Since the samples
were implanted at room temperaturc, the likely cause is

the diffusion of defects into the material. This is in
qualitative agrcement with previous work (Ref 7:405)

except that the results of this study showed that defects

did not diffuse as deceply in the case of silicon implants.
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V. Conclusions and Recommendations

Conclusions

The implantation of silicon into the LEC grown
semi-insulating GaAs samples did not generatce damage peaks
within the obscrved spectral range (1.55 ¢V to 1.27 eV),
in the unanncaled samples. The only effcect observed was
the increasing quenching of the native peaks with increcas-
ing dosage. The defects in these samples duc to ion implan-
tation were found to exist at a depth ncarly twice that
predicted by theory. This was attributed to the diffusion
of defects during the room temperature implantation process.
The fact that the sample lumincescence returned to the virgin
state suggests that the cffects of surface chemo-mechanical
polishing, which crcated some concern carly in the experi-
ment, proved not to be a significant factor at sample depths
of approximately six microns.

Examination of the PL spectra of the anncaled sam-
ples suygyested that, since no peaks associa'tced with simple
silicon centers appearcd, the majority of the silicon
implanted became associated with arsen.c vacancy complexes
which formed low cncergy peaks necar 1.38 oV and 1.42 cV.

The intcensity of these peaks was found to vary inverscly
with temperature, whercas the peak positions were not secen
to vary in the range of 5°K to 77°K. These peak positions

were found to vary as sample layers were removed. The
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materia! PL was found to return to that of the virgin
materlial at approximately 1 micron of depth., This
suggestoed a peak dependence in silicon concentration. The
peaks were tentatively attributed to arsenic vacancy com-
plexes associated with silicon. The use of the anncaled
samples for the study of ion implantation damage was
abandoned duc to the uncertain characterization and origin
of the low cncrygy peaks, as well as the damage healing

effects of the thermal treatment.

Recommendations

It is rcecommended that detailed experimentation and
analysis be performed on the samples anncaled at 750°C and
900°C to determine the characteristics of the low energy
broad pcaks as well as the places and roles occupied by the
implanted silicon atoms in the radiative and non-radiative
processcs of the material. These studies should include
the dependence of the low enceryy peaks on changes in broad
ranges of temperature, implant dosage, 1llumination inten-
sity, and anncal temperature.,

It is also rccommended that, if future studies arce
to be made of the naturce of ion implantation damage, cither
an ion spoecices witha projected range greater than the skin
depth of the 488.0 nm lascer line be chosen, or another
suitable source with a shortoer skin depth be used. A morce
suitable experimental technique would involve the use of

cathodoluminescence cquipment and procedures. Additionally,




the use of detectors sensitive in the range of 1.1 microns
to 1.3 microns is recommended to explore that region of
the spectrum.

Recommended improvements in the photoluminescence
cquipment sctup used for this ceffort include the installa-~
tion of a rigid support for the laser to preclude subject-
ing its cavity to bending and torsion moments.  The present ;
setup uses a 3/4 inch thick plece of plywood supported by i
two laboratory jacks. The wooud was found to be sensitive
enough to ambicnt temperature and humidity changes to
cause power fluctuation in the lascer due to changes in the

resonant cavity paramcters.
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Photoluminescence Spectra of Samples
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spectrum contained a shollow donor peak at 1.513 eV, a carbon
| donor-to-carbon acceptor peak at 1.490 ¢V, a possible l
| |
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carbon donor-to-zinc acceptor peak at 1.487 ¢V, and an optical
phonon peak at 1.454 eV. The virgin anncaled sample spectra
included, additionally, a vacancy complex-to-silicon acceptor

peak at 1.406 ¢V, a Ga vacancy complex peak at 1.358 ¢V and a phonon
replica at 1.322 ¢V. The spectra of the implanted unanncaled
samples showed an increasing quenching of native pcaks 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 anncaling but not duc to Si dosage increascs. The
increase in Si dosage caused an increcase in low energy broad peaks.
A temperature study (5°K to 77°K), and chemlcal htuhlna depth
resolved study of a sample implanted with 1015 jons/em? and
annealed at 900°C showed two broad pecaks: one ncar 1.38 ¢V and one
near 1.42 oV, The peaks were seen to vary inverscly with tempera-
ture in amplitude only; but as ctch depth increcascd, the ampli-
tudes increased then decreascd, finally disappearing at an ctch
depth of 0.2 microns. The peaks werce attributed to complex centers
associated with 8i in As sites and As vacancies. A similar

study using chemical ctching followed by a mcasurement of normal-
ized PL 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 attributced to the diffusion of defects during the room tempera-
ture implantation proccss.
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