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SECTION I
INTRODUCTION

The goal of this research program was to address the basic and applied
problems associated with ion implantation doping of III -~ VYV compound
semiconductors. The objectives identified to achieve this goal were to (1)
characterize ion implanted IIl - V compound semiconductors, (2) optimize and
achieve reproducibility in the process, and (3) explore the limits of ion
implantation as a process for device fabrication. The implanted layers were
to be characterized by as many methods as possible in order to establish
doping profiles, damage parameters, and electrical properties. This work was
pursued, since progress in the application of jon implantation to GaAs device
technology has been impeded by difficulties in annealing the implantation
damage and in activating the implanted species. Therefore, a need was
recognized to investigate annealing processes and the interaction of implanted
ions with defects and substrate impurities. This is a particularly acute
problem  for device applications involving n-active layers  and
high-conductivity n layers for electronic and optical devices. A need was
also recognized to investigate ion dmplantation as a way to produc2
electrically isolated regions in device structures.

In order to pursue these goals and objectives, efforts were made to
(a) understand the interactions of implanted ions with pre-implant impurities
ind native defects. This was done through comparison of effects in Cr doped
and undoped substrates, (b) systematically investigate various annealing
procedures and their effect on activation efficiency and profile

distributions, (c) conduct an in-depth examination of implantation induced

KA
T SR IR
WL LTSS 2 WP BN IN




camage, the distribution of that damage, and its influence on electrical
activation and (d) investigate the structural characterictics of implantation
induced damage before and after annealing and relate this to dopant
activation, diffusion, and redistribution.

The experimental approach described in this report was designed to meet
the goals and objectives stated above and represents a direct technical
1esponse of the programmatic scope and work statement. It is the opinion of
the authors that this research has resulted in new and innovative techniques
for investigating problems in IIl - V semiconductors. This research has also
contr ibuted to the better understanding of the nature of problems associated
with the use of GaAs in device structure. In particular, a clear indication
of the importance of defect complexes in ijon implanted GaAs has resulted from
this work. Demonstration of dopant incorporation into the GaAs lattice has
been achieved through a variety of measurements, yet continued poor activation
efficiency for n type dopants persists. Defect complexing is a hichly
probable exploration of this effect and should be considered an important
problem for future study. The use of ion implantation for device isolation
and backgating probiems in GaAs is also identified as an important area for
continued research and follows from the studies conducted here on oxygen
implantation. Deep high energy implants will also be of significance in the
xmerging field of micron and sub-micron line width devices in CMOS technology
vhere noise triggered latch-up is encountered. These and other areas of ion
implantation will serve future needs in III - V compound semiconductor

development for both discrete systems and monolithic integrated circuits using

bulk, epitaxial and superlattice systems.
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SECTION II
MACHINE AND ASSOCIATED APPARATUS

The importance of ion implantatinn as a semiconductor doping technique
is derived from the degree of control available over the implantation process
and from the fact that any ion can be implanted into any solid. The three
main parameters over which control is exercised are implantation depth,
fluence, and impurity species. The depth of penetration of an impurity ion
into a host material is dependent upon the host material, the mass and charge
of the impurity ion, and the accelerating potential. For a specific host and
jon, the penetration depth 1is directly controlled by the accelerating
potential. The fluence or number of impurities implanted per cm2 is
dependent upon the implant area, the impurity beam current at the target, and
the amount of time during which the target is exposed to the beam. For a
given implanted area and beam current, the fluence is directly controlled by
exposure time. Selection of the implant species is accomplished by mass
analysis of the ion beam.

2.1 10N MACHINE

The implants reported herein were accomplished by government personnel
using a Varian/Extrion Model 400-10AR lon Implanter located at WPAFB. This
implanter has an accelerating energy range of 50-400 keV for singly charged
ions of mass less than 140AMU., Mass analysis of the ijon beam is performed by
a 90° magnet located just before the accelerating column. Analysis is done on
a beam at extraction potential (50 keY) and not at full accelerating

potential, This pre-acceleration analysis simplifies multiple energy

implants, since once parameters are adjusted to produce an ion beam, they
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remain fixed and only the acceleration potential needs to be varied. The ion
source used on this machine is a hollow cathode Penning discharge type.
Provisions to supply the source with one of three possible carrier gasses are
provided and selectable from the control consol, After acceleration, the beam
passes through a quadrupole for focusing and an X-Y asynchronous scanner to
insure Targe area uniform doping. A neutral particle trap is incorporated
into thc X scanner. It is achieved by applying a d.c. voltage to the scanner
plates. Beam current is measured on 4 corner Faraday cups positioned outside
the implant area. These signals are sent to a Model MP-100 Dose Processor.
The dose processor 1is a precision current measuring and integrating instrument
which uses an 8080A microcomputer for control, The end station is a mode!
RS-LN 600. Samples un to 2 1/4" diameter are mounted on each face of a cube.
The cube is manually indexed and can be set from 0° to 15° off the beam
normal, Regardless of sample size the implant area is the entire 2 1/4¢
diameter. The mounting cubes can be cooled or heated. The implanter is
cryo-pumped except for the source region which uses a small diffusion pump,

2.2 ENCAPSULATION

Radiation damage is an inevitable consequence of ijon implantation.
Bombardment of high-energy ions creates point defects such as vacancies and
interstitials, clusters of point defects, and dislocation loops. The amount
of damage generated depends upon the ion species, 1on dose, dose rate, and the
energy and temperature of the substrate. Unfortunately, some damage sites may
act as unwanted traps for holes and electrons, or may form vacancy complexes.
In addition, all of the as-implanted ions do not become electrically active.

Therefore, thermal annealing is required to bring the dopant onto electrically

active sites and to remove the unwanted radiation damage. Generally,




annealing temperatures in the range 600-300°C are required to achieve maximum
electrical activation of the implanted ions in GaAs. Annealing at this high
temperature usually removes the majority of the implanted damage. However, it
is known that As can be Tlost from the surface of GaAs at a temperature as low
as 400°C. Therefore, some means of surtace protection is required during
high-temperature annealing of GaAs.

Usually the surface of the implanted layer is encapsulated, using a thin
dielectric film as a orotective cap. An effective encapsulant should reliably
protect the implanted GaAs surface from decompositicn at temperatures up to at
least 900°C. It should also prevent outdiffusion of the implanted species.
The encapsulant must be easily depositable as a homogeneous layer which
adheres well and does not diffuse into or react chemically with GaAs. It must
11so be mechanicaliy stable and able to withstand high temperatures withiout
listering, crazing, or creating strain at the interface.

Among  the presently known dielectric caps, Si3N4 has been
jemonstrated to be comparable and in many cases superior to the other
encapsulants for annealing GaAs. Even with this cap, however, the
inplantation results have shown a strong dependence upon the deposition method
andg tine particular parameters used. Two Si3N4 deposition systems were
used over the period of this contract - a chemical-vapor-deposition (CYD)
system and a plasma-enhanced deposition (PED) system. Figure 1 is a block
diagram of the chemical vapor-aeposition system used to encapsulate GaAs with
513N4. This type of system is also known as a "pyrolytic reactor® since
it uses high temperature to initiate the reaction needed to produce the
513N4. Although high temperature is employed, this is a “"cold-wall" type

of reactor., The CVD system uses two reactive gases - silane (SiH4) and
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ammonia (NHy) - and a third diluting gas which is nitrogen. The silane used
is a 5% mixture in nitrogen. The other reactant gas is anhydrous ammonia.
The nitrogen gas used for diluting and backfilling is obtained from 1iquid
nitrogen in a pressurized storage Dewar. This nitrogen gas is most reliable,
pure, and readily availabe.

As shown in the Figure 1, the three gases enter the purge manifold from
where it 1is possible to purge or flush any part of the entire system with
nitrogen gas. This 1is a requirement because NH3 is a strong irritant and
S'iH4 reacts spontaneously on contact with air. Therefore, air must be
flushed out with nitrogen gas before the reacting gases are admitted. The
next elements in the system are the gas-flow controllers. These are tapered
graduated tube-type flow meters with manual flow control valves for adjusting
flow rates. Upon leaving the flowmeters, each gas passes through a
pneumatically operated contral valve. Pneumatic pressure valves are used here
to assure positive shut-off of the gases. These valves, and similar ones
located in the exhaust and vacuum pump lines are opened and closed by the
sequence and temperature controller through a solenoid and are actuated at
different times during the capping cycle. When the system is in "stand-by",
the valves 1in both N2 lines are open to allow continual flushing though the
reaction chamber. Once a sample 1is loaded, the system is evacuated. Al
valves are closed with the exception of one in the vacuum pump line which is

opened, allowing evacuation of the reaction chamber and all lines to the other

control valves. The system is evacuated to less than 1 torr for approximately

5 minutes. At this time, the "vacuum" control valve is closed and the two

N, valves are opened to allow back filling with N, gas. ‘Uhen the system RN

has backfilled to atmospheric pressure, the exhaust valve is opened and the
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"purge" mode is initiated, which opens the SiH4 and NH3 valves and closes
the two N2 valves. At this time, the heater temperature is raised to
200°C. This rise time takes only about two seconds and is necessary because
silane can react at room temperature with trace amounts of oxygen to produce
Sioz deposit on the substrate., The "purge" mode lasts about 1 minute, after
which the two N, valves open to dilute the SiHy and NH; i their
respective mixing chambers. This is referred to as the "mixing" mcde, At
this time, previously established flow rates are checked and readjusted, if

necessary. Typical flow rates are as follows:

5% silane in nitrogen - 68 SCCM
nitrogen-silane carrier - 500 SCCM
ammon ia - 40 3CCM
nitrogen-ammonia carrier - 500 SCCM

After about 3 minutes of mixing, the substrate heater temperature is raised ro
725°C, The rise time from 200°C to 725°C is less than 8 seconds. The heater
remains at this temperature until the required thickness is obtained, At this
time, the $1'H4 and NH3 control valves are closed and the heater
temperature is dropped to 200°C and maintained for about 3 minutes while the
system flushes out the reactant gases. At this point all control valves are
closed except the vacuum pump valve, the system is pumped down again and
backfilled with N,, and opened. When the vacuum control valve opens, the
substrate heater will drop to room temperature. Using the above gas flow
parameters and 725°C heater temperature, the Si3N4 deposition rate will be
25 to 30 A°/sec.

Figure 2 shows the CVD reaction chamber detailing the dispersion arms,
hood, graphite heater strip, thermocouple, and exhaust Tline. The two
dispersion arms carry all gases into the reaction chamber and end about an

inch apart, facing each other approximately 2 inches above the graphite
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heater. The two gas mixtures combine in the chamber under a hood placed over
the dispersion arms in such a position as to direct the gases downward to the
substrate on the graphite heater strip. The temperature controlling and
monitoring thermcouple is inserted into a 1/4" deep hole drilled into the
edge of the graphite healer about midway along the length. The thermocouple
leads continue through the stainless steel chamber wall unbroken through a
rubber vacuum feedthrough to terminals which remain at room temperature. The
graphite also has about 1.0 mm diameter holes drilled on each side of the hot
zone to improve heat distribuiion by preventing heat loss to the mounting
clamps and electrical feedthroughs. The heater is a low mass graphite strip
5T mm long X 22 mm wide X 1 mm thick. Only an area 15 mm X 20 mm is usable
for capping.

The second silicon nitride deposition system is a plasma enhanced
deposition (PED) reactor., The PED system is necessary because the high
temperature associated with the CVD reactor limits its versatility, It is
also impossible to encapsulate large samples in the CVD system. A bloc:
diagram of the PED system is shown in Figure 3.

Gas 1is supplied from two sources. One is 2% silane in argon; the other
is N2 from a Tiquid nitrogen storage dewar. Followinc the gas flow in the
block diagram, each of these gases flow through their metering valves, flow
meters, pneumatically operated control valves, and into the reaction chamber
where the silane and nitrogen mix directly over the hot substrate.

Figure 4 shows a vertical cross sectior, of the PED reaction chamber. The
silane/argon gas mix enters the chamber through a “shower" ring placed
1 1/2 inches above the heater plate. Nitrogen enters the chamber at the top

to drift down through the chamber and mix with the silane over the heated
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area. The shower is 3 inches in diameter and made of 1/4 inch stainless steel
tubing which is curved and welded to make a complete ring. On the inside of
the ring is a series of holes 1/16 inch in diameter used to direct the gas
toward the center of the circle. R.F. plasma is created by a 5 turn coil
around the outside of a pyrex chamber, and coupled to a generator operating at
13.56 MHZ.

The substrate heater element was fabricated by making a coil of nichrome
wire and placing it in a spiral formation on a quartz plate of 1/4" in
thickness. The spiral turns are spaced with quartz strips to prevent short
circuiting. The substrate mount is a 3" diameter X 1/8" thick stainless steel
disc which is placed over the heater and rests on top of the spacer. A hole
of 1/16" in diameter is drilled from the edge of the disc to a point near the
center for the thermocouple. This type of heater arrangement is easily
capable of 500°C and normally operates at 400°C during deposition. A shutter
assembly is placed between the silane shower and substrate meunting plate
which can be opened and ciosed from outside the chamber by a rotatable vacuum
feed through. The purpose of the shutter is to protect the sample during a
cleaning step in which an N2 plasma 1is created which cleans the inside wails
of the chamber and removes absorbed gases and vapors.

To improve the cap uniformity over the area of 2-3 ‘inch diameter wafers,
it was necessary to increase the diameter of the silane shower ring as shown
in Figure 5. Unfortunately the shutter assembly had to be removed when the
shower ring was enlarged; therefore, the R.F, cleaning step had to be
discontinued. Instead, a longer pumping time in the 10'6 torr range see
equally effective. The R.F. plasma substrate cleaning step also had to be

removed because R,F. plasma can produce substrate surface damage wher exposed
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for a long period of time. The following parameters affect SigNy
deposition: R.F. power, silane flow rate, deposition time, N2 flow rate,
substrate temperature, and distance from shower ring to substrate. The Tlast
parameter has the greatest effect on cap uniformity and area of deposition,
R.F. power is the final adjustment made to obtain the desired index of
refraction and the deposition time is selected to obtain required film
thickness. The other parameters usually do not have to be changed from run to
run.

The substrate temperature of 400°C seems to be the lowest temperature at
which consistantly good results can be obtained. The sample to be capped is
loaded onto the heater, the chamber is closed, and, as shown in Figure 3, the
rough pump valve is opened to evacuate the reactor chamber. The substrate
heater can be turned on and is usually left "on" from rua to run, When the
chamber pressure reaches <i0 millitorr the rouging valve is closed and the

6

high vacuum valve is opened to further evacuate to ~ 5 X 10 torr with the

LNZ trapped high vacuum pump system, After 15 minutes the high vacuum valve
is ciosed and the LN2 control valve is opened to back fill the chamber with

N, gas. When the chamber pressure is about 0.5 torr the rough pump valve is

2

opened, When the N, flow and chamber pressure have stabilized, the pre-set

2
R.F. power 1is switched on and then the silane control valve 1is opened

immediately and S1'3N4 deposition begins. Typical PED system parameters
are as follows:

Ny flowrate - 20 SCCM

SiHg (2% in Ar) - 23 SCCM

Substrate heater - 400°C

System pressure during deposition - 0.5 to 0.6 torv
Time to obtain 100 A° cap - 35 minutes

Index of refraction obtained - 2.0 to 2.05.

15

-

RS
)

e e .
S e T .
POTQPRIPrOR Y S |

e bt




Plumbed into the PED system is a quadrupole mass gas analyzer to
facilitate monitoring the various gases flowing through the system. The gas
sampling point is between the reaction chamber and the rough pump valve. The
sample gas flows past the analyzer leak valve where the sample is taken, then
it flows directly to the rough pump. System vacuum leaks and some other gas
flow problems can often be detected and corrected before they have advanced
enough to produce a defective film. As can be seen 1in Figure 3, it is
possible to evacuate the entire system with the high vacuum pump, then back
fill with N, gas and flush the system by opening the valve between the two
gas sources, This is desireable after replenishing the gas supply.

2.3 AUTOMATED HALL-EFFECT/SHEET-RESISTIVITY MEASUREMENT SYSTEM

Hall-effect and sheet-resistivity measurements form an important part of

the characterization study of both ion-implanted and undoped semiconductors.

Important information obtained by the electrical measurements include
conductivity type, sheet resistivity, sheet-Hall coefficient, sheet-carrier ff?ﬁa
concentration, Hall mobility, dopant profile, diffusion coefficicnt, ;;;-1

e

compensating level, ionization energy, and effective density-of-state mass.

Sirgle Hali-effect measurements generaily are easy to carry out f;ﬁj
manually. Knwever, a computer-controlied system becomes very useful when the

process must be repeated many times and sophisticated data must be analyzed in

the measurement process, for example, when measuring electrical carrier
profiles and investigating temperature dependences. A block diagram of the
automated Hall-measurement system 1is shown 1in Figure 6. A1l equipment
identification in this figure are given in Table 1. Current control! is
affected by setting a range and percentage of range, in a constant current

source, through the current contrcl board and a D-A converter, respectiveiy,
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TABLE 1

EQUIPMENT IDENT IFICATION QF AUTOMATED

CORP.; H-P = HEWLETT-PACKARD)

HALL-EFFECT /SHEET-RESISTIVITY
MEASUREMENT SYSTEM. (ABBREVIATIONS: K = KEITHLEY; DEC = DIGITAL EQUIPMENT

tquipment Designation

‘Mfq. and Model No.

ELEC. {(Electrometer)

|DIGITAL ELEC.
|
|DIG. ELEC. INTERFACE

l
|DIG. ELEC. CONTROL BOARD
l

|
| CURRENT SOURCE

|
| CURRENT CONTROL BOARD
|

|

|D-A CONV. (D-A converter)
!

|DVM (A-D CONV.)

|

|

|GPIB INTERFACE
l

| COMPUTER

l
\
|FLOPPY DISK MEMORY

|1/6 TERM. (1/0 Terminal)
|

[PLOTTER
l

K6 10CR |
K616
K6162

K7901-6162 (in K790
mainframe)

K725

K7901-725 (in K790
mainframe)

Kepco SNR 488-4

K6900 Digital
Multimeter

KES

DEC PDP11-03
(with IEEE-488 I/0 bus)

DEC RXVIT
DEC LA-36
H-P 9872A

Y PNY

oo




The seven possible ranges in the K725 current source are 10'7, 10'6,

...10'1 A, and the D-A converter allows choices within a given range from

0.1 to 99.9%, in 0.1% increments. Thus, currents are available from 10'7 to
99.9 mA. Current is read by means of the digital-electrometer interface, in
conjunction with the digital-electrometer control board. These Tlatter
instruments also allow control of the various digital-electrometer functions,

tach voltage contact is interfaced with a) electrometer and operated as a
unity-gain amplifier. To minimize the effective cable capacitances--and thus
avoid long response times--the inner shield of the triaxia! cable is connected
to the unity-gain of the e]ectrometer.1 The particular contact arrangement
shown in Figure 6 is the standard van der Pauw configuration.2 The voltage
is read by a K6900 digital multimeter, witn BCD output. The Model 55
General-Purpose Interface Bus (GPIB) provides an interface function between
the DVM and the bus conforming to the IEEE Standard 488.

For the van der Pauw configuration, four contacts are placed on the
periphery of the sample. Current is passed between two of the contacts (the
two electrometers are by-passed for this current mode), and the voltage
difference between the other two is read. The current and voltage terminals
are then switched between other pairs of contacts, and the process 1is
repeated. Discussions of the van der Pauw method and relevant calculational
equations are given in Section 3 of this report.

The central processing unit (computer) for the system is a PDP11-03 with
software to control the IEEE-488 1/0 bus. In general, programs have been
written in the FORTRAN 1V Tlanguage because of its wide-spread use. The

peripherals include a DEC LA36 terminal, a RXVI1 dual floppy-disk system, and

an HP9872A four-pen plotter., The results of measurements are calculated




T

e

immediately after data are taken, An advantage of the computer is its
calculational accuracy, which reduces the frequency of mistakes,

2.4 RUTHERFORD BACKSCATTERING ANALYSIS SYSTEM

A beam of 330 -350 keV H' was obtained from a 400 keV Van de Graaff
accelerator (Model PN-400) manufactured by High Voltage Engineering
Corporation, Massachusetts, A schematic diagram of the experimental set-up
for high depth resolution RBS-channeling and PIXE studies are shown in
Figure 7.

Both the particle detector and the Si(Li) X-ray dete . viewed the
target at 30° to the beam direction. The X-ray detector amplifier system has
an energy resolution (as measured by the full width at half maximum of a
characteristic K X-ray Tline) of 220 eV in the X-ray range of interest
(1-10 keV). The X-ray detector has Be Window 3.46 um thick. In additicn,
15um thick Mylar foil has been added in front of the detector in order to
reduce the intensity of the Ga-L and As-L signals (1.1-1.3 keV) and thus
minimize pulse pile up effects that could seriously interfere with the Si-K
(1.7 keV) signal. This extra filtering is very selective with the Ga/As-.
signal being attenuated by a factor of 50, allowing the Si-K X-ray signal to
appear with a signal to background ratio of about 1.8 on the low energy side.
This can be improved to about 2.35 by using 22.5um thick Mylar foil which
reduces the Ga/As-. signal by a factor of 100, As the window thickness
increases, the count rate decreases.

Experiments in the early phase of the contract were performed by using
the accelerator facility at the 0ak Ridge National Laboratory. In particular,
experiments with Cr implanted GaAs were done using their equipment. Besides

high energy van de Graaff (H+ at 1 MeV were wused), there were some
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. differences in the rest of the set-up. A schematic diagram is shown in .u..
Figure 8, Backscattered particles were observed with an annular surface
barrier detector cooled to -22°C by a freon refrigerator to improve the
detector resolution to 12 keV FWHM. The X-ray detector used a pulsed optical “_”
feedback preamplifier system and had an operational energy resolution of
180 eV when mounted in the target chamber. Emitted X-ray were observed at 90°

t to the incoming beam. This experimental arrangement was such that both the

ion scattering and ion-induced X-ray yields were of comparable count rate, and

simultzaeous spectra could be acquired at reasonable rates for incident beams L

of 30 nA. r,,.,

2.5 ELECTRON MICROSCOPE )

A tungsten filament produces a coherent parallel bcam of electrons, which

can De varied in diameter from 0.1 yum to 10 um at the specimen surface by ..._
means of a doudble condenser lens system in our Hitachi-600 Electron .,._
* Microscope. The specimen is mounted in a special holder which fits into the
i bore of the objective lens and enables the specimen to be tilted to +60° about ——-

two orthogonal axes so that appropriate crystallographic analyses can be
done. Electrons passing through the thin specimen are brought into focus in
the back focal plane of the objective lens; which acts as a converging lens
and thus forms a diffraction pattern at the back focal plane of the objective
ens, An inverted image is formed in the first image plane and three
‘ subsequent lenses in the <c¢olumn, namely, the diffraction lens, the o
intermediate lens, and tha projector lens are used to magnify this image or to . :
magnify the diffraction pattern. Thus, if the diffraction lens is focused on
the back focal plane of the objective lens, a diffraction pattern is magnified

and displayed, whereas if the first image plane is imaged by the diffraction
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lens, a magnified image of the specimen is produced, In the Hitachi-600
Electron Microscope, magnification can be varied from 102 to 3 x 105
times. Schematic ray diagram to produce either an electron micrograph or a
diffraction pattern are shown in Figures 9(a) and 9(b).

The analyses of crystal defects are carried out by inserting an aperture
in or near the back focal plane of the objective lense to ensure that only one
beam contributes to the formation of the image. Also, when the focal length
of the diffraction lens is reduced to image the diffraction pattern, an
aperture is inserted at the first image plane so that the area of the specimen
which is giving rise to the diffraction pattern is defined. This is called

se.2cted area diffraction (S.A.D.), and the aperture is called S.A.D. aperture.

Relation Between the Image and the Diffraction Pattern

As seen above, to image the diffraction pattern, the diffraction lens has
to be focused on the back focal plant of the objective lens. This can be done
by changing the strength of the magnetic field of diffractin lens. Since
nagnetic lenses produce an image rotation which is related to the strength of
the lens, then it is clear that there will be a relative rotation between the
diffraction pattern and the corresponding <lectron micrograph. The magnitude
and sense of this rotation need to be established for all operating conditions
of the microscope so that the information contained in a diffraction pattern
can be correlated with the electron micrograph. We have done this calibration
by employing a double exposure technique in which the diffraction pattern and
electron image of a crystal of MoO3 are successively exposed. Crystals of
MoO3 have been grown on the microscope grid with long, straight edges
perpendicular to the [100] direction and hence, the angle between the normal
to the easily recognizable long edge of the crystal and the [100] direction in
the diffraction pattern gives this rotation immediately.
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SECTION III
ELECTRICAL PROPERTIES AND DISTRIBUTION OF ION IMPLANTS IN GaAs

3.1 SAMPLE PREPARATION

The substrate materials used, unless specified otherwise, were <100>-
oriented semi-insulating Cr-doped GaAs single crystals obtained from Crystal
Srecialties, Inc. Prior to implantation, the samples were carefully cleaned
with 10% acquasol, de-ionized water, trichloroethylene, acetone, and methanol
and then ried with nitrogen gas. They were subsequently free-etched with an
HZSO4:30%H202:H20 solution in a 3:1:1 vratio by volume for 60 sec.
Implantation was carried out at different ion energies to various ion doses at
room temperature. The incident ion beam was directed 7° off the <100> c¢rystal
axis to minimize ion-channeling effects. After implantation, the samples were
carefully cleaned again and then encapsulated with S1’3N4 caps either by a
ciemical-vapor-deposition (CVD) or an rf plasma-enhanced-deposition (PED)
system, In rf-plasma deposition of the caps, both sides of the samples were
encapsulated with an 1000 A° layer of Si3N4 at v220°C for ~ 10 min, 1In
pyrolytic deposition of the caps, the implanted surfaces of the samples were
encapsulated with an "000 A° Tayer of Si3N4 at ~700°C for ~ 30s. The
samples were then annealed in flowing hydrogen gas for 15 min at various
temperatures., The encapsulants were removed by 48% hydrofluoric acid after
annealing. In the case of the close-contact capless method, the annealing was
accomplished by resting the implanted surface side on top of another polished
GaAs substrate during annealing in flow hydrogen gas. Electrical indium
contacts were made on the four corners of the square-shaped (typically 0.5 X

0.5 cm) implanted surface using an ultarsonic iron. The contacts were then

25

MPRERLA

ot

[N



T

heated at 375°C for 3 min., unless specified otherwise, in flowing argon gas
to produce ohmic behavior. Sheet resistivity of the unimplanted Cr-doped
substrate capped with SisN, and amealed at 900°C varied from 107 to
msﬂm.

3.2 ELECTRICAL MEASUREMENTS

Hall-effect/sheet-resistivity measurement are made using the standard van
der Pauw technique2 ard an apparatus which utilizes a guarded approach1
with unity-gain electrometers. A schematic diagram of the Hall-measurement
system for the van der Pauw configuration 1is shown in Figure 10, From
measurements of a sample voltage Vc and a sample current I, the sheet

rasistivity pg for a homogeneous sample is calculated using the equation

ps" I XC
gn 2 1

From measurement of a sample current I, a Hall voltage VH' and a magnetic

field B, the sheet-Hall coefficient RHS is found from the equation

v
08 A

T8 ( Q-cmB/V-sec)

RHS =1

Then the sheet-carrier concentration Ng and Hall mobility , , are

calculated from the relations

. _r _R
NS = eRHs and My = H

)

where r is the Hall-to-drift mobility ratio, which 1is customarily taken to be
unity.
Depth profiles of a carrier concentration N and a Hall mobility y are

accomplisied by combining a Tlayer-removal technique with the Hall and
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sheet-resistivity measurements. The number of carriers Ni in  the ith

layer and their Hall mobility My can be obtained from the relat1’ons3'4

A L
N, = bs 5
! e d
iy
where
A 1 _ 1 - 1
Ds j (pS)i (pS)'H’
and
R
A Hs
p .
MHi = ; !
A._._
Ps i
where
A Ris =(RHS)1 . (RH5)1+1
2 2 2
Ps i Ps i Ps 44l

In the above equations, (RHs)i and  ( p s)i are the sheet-Hall
coefficient and the sheet resistivity, respectively, which are measured after
removal of the 1'th layer with thickness di‘

Successive thin layers of the dimplanted section were removed using a
diluted solution of H2504:30% HZOZ:HZO in a 1:1:50 ratio by volume
at 0°C. Such an etch produces uniform and damage-free surfaces. A typical
etching rate s 200 A°/min. as determined by a Sloan Dektak Surface Profile

Measur ing System.
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3.3 Mg-IMPLANTED GaAs

It is well known that Be, Mg, Zn, and Cd are all p-type dopants in
GaAs. Although many studies® on the implantation of Be, Cd, and Zn into
GaAs have been done, few electrical studies have been reported for
Mg-implanted GaAs. Hence, details of the electrical properties are not well
known. The dependence of surface-carrier concentration upon annealing
temperature has been reporteds’7 previously for several ion doses. In the
work of Hunsperger et al.6 a sputtered S1'02 cap and n-type substrates were

used; 1in the work of Zolch et a1.7

a pyrolytic 5102 cap and sputtered
S1'3N4 cap, and n-type and semi-insulating substrates were used.
Electrical studies on Mg-implanted GaAs have also been carried out previously
with pyrolytic Si3N4 caps8 and plasma deposited S'i3N4 capsg.

In the present worklo, a comparative study of the electrical
properties of Mg implants in GaAs has been carried out using
rf-plasma~deposited Si3N4 caps, pyrolytic S1'3N4 caps, and
close-contact capless annealing methods. For convenience the close-contact
capless annealing techniques will be referred to as a type of capping method
in this discussion. In particular, the present work contains the first
published detailed results of Mg-implanted GaAs wusing capless annealing
methods. The dependence of surface-carrier concentration upon annealing
temperature as well as detailed dopant profiles of GaAs implanted tn several

Mg-ion doses have been measured, and these results are discussed.

3.3.1 Electrical Activation

The results of Hall-effect/sheet-resistivity measurements made on

GaAs samples implanted at an ion energy of 120 keV with Mg ions to doses

13 2

ranging from 1 X 10 to 3 X 1015/cm and annealed with plasma caps at

29
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temperatures ranging from 600 to 850°C are shown in Figure 11. The electrical
activation increases monotonically with annealing temperatures up to 750°C,
and then it decreases monotonically with increasing annealing temperature,
possibly due to outdiffusion of Mg. The maximum electrical activation occurs
at 750°C for all except the 1lowest dose of 1X 1013/cm2, for which the
maximum occurs at 800°C. The maximum activation efficiency {(surface-carrier
concentration divided by ion dose) obtained was 85% for the sample implanted
tc a dose of 3 X 10]3/cm2 and annealed at 750°C, The annealing behavior
of Hall mobilities indicates that lattice damage due to ion bombardment is
reduced appreciably even at an annealing temperature of 600°C and that
mobilities increase further with annealing temperature.

Figure 12 is 3 replot of the data at 120 keV, showing surface
carrier concentration N, and Hall mobility uy versus implanted ion dosec
for the Mg-implanted GaAs samples annealed at various temperatures with PED
caps. The dashed straight Tline represents 100% electrical activation
efficiency (surface-carrier concentration divided by implanted-ion dose).
Activation efficiencies are generally high for low dosa ( <X10]4 cm'z)
samples annealed at 750°C, but decrease with increasing ion dose

14 cm-z). Mobilities generally decrease with dncreasing ion dose

( 3Xx10
at a given annealing temperature.

Surface-carrier concentrations and mobilities are plotted as a
function of annealing temperature in Figures 13, 14, and 15 for three
different doses of Mg dons, 1 X 1015, 3 X 10, and 1 X 10°/cm?,
respectively, using the three different capping methods. Dashed lines in
these figures indicate the results of electrical measurements after annealing

with pyrolytic Si3N4 caps at temperatures below the deposition temperature
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(~700°C). At the lowest dose of 1 X 10]3/cm2, it seems that the

electrical activation and mobility are relatively unaffected by the high
capping temperature of pyrolytic Si3N4 caps. However, considerable
electrical activation occurs during pyrolytic deposition of the cap for higher
doses, and neither the surface carrier concentrations nor the mobilities are
altered appreciably during subsequent annealing up to 700°C. Therefore, the
results of Mg-implants in GaAs with pyrolytic capping at lower temperatures
(below ~700°C) for high doses should not be compared directly with the results
of other capping methods., A detailed study of GaAs:Mg with pyrolytic capping
has been reported previous,]y.8

For an ion dose of 1 X 1013/cm2, as shown 1in Figure 13, the
annealing characteristics of surface-carrier concentration are markedly
dependent upon capping. Capless annealing produces better electrical
activation than plasma cap annealing, and plasma cap annealing produces better
activation than pyrolytic cap annealing at lower annealing temperatures. On
the other hand, pyrolytic cap annealing yields better activation than plasma
cap annealing at higher annealing temperatures. The maximum electrical
activation occurs at around 800°C. Mobilities are comparable for all capping
techniques. For an ion dose of 3 X 101‘4/cm"2, as shown in Figure 14, the
annealing betavior of surface-carrier concentrations and mobilities obtained
by different capping methods generally agree with one another., The maximum
electrical activation occurs at 750°C anneal. Mobilities increase
monotonically with annealing temperature for all three capping methods. For
an  jon dose of 1X lo]slcmz, as shown in Figure 15, the electrical

activations obtained by different cappiig wethods generally agree well with

one another at annealing temperatures - 756°C. Plasma cap annealing gives




better electrical activations than capless annealing at Tower annealing
temperatures. In particular, the activations and mobilities obtained after
annealing at 750°C produce nearly identical results, At higher annealing
temperatures, the annealing behaviors of mobilities are somewhat different
from one another, with plasma capping yielding the best values.

Although there are some differences in the detailed annealing
behavior of surface-carrier concentrations and mobilities depending upon ion
dose and annealing temperature, electrical activations show general agreement
for the three capping methods investigated at high doses.

Since it has been found8 that considerable electrical
activation occurs during the short deposition time of pyrolytic capping, a
systematic study has been made of activation as a function of annealing time
at 750°C, using the capless annealing method for two different doses. The
results of this study are shown in Figure 16, The electrical activations
obtained after annealing for only 2 min at 750°C were 55% and 67% for ion

13 and 1 X 10]4/cm2, respectively. The activation

doses of 3 X 10
increases further with annealing time and reaches a maximum at around 30 min
annealing, with activation efficiencies of 100% and 80% for ion doses of 3 X
]0]3 and 1 X 10]4/cm2, respectively. The mobility values are
suprisingly good even after annealing for only 2 min at 750°C and they
increase slightly thereafter for longer annealing times.

3.3.2 Electrical Carriar Profiles

Electrical depth orofiles of hole concentrations and Hall

mobilities for samples annealed after the three different capping methods and

14 15

implanted to three different doses of Mg ions, 3 X 10", 1X 10 and

3X10'°/cn®, are shown in Figures 17, 18. and 19, respectively. The
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theoretical Llindhard- Scharff- Schiott (LSS)]] profiles are also shown in
these fiqures for comparison purposes. The theory predicts that the peak
concentration will occur at~0.124 ym for an ion energy of 120 keV. However,
the peak concentrations do not generally occur at the position predicted by
the LSS theory, and furthermore, the dopant profile data show a significant
redistribution of Mg ions.

For an ion dose of 3 X 10]4/cm2, as shown in Figure 17, the
dopant profiles are highly dependent upon capping at the anealing temperature
of 800°C, and show a broad indiffusion compared with that predicted by the LSS
theory. The peak positions of maximum carrier concentrations are deeper than
that of the theoretical curve, but they occur at about the same location
(n0.17 um) for all three cappings. The dopant profile of the capless annealed
sample exhibits a much broader peak region than the others. Depth profiles of
capless and pyrolytic cap annealed samples show deeper tails than that of
plasma cap annealed samples. It is evident from Figure 17 that considerably
fewer electrically active Mg ions are found near the surface with pyrolytic
cap annealing, perhaps due to significant outdiffusion of Mg ions. Mcbility
profiles show about the same trend for different cappings except in the case
of pyrolytic capping near the surface, where values are somewhat higher. The
hole mobility is generally higher near the surface, gradually decreases to the
region of the maximum hole concentration, and then increasees again with a
decrease in carrier concentration,

For an ion dose of 1 X lo]s/cmz, as shown in Figure 18,
dopant profiles are also dependent upon capping, but to a lesser extent than
for other doses shown., These profiles show a redistribution of implanted Mg
ions extending to considerabie depth into the sample compared with the LSS

curve., Ali three curves generally agree near the surface, but become
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significantly different in the peak and tail regions. Clear double peaks of
depth profiles have been observed for the capless and plasma cap annealed
samples, with mimima rather than peaks near the LSS peak region. The reasons
for this behavior are not well understood at present. The maximum carrier
concentration obtained for this dose was 1X 1019/cm3. Deeper profile
tails have been observed for capless and pyrolytic cap than for plasma cap
annealing, Mobility profiles show generally the same trend for different
cappings.

For an ion dose of 3 X 1015/a\12

, aS shown 1in Figure 19, depth
profiles of carrier concentrations and mobilities are strongly dependent upon
capping and much more complicated than for other doses shown, Clear double
peixs of dopant profiles have been observed for all three capping methods. A
much deeper profile tail was observed with pyrolytic capping. It can be
clearly seen from Figure 19 that significantly reduced numbers of electrically
active Mg ions are found near the surface after both capless and pyrolytic cap
annealing, possibly due to outdiffusion of Mg ions for these annealing
methods. A maximum hole concentration of 2 X 10]9/cm3 was obtained by
plasma cap annealing.

Although surface-carrier concentrations shown in Figure 14 and 15
generally agree, dopant profiles 1in Figure 17-19 for the same dose and
annealing temperature are generally highly dependent wupon the capping
technique. Pyrolytic capped samples usually show deeper profile tails and
more outdiffusion of the implanted-Mg ions for the three doses investigated.
Capless annealing yields deeper profile tails than plasma cap annealing, but
not as deep as pyrolytic cap annealing. Except at depths well inside the
sample, mobilities are generally Ilower (<100 cmz/v.s) for a dose of 1 X

1015/<:m2 or higher in all three capping cases.
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Electrical depth profiles of hole concentrations and Hall
mobilities for samples annealed both with capless and plasma capping methods
and implanted to three low doses of Mg ions, 1 X 1013, 3IX 10]3, and
TX 10]4/cm2, are shown in Figure 20. It can be clearly seen from the
figure that the depth profiles of carrier concentrations and mobilities are

13 and

highly dependent upon dose. For samples having doses of 1 X 10
1 X 1014/cm2, and annealed with a plasma Si3N4 cap, the peak
concentrations occur at the position predicted by the LSS theory. At an ijon
dose of 1X 1014/cm2, the dopant profile shows much more complicated
structure than at lower doses. The depth profiles of carrier concentrations
and mobilities differ significantly between the two capping methods for doses

of 1x 107 18/ n?.

and 1 X 10 It is also evident that capless annealing
produces deeper dopant preofiles than plasma cap annealing for these two
doses. However, 1little difference in profiles of hole concentraticns and
mobilities has been observed for a dose of 3 X 10]3/cm2. Mobilities for a
dose of 23X 10]3/cm2 or below are much higher in most of the implanted
reqgion than for a dose of 1X 10]4/cm2 until they finally fall off near
the substrate.

Depth profiles of hole concentrations and mobilities for samples
implanted to an don dose of 1X 10]4/cm2 and annealed at 750°C with a
plasma 51'3N4 cap for different annealing times are shown in Figure 21. It
has been found that the profiles are very sensitive to annealing time even at
the same annealing temperature, Carrier concentrations and mobilities
generally increase with annealing time up to 15 minutes throughout the
implanted reqgion. Complicated structures in dopant profiles can be sea: for
an annealing time of 15 minutes or longer. Some surface accumulation of Mg

ions has been observed for the 30 minute anneal. This surface accumulation,
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together with low concentrations of Ma jons observed deeper within the sample,
may indicate that implanted Mg ions 1 to out-diffuse more at an annealing
time of 30 minutes. It is interesting to note that the tail sections of
dopant profiles are nearly independent of annealing time. For the 2 and
30 minute annealings, mobilities are found to be quite low in the surface
region.

3.3.3 Atomic Profiles

A few pubh’cationsG']o

dealing with the electrical properties
of magnesium-implanted GaAs have appeared in the literature. However, atomic
distributions of Mg as-implanted or after annealing 1is not well known,
Although the electrical activation of Mg implants in GaAs has been reported as
generally good, carrier profiles have been found to be very sencitive to both
implanted dion dose and annealing temperature. Also, - 2r profiles
generally show much broader distributions than those predicted by the
theoretica® '.SS Profiles.

In order to study Mg atomic distributions and to better
understand the electrical behavior of Mg implants in GaAs, we have carried out
a comparative study of secondary ion mass spectrometry (SIMS) atomic profiles
and electrical carrier profiles, and the results are reported here. This

work12

contains, to the best of our knowledge, the first direct comparative
study of this kind., In this study, both rf-plasma~deposited S1‘3N4
encapsulation and close-contact capless annealing methods were wused as
protective mechanisms during sample annealing, For the profile measurements,
an annealing temperature of 750°C was chosen cpecifically because of the
waximum  electrical activation occurs at this temperature for nearly all
Joses. Also, the results for Mg-implanted GaAs will be compared with a

similar study of sulfur-implanted GaAs. SIMS atomic profiles of Mg and Cr
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were measured using oxygen-ion bombardment. Both the chemical etching rate
and the sputtering rate were determined using a Sloan Dektak Surface Profile
Measuring System.

The results of SIMS atomic profiles made on Mg-implanted GaAs
samples implanted at an ion energy of 120 keV for doses ranging from

1B -2

1 X 101" to 3X 10 cm© are shown in Figure 22. The symbols indicate

SIMS data taken for as-implanted samples, the solid curves indicate the

13

best-fit curves of type-IV Pearson distributions, and the dashed curves

indicate the Gaussian LSS profiles. In the SIMS analysis, background levels

15 3) have been subtracted out, and the curves of

of Mg (2X 10 cm
as-implanted samples have been normalized in such a way that the integrated
area under the SIMS output corresponds to the implanted-ion dose. Surface
corrections have also been made for the first several data points, which often
show abnormally high values, probably attributable to artifacts.

Implantation profiles are wusually compared with Gaussian LSS
profiles, which are determined by the projected range and the standard
deviation of the projected range. For Mg-implanted GaAs, however, it turns
out that this simple Gaussian approximation of implantation profiles using
only two moments 1is net suitable, whereas a Pearson distribution of type 1V,
using four moments (projected range, projected range standard deviation,
skewness, and kurtosis) describes the as-implanted profiles accurateiy over
more than two orders of magnitude of the concentration range. In the curve
fitting procedures, a theoretical distribution wusing the four moments as
parameters is fitted by trial and error to an experimental distribution, The
optimum fits of the type-IV Pearson distributions to experimental profiles for
each dose are shown in Figure 22, and the four moments obtained from this

fitting procedure are given in Table 2. The LSS range statistics predict that
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TABLE 2

FOUR MOMENTS USED IN THE TYPE-IV PEARSON DISTRIBUTIONS TO FIT SIMS

AS-IMPLANTED PROFILES OF Mg IMPLANTS IN GaAs IMPLANTED AT 120 keV FOR

DIFFERENT ION DOSES.

Projected =
range
Ton Pr¢ jected standard
dose range deviation
(em2) (vm) (1m) Skewness Kurtos is
1% 1013 0.160 0.125 1.0 10
1x 1014 0.150 0.120 -0.6 10
1% 1015 0.165 0.150 -1.2 e
3 x 1018 0.155 0.165 -1.2 7
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the projected range and the standard deviation of the projected range for the
Mg implants in GaAs at 120 keV are 0.124 and 0.053 um, respectively. However,
the projected range and the projected range standard deviation obtained from
the curve fitting procedure are nearly 30% and 200 to 300%, reSpectiveB'.
greater than those of the LSS theory. Although the projected ranges for
different jon doses are all within 5% of the average value of 0.158 _m, the
projected range standard deviation is slightly dose dependent even for the
given ion energy of 120 keV, and it increases with ion dose. Both the
skewness and kurtosis of the curves are also slightly dose dependent. It
might be argued that the inadequate description of the SIMS profiles by the
simple LSS theory is due to channeling, but the discrepancies are too great to
attribute to channeling alone. Nonetheless, a small residual amount of
channeling, which is difficult to suppress completely, might take place, and
would be more apparent for the higher doses.

Comparisons of electrical profiles and SIMS profiles made on GaAs

13cm-2

samples implanted at an djon energy of 120 keV with a dose of 1X 10
and annealed at 750°C either with a PED S1‘3N4 cap or by wusing
close-contact capless method are shown in Figures 23 and 24, respectively.
For either annealing treatments, no significant amount of Mg outdiffusion was
detected by SIMS measurements, and therefore the SIMS data for annealed
samples were normalized in the same way as for the as-implanted samples. It
can also be seen that no zppreciable redistribution of the implanted Mg for
this dose has taken place during annealing at 750°C for either annealing
method. The SIMS profile shows only a slight amount of Mg accumulation near

the peak region. No indiffusion of Mg took place; rather the SIMS profile

shows a slightly smaller amount of Mg in the deep side of the implanted

Tayer. By comparing the carrier distributions with the corresponding SIMS
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profiles, it can be seen that there are some differences between the two
profiles in the case of both annealing treatments. In particular, nearly 25%
of the implanted ion dose is not electrically active in the peak-concentration
region. although values of mobilities are reasonably good in this region,
damage induced by ijon implantation apparently is not completely annealed out.
For this dose and 750°C anneal, the electrical activation efficiencies
obtained were about 60% for the PED cap and about 75% for the capless annealed
samples. As mentioned earlier, both electrical activation and mobility are
improved by increasing the annealing temperature to 800°C.

The results of electrical profiles and SIMS profiles for a dose
of 1X lom'cm"2 and 750°C anneal, either with a PED cap or by capless
method are shown in Figure 25 and 26, respectively. By comparing the number
of Mg ions for the annealed samples with that for as-implanted samples, it was
found that a small amount ( “~13%) of the implanted Mg was lost by
>utdiffusion. 1In spite of this, the SIMS profiles for the annealed samples
follow extremely well those for the as-implanted SIMS profiles in most of the
implanted region for both annealing treatments. Furthermore, it appears that
no indiffusion of Mg takes place for this dose and annealing temperature. The
2lectrical carrier profiles also follow the SIMS profiles very closely for the
innealed samples. Of the remaining Mg implants, nearly 90% or more were
electrically activated in the peak-concentration region. Therefore, the
resultant electrical activation efficiencies are very good, that is, 70% of
the implanted ion dose for the PED cap and 88% for the capless annealed
samples.

A similar comparison ot electrical and SIMS profiles made on
GaAs:Mg samples annealed at 750°C with a PED 51'3N4 cap for a dose of
lscm-e

1% 10 is shown in Figure 27. For this hijh dose, nearly 62% of the
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implanted Mg appears to be outdiffused during thermal annealing. Some of this
loss, which occurs mostly from the Mg located in the peak-concentration
region, could be attributed to the solubility limit of Mg in GaAs. Also,
there can be seen a slight indiffusion of the implanted Mg in the tail section
of the profile. Even among the remaining Mg, only about 54% is electrically
active, and the carrier profile deviates substantially from the SIMS
distribution of the annealed sample, The large amount of Mg outdiffusion and
the partial electrical activation of the remairning Mg can account for the low
electrical activation efficiency of 20% obtained for this dose.

The results of electricel and SIMS atomic profiles made on
samples annealed at 750°C using the close-contact capless method for a dose of
3 X 10]5cm'2 are shown in Figure 28, For this dose, the amount of Mg
outdiffusion upon annealing is even greater, almost 81% of the implanted ion
dose. A slight amount of Mg indiffusion can also be seen in the tail region
of the profile. In addition to the severe Mg outdiffusion, only about 35% of
the remaining Mg is electrically active. Consequently, the electrical
activation efficiency is very low, only about 7% of the implanted ion dose.
Although the carrier profile deviates substantially from the SIMS profile of
the annealed sample, the shapes of both curves are very similar. For the two
higher doses, the mobilities are generally low (100 cmZ/V.sec) in most of
the implanted region.

Cr profiles together with Cr-background levels of the GaAs:Mg
samples are 5150 shown in Figure 23-28. The Cr profiles are flat before
annealing for all doses, but the Cr redistributes during annealing. A surface
accumulation of Cr is generally observed for all doses upon annealing,
followed by a Cr-depleted region and one or two peaks in the Cr distribution.
Most peaks are located near the implanted peak region, Apparently the Cr is
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gettered 1in regions where defects and/or implanted damage are great as
reported by Vasudev et a1.]4 However, at present we can not determine any
direct correlation between Cr redistribution and the electrical carrier
profile. Carrier concentrations are probably too high to exhibit the effect
of the Cr redistribution,

It is interesting to compare the results of Mg-implanted GaAs,
which produces a p-type layer, with those of sulfur-implanted GaAs, which
produces an n-type layer. Detaiied results of a comparative study of SIMS
atomic profiles and electrical carrier profiles for S implants in GaAs will be
reported later. Figure 29 shows an overall picture of the carrier profiles
and SIS profiles (both annealed and unannealed) made on samples implanted
with S at an ion energy of 120 keV for three ijon doses and annealed at 900°C.
In cemparing both ion species, it must be remembered that the annealing
temperatures are different - 750°C for Mg implants and 900°C for S implants,.
However, in each case the basic behavior of the implant is presented at its
own optimum annealing temperature.

In contrast to the results for Mg implants, it has been observed
13cm-2)

that tor low dose (£1 X 10 , the implanted S undergoes substantial

redistribution during annealing at 900°C throughout the entire implanted
region, while for high dose (X 1 X 10%en72), s redistributes to a much
lesser extent in the implanted peak region, Sulfur implants in GaAs before
annealing generally follow the theoretical LSS profiles except in the deep
side of the implanted layer. Significant indiffusion of S takes place during
annealing for all doses, whereas no significant indiffusion of Mg takes place
for any dose. Also it has heen observed that there is no appreciable sulfur
outdiffusion during annealing at 900°C at any dose, while a substantial amount
of Mg outdiffusion takes place during annealing at 750°C for high doses (51 X

<
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10]4cm'2). It 1is believed that the observed low electrical activatiaon for

GaAs:S is not caused chiefly, if at all, by outdiffusion of S, but by a
substantial amount of inactivated S due to precipitates and/or residual
defects, whereas for GaAs:Mg, the outdiffusion of Mg is the main cause for the

92 .
cm “). As shown in the

low electrical activation for high dose (21X 10
figures, the waximum carrier concentration of Mg implants is about one order
of magnitude higher than that of S implants.
3.3.4 Summary
Mg-implanted GaAs produces p-type conductivity, with maximum
electrical activation occurring at 750°C for ijon doses >3 X 10]3/cm2.

Lattice damage due to ion bombardments 1is reduced appreciably even at an

annealing temperature of 600°C. Although electrical activations for an 1on

dose c¢f 1X lO”/cm2 are markedly dependent upon capping, activations fo

nigher doses show general agreement for the three capping methods
investigated. Most of the electrical activation occurs after very short
anneal time for the Mg-implanted samples. The mobilities are surprisingly
good even after annealing at 750°C for only 2 minutes.

Trhe results of the comparative study of the three capping/anneal
methods used in these investigations do rot permit an unqualified conclusions
that any cne 1is superior to the others. The advantages of 2cne method over the
others may be dependent upon appliia.ir . In general, pyrolytic caps appear
to he slightly better in terms of activation at higher annealing temperatures
for all doses examined, although their higher deposition temperature makes
them less suitable a*t Tcwer annealing temperatures. Plasma caps are

preferable at lower annealing temperatures, where capless annealing is also

effective.

h2




Peak positions of carrier profiles generally do not agree with
those of LSS theory, and significant redistribution of Mg ions takes place.
The carrier profiles are found to be highly dependent upon implanted icn dese,
anneal temperature, anneal time, and capping/anneal method. Carrier profile
structures become more complicated as the ion dose increases, exhibitiing
double peaks at high doses. The maximum carrier concentration obtained was
2 X 10]9/cm3. In general, pyrolytic capping results in more outdiffusion
than other cappings. Although capless annealing generally yields slightly
deeper prcfiles than plasma cap annealing, the capless method used in this
study has proved very effective. It may be worthwhile to point out that the
close-contact capless method used in this study is simple, rapid, and
reproducible.

We also found that Mg implants in GaAs before annealing do not
follow Ga :sian LSS profiles but can be represented by the type-1V Fearson
distributions. Mg implants do not show significant dindiffusion during
annealing at 750°C for the doses investigated here. For 1low dose
(Slx10]4/cm'z), the SIMS profiles of annealed samples follow very closely
those of Aas-implanted samples. However, the amount of Mg outdiffusion
increases substantially with implanted ion dose during annealing for high dose
(>IX10]4/cm'2). The per ntage of outdiffusion is found to be 13, 62, and
81% of the implanted dose for doses of 1X10'°, 1x10', and
3X10]5/cm'2, respectively. Consequently, electrical activation
efficiencees show 4 strong dependence on the implanted ion dose. It is
believed that the outdiffusion of Mg is the main source of poor electrical
activation efficiences at high doses. These results suggest that the decrease
in activation efficiency for the samples annealed at higher temperatures may

also be due to Mg outdiffusion, Although most of the Mg dons become
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electrically active upon annealing at low doses, a considerable number of the
remining Mg ions for high doses do not become electrically active, probably
due to residual defects. 1In general, electrical carrier profiles follow
rouchly the SIMS atomic profiles of annealed samples, showing almost perfect
agreement for a dose of 1X1014/cm'2. Results obtained in this study
suggest that Mg implantation 1into GaAs 1is a good candidate for device
fabrication of p-type layers, because of its predictable carrier profiles and
reasonably good elestrical activation and mobility for low doses.

3.4 Ge-IMPLANTED GaAs

The concept of dual implantation i compound semiconductors, as proposed
by Heckingbottom and Ambridgels, has been tested by several workers to
improve the electrical activity and inhibit the diffusion of certain implant
species. This approach is based on the maintenance of stoichiometry in the
host lattice in order to avoid compensation due to vacancy complexes with the
dopant. In the case of amphoteric dopants, dual implantation permits shiftinj
the probability of lattice site occupancy by the dopant tc favor either n- or
p-type activity. By control and shift of defect ctoizhiometry in GaAs,
precise control of the behavior of the dopants can be attained.

Some degree of success has been achieved in the production of high
carrier concentrations by dual implantation. For example, in comparison with
Se single implants into GaAs, donor activity enhanced by the implantation of
an equal dose of Ca has been reported.m']8 The 1improvement of p-type
activity has bheen observed as a result of the dual implantation of C and Ga
into GaAs.]9 Nnual implants of Zn or Cd aad As irto GaAs have heen found to
considerably decrease the diffusion of the implanted Zn or Cd.zO'Z]

We have employed ine technique of dual implantation in order to study
the amphoteric behavior of Ge implants in GaAs22 and to elucidate the
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interaction mechanisms of implanted ions with native and induced type defects
in the host crystal. An understanding of the physics involved in the behavior
of Ge implants is particularly important in applications where the amphoteric
nature of the dopant 1is used to advantage. Ge has been widely used as a
dopant 1in epitaxial layers of GaAs because of its low diffusivity. Ge has
also been utilized to produce stable, reliable, and reproducible ohmic
eontacts to n-type GaAs by methods which achieve high densities of Ge almost

23

exclusive’y on Ga lattice sites. More recently, the feasibility of

fabricating p/n junctions and p/n multilayers using Ge dopants in GaAs by
molecular beam epitaxy has been dernonstrated.24

The single implants of Ge in GaAs have shown amphoteric behavior, where
the conductivity type, electrical activity, and carrier mobility depend
critically upon ion dose and annealing temperature.25 Low doses of the Ge
implant appear to favor substitution into As sites, resulting in p-type
activity, while high doses show n-type activity due to preferential occupation
of Ga sites by the Ge ions.

The addition of Ga by dual dimplantation of Ga and Ge into GaA526 is
expected ¢> faver As site occupancy by the Ge ions and an enhancement of
-type activity, while the addition of As27 would encourage Ga site
occupancy and result in enhancement of n-type activity. Although a dual
implantation with amparoteric dopants such as Ge 1is expected to be more
complicated than witn Group II or Group VI dopants of the periodic table, in
which case the dopants locate almost exclusively on one of the sub-lattice
sites, the above expectations are generally consistent with the experimental
rasyults reported here,

The single and dual implantations were carried out at an energy of
120 keV with doses vranging from 5 X 10]2 to 3X Iols/cm2 at room
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temperature into seni-insulating Cr-doped GaAs. In the case of the dual
implantations, Ga or As ions were implanted after the Ge implants. In each
case, equal doses of the dual implants were used. During annealing the
samples rested cap-side down on bare GaAs substrates in order to improve the
performance of the caps. In this way, the caps held very successfully at
temperatures as high as 1000°C. No sign of surface degradation could be
observed by visual inspection. It should be pointed out that contacts made on
the (Ge + Ga) dual implants usually showed good ohmic behavior even without
ohmic anneal.

Similar GaAs control samples, implanted with the same dose of Ga or As
alone were also prepared by the same procedures, and annealed at various
temperatures. The test samples did nct show appreciable electrical activity,
«nd in wmost cases no Hall effect could be observed.

3.4.1 Ge Single Implants

Figure 30 shows the results of electrical measurements made on
semi-insulating Cr-doped GaAs samples impianted with Ge to ion doses ranging

1 15 ent and annealed at various

irom 5% 10 /cm2 to 3X 107 /¢cm
temperatures. The anneal behavior of the sheet-carrier concentration
indicates that for samples having an ion dose of <3 X 1013/cm2. the
electrical activity increases monotonically with anneal temperature. The
highest electrical activation efficiency obtained was 38% for an ion dose of
1073/cm2 and annealed at 950°C for 15 minutes. Below 850°C the electrical
activity is very low for samples having an ion dose of <10]3/cm2, although
definite p-type conductivity (solid lines) becomes apparent at around 750°C.
For samples implanted to an ion dose of 10]4/Cm2, the electrical activity

increases gradvally with anneal temperature, yielding the highest activation

(~11%) at about 850°C, ana then decreases at higher anneal tempe-atures. The
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anneal behavior for an ion dose of 3 X 10]4/cm2 is similar to that for
lt)m/cm2 up to 900°C. However, the electrical activation drops sharply
{to 0.5%) at 950°C accompanied by conductivity type conversion (indicated by
dashed Tlines in the figure). For the two highest doses, the implanted layer
is n-type at all anneal temperatures and the electrical activity increases
with anneal temperature, but the activation efficiencies are 1w (only 5% and

2% for 1ion doses of 1015

and 3 X 1015/cm2, respectively, even after
annealing at 950°C for 15 minutes.

The anneal behavior of the carrier mobiiity indicates that the
mobility increases with anneal temperature for samples having doses of
<10M/cm2. which implies that the lattice damage due to ion bombardment is
appreciably reduced with increasing anneal temperatures. However, the
mobilities of samples with an ion dose of 3 X '10]4/cm2 remin low - below
about 10 cmz/V.sec with the sample remaining p-type up to 900°C anneal. The
mobility increases with anneal temperature up to 850°C, levels off, and then
increases sharply at an anneal temperature of 950°C, becoming n-type as
indicated by the dashed line. The Tow value of mobility at this dose may be
due to high electrical compensation. The mobility anneal behavior of n-type
layers is different from that of p-~type layers. The mobilities for the two
highest doses remain essentially constant for all anneal temperatures. The
slight decr.ase in mobility above 900°C, although accompanied by increasing
activation, may be somewhat related to lattice defects created during
high-temperature anneal.

As  shown, the electrical ©behavior of Ge implants in
semi-insulating Cr-doped GaAs is very complicated, producing both p- and
n-type activity depending upon both ion dose and anneal temperature. This

behavior 15 in contrast to the n-type activity for all doses reported by
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Surridge and Sea1y28 and is unlike that of implanted silicon which pioduces

23 Even though no theory 1is available to explain

only n-type activity.
present experimental results, the general electrical behavior suggests that in
samples of lower dose and anneal temperature, the implanted Ge ions go into As
sites preferentially, producing p-type activity. As the Ge-ijon dose and
anneal temperature increase, increasing numbers of Ge dions o into Ga sites
than into As sites, producing, n-tyoe activity; the compensation level still
remains high. There is a possibility that defects such as As or Ga vacancies
(both intrinsic and extrinsic), or residual damage may influence the
electrical activity. However, it is evident that the amphoteric electrical
behavior 1is due mainly to the implanted Ge ions because: (1) no significant
nunber of acceptors or donors has been found in the unimplanted substrates,
even after annealing at 900 or 950°C; (2) not only p-type but also n-type
activation continues to increase monotonically with anneal temperature as high
as 950°C, except for the two intermediate doses which are nearing the type
conversion; and (3) no distinct Hall effect due to damage produced by krypton

1% and 10"

implantation has been observed from samples having doses of 10
st 2
Kr -ions/cm".

3.4.2 (Ge + Ga) and (Ge + As) Dual Implants

The results of electrical measurements made on semi-insulating
Cr-doped GaAs implanted with (Ge + Ga) and (Ge + As) to ion doses ranging from

13

10 to 3 X 10]5/cm2 and amnealed at various temperatures, together with

the comparable variation for the single implanted Ge, are shown in Figures 2-7.

For doses  of 10]3/cm2 (Figure 31) and 3 X 1013/cm2
(Figure 32), p-type conductivity has been observed for both single and dual
implants at all anneal temperatures. The annealing behavior of the

sheet-carrier concentration indicates that electrical activity increases
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monotonically with annealing temperature, though for a dose of ‘l0]3/cm2 a

s1ight decrease in the electrical activation has been observed between 950 and
1000°C anneal. For the (Ge + Ga) implants, an enhancement of p-type activity c
is seen at all anneal temperatures., At the 950°C anneal and 10]3/cm2 |

dose, where the single Ge implants has its highest measured activation of 38%,

the (Ge + Ga) implants yield a maximum efficiency of 61%.

The (Ge + As) implants show, on the other hand, a decrease in

- p-type activation for the 10]3/cm2 dose annealed at 850 and 900°C as ‘
expected. In all other cases, however, the activation after dual implantation o 1

is comparable to, or even higher than, that due to tr;e Ge single x
implantation. This result is somewhat Surprising since dual implants of {(Ge +

As) are expected to result in a reduction of p-type activity. The reason for

this result cannot be adequately explained at present.

The annealing behavior of the Hall mobility indicates that the

= il
.. modility increases with annealing temperature due to damage annealing to L”‘“‘
values 1in the range of 100-200 cmz/V.sec as expected. At the lower anneal I_"_"ff
: temperatures, mobilities of the (Ge + Ga) dual implants are somewhat higher, ’l_:.'f;:if

but at the highest annealing temperatures they are comparable with the
mobilities of the Ge single-implanted samples.

For an ion dose of lom/cm2 (Figure 33), the effect of dual

PR “ 2P .

implantation is very dramatic. The p-type activity of the Ge single implant
1S enhanced in the (Ge + Ga) dual implants by a factor of 5 at 700°C with
somewhat improved mobility. At 900°C the (Ge + Ga) dual implants give an e
2 .

activation efficiency of 27% and mobility of about 83 cm/V.sec, while the

activation efficiency and mobility of the Ge single implant are 11% and about

96 cmz/v.sec, resepectively. At this dose, the conductivity of the (Ge +

As) implants converts to n-type, and a sharp drop in activation efficiency
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occurs protiably due to high electrical self-compensation. The mobility
increases with annealing temperatures toward values representative of n-type
mob ilities,

Figure 34 shows the variation of surface carrier concentration
and mobility as a function of the annealing temperature for the
3 X Iom/cm2 dose. At this dose, the p-type activity (solid lines) of the
Ge single implant, which persists up to 900°C, is enhanced significantly by
the {Ge + Ga) dual implants. At 700-750°C, the greatest enhancement of p-type
activity by a factor of 8 was obtained over that of the Ge single implant. It
is interesting to note that the conversion of p- to n-type activity of the Ge
single implant above 900°C is inhibited by the (Ge + Ga). Up to 900°C, the
dual implantation shows some improvement of p-type mobility over the single
implantation, although mobilities are very low in this region due to
self-compensation,

For the (Ge + As) dual implants, n-type conductivity (dashed
lines) has been observed at all annealing temperatures. The activation
efficiency also increases rapidly with annealing temperature up to 24% at
1000°C. The mobility of n-type samples remains low at annealing temperatures
of 85G°C or below, increases with TA to 900°C, and then decreases slightly
with annealing temperature. The low value of mobility below 850°C for this
dose may be due to high electrical self-compensation under conditions which
promote type conversion,

For the two highest doses of 10" and 3 X 10]5/cm2
(Figures 35 and 36), the (Ce + Ga) dual implants yield p-type activity for
TA up to 900°C. The n-type activity of the Ge single implant is inhibited

by the addition of 5a. After high temperature annealing at 950°C or above,

74




Figure

lol‘

107

’oll

Dependence of Surface-Carrier Concentration
(uH) upon Annealing Temperature (Ta)

(Ng) and Hg]

for a 3 x 1014/cm

cingle Ge, Dual (Ge + Ga) and (Ge + As) Implants in GaAs

1 Mobility
Dose of

- ¥ J T T N T
8 <
- $=3x|0"cm™? ]
- 3
P -
r -
3 -
- 3
- 3
C 1
= /‘d -
-y rd 3
C n’ >
g / :
’ - ]
- ,’D' | o
ﬂ, 3 1 3 i | 1 1 . 7 '
1— mJ j L4 ] — 1 . ) :
i ] o
L O — GoAs: Ge ] S
& — GgAs: Ge+Ga P~a R
- R
- O — GoAs: Ge+ As / 0 LI
: 120 keV, 15 min. Anneal / ? ] L 7
C p=Type / / 1 e
I -===~n=Type o ! ) -'_ e
2 : R
L ] ,. ‘
i 1 T
3 E e
& ] o
I 1 .
I .
It 1 A i 4 { _'
700 800 900 1000 T
TA (°C) T
.



Figure 35

Ky (cm®/V-sec)

Dependence of Surface-Carrier Concentration (Ng) and Hall
Mobility (uH) upon Anngah‘ng Temperature (Ta) for an
1 %_10%*/cm? Dose of Single Ge, Dual (Ge + Ga) and (Ge + As)

- T - T " T ' \
- ¢=1x10"cm™* _a--0 :
10" 2 =
: ;
-
r -
ol =
i /’ C —GoAs: Cs b
_d A —GaAs: Ge+Ga
10" sl -l O —GaAs: Ge+As
: o’ 120 keV, (5 min. Anneal 3
[ p-Type )
—===n-Type 1
r e
" 1l A i I 1 1 |
10 C T ' 1 T T L T
- Lo
4°‘~- - S~
. P < ‘O-_~.°
10 E‘ 3----@----‘3'—-0--..0.-_0---0
i o=
,1
10 = / é
C ]
- -
43 E
F ]
4
! )
A i - A i 4 |
T00 800 800 1000

Ta (°C)

Implants in GaAs

76




e

Figure 36

U}
'o : j v l B _—’ L T
$=3x10"cm™* 3
[ _.o--19 )
- ID‘” -
{
_ 'O’E— p” \\ ”A 'E
s d L’ P 3
- g ,d ”d 9
[7¢ o )
= ,/ ,—-'0" O — GaAs: Ge
0% o /,o- A—GoAs: Ge+Ga |
o 4 D — GaAs: Ge+As 3
C / 120 keV, i3 min Anneal ]
L / p-T,p. d
3 /
/ -=~=n-Type .
" k4 . J | i R ]
S I M 1 T T Y T 3
i .
—#--4--0 Ny
- - an
10* B:~ .O'\\ -
3 Bttt Gt T
: / 3
- l -
> otk ,
S 9% / E
et ; 5
~ B / <
P o B o
i = ”‘ 4
0 -
; 5
" R
5
- 1
L A ‘[ A 1 i )
700 800 900 1000
Ta (°C)
Dependence of Surface-Carrier Concentration (Nc) and
Hall Mobility (uH) upon Annealing Temperature %TA) for

a 3 X 1015/cm? Dose of Single Ge, Dua! (Ge + Ga) and
(C> + As) impiants in GaAs

77

.t

.

«

.

- ~




A v v v PRI B B - » .
! P R ) o e
BRI el et S

TR

the p-type conductivity of the dual implants becomes n-type. The (Ge + As)
dual implants 1in this dose range show n-type activation which 1is greatly
enhanced over that of the Ge single implant at all annealing temperatures. 1In
most cases, the activation is increased by about one order of magnitude and by

2 dose and 850°C anneal. However,

as much as 45 times for a 1015/cm
mobilities are generally reduced by a factor of about 2 at those dose levels,.
At 950°C for the 10'°/cm’ dose, an activation efficiency of 19.5% and
mobility of 843 cmZ/V.sec were obtained for the (Ge + As) dual implants
compared with an activation efficiency of 4.7% and mobility of
1109 cmz/V.sec for the Ge single implant.

3.4.3 Electrical Carrier Profiles

In order to examine the implanted layers in more detail, efforts
were made to obtain the electrical profiles of Ge implants n GaAs by
differential Hall measurements in conjunction with the chemical etch
layer-removal technique. Preliminary profiles of the Ge implants in samples
having doses of ]0]4/cm2 annealed at 800 and 850°C and 10]5/cm2
annealed at 900°C are shown in Figure 37. The Ge implants in samples with
10]4/cm2 annealed at 300 and 850°C which displayed p-type activity, are
electrically distributed within a region cf the atomic distribution predicted
by the LSS theory (dashed 1iine). Both samples show a structure in the
vicinity of the peak concentration and some indication of a surface pile-up of
the Ge implant as a result of redistribution 1is seen in the 850°C anneal
sample, A similar redistribution and structure nas also been observed in the
electricael profiles of lg dimplants in semi-insulating Cr-doped GaAs.9 It

was speculated there that the structure observed near the LSZ peak position

could be due to Cr redistribution and/or implantation damage-induced
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redistributions of the Mg implants. SIMS analysis is underway to check this
ﬂ hypothesis for Ge implants.
: For the 1015/cm2, 900°C anneal sample, which showed n-type
conductivity, the profile shows a rather broad distribution extending into the

h bulk of the sample. Because of the high ion dose and annealing temperature ‘
|
| involved for this specimen, damage-enhanced diffusion may be a dominant

t

4

mechanism affecting the electrical behavior of the Ge implants occupying Ga

E‘ sites.

It should be pointed out that measured profiles, in the case of

ampnoteric dopants like Ge, may be significantly affected by regions of high

L‘ self-compensation. Thus, such measured carrier profiles may differ at times _A_'
' from Ge-ion profiles, depending on the compensation Tevel, a
3.4.4 Summary ]

b Table 3 summarizes the result of single Ge and dual implantation o
of (Ge + Ga) and (Ge + As) into semi-insulating, Cr-doped GaAs. R

Single implants of Ge into GaAs have been shovwn to produce p-type

or n-type conducting layers depending wupon ion dose and annelaing ____‘
temperature. In samples having low doses (<10]4/cm2), the implanted Ge T

ions occupy As sites preferentially, producing p-type conductivity at all

annealing temperatures from 700 to 950°C. A maximum efficiency of 38% was ;

2 and an annealing temperature of 950¢C. For o

obtained at a dose of 10]3/cm
high doses (>10]5/cm2), more Ge ijons occupy Ga sites than As sites,
producing n-tvpe activity at ali annealing temperatures with maximum }.:j':-,
activation efficiency of only 5%. The transition from p- to n-type
conductivity occurs at the intermediate dose of 3 X 10]4/cm:2 and an

anneal ing temperature between 900 and 950°C.
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Dual implantation of Ge and Ga into GaAs indicates that the
amphoteric electrical behavior of Ge is significantly changed from that of Ge
single implantation, The dual implants have produced p-type conductivity for
all doses (<3 X lo]s/cmz) for an annealing temperature of up to 900°C,
The p-type electrical activity of Ge in the dual implantation has been found
to be improved significantly over that of the single implantation for all

]4/cm2, while the original n-type of the Ge single implant

doses of <3 X 10
has been found to change tc p-type for doses of >1015/cm2, except at
anneal temperatures higher than 900°C,

Dual implantation of Ge and As into GaAs has produced a
significant enhancement c¢f n-type activity for ion doses of :>10‘5/cm2, a
conductivity-type conversion for intermediate doses, and little effect upon
p-type activity for ion doses of <3X 1013/cm2. In most cases, the
electrical activation continues to increase with annealing temperature up to
1000°C. The maximum electrical activation efficiencey obtained for these dual
implants was 50% at an ion dose of 10'°/cm? for the p-type samples and 24%

at an jon dose of 3 X 1014/cm2

for the n-type samples.

In conclusion, we have found that the electrical activity of the
amphoteric dopant Ge in GaAs can be modified in a predictable manner by
controlling dose level and annealing temperature, or by dual implantation of
(Ge + Ga) and (Ge + As). Although the possibility exists that defects such as

As and Ga vacancies, or their complexes, may influence electrical activity, it

is evident that the results obtained a 2 due mainly to the amphoteric nature

of the implanted Ge ions,
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3.5 SULFUR-IMPLANTED GaAs

Sulfur-implanted GaAs has been used in fabricating various microwave

30-40 dealing with the electrical

devices., Although a number of publications
properties of GaAs:S have appeared in the Iliterature, the fundamental
aifficulties encountered for this dopant are still not well understood.
Moreover, each paper contains range-limited results of dependence upon ion
dose, 1ion energy, and annealing temperature. In general, electrical
activation efficiencies of GaAs:S are reported to be very low, mostly below
~50%, although some improvements with elevated temperature 1‘mp1a\ntations33
have been realized. In most cases, the maximum electron concentrations

Ven3) regardless

reported for S implants are also very low (below 5 X 10
of the ion doses used. Also, diffusion of S during annealing has usually been
reported to be significant.

In order to better understand the factors affecting electrical
activation and carrier depth distributions, and thereby obtain useful
information for device applications, we have undertaken a comprehensive study
of electrical properties of S-implanted GaAs. The electrical activation and
carrier profiles have been measured as a function of ion dose, ion energy, and
annealing temperature. Also, the electrical depth profiles have been compared

4ith the SIMS atomic profiles. All of the results® ™

will be discussed in
this report. Especially, this work contains, to the best of our knowledge,
the first direct comparative study of the SIMS and electrical profiles for
S-implanted GaAs. Also, no systematic study of electrical property dependence

of S implants in GaAs upon implanted-ion energy has been reported, and such

dependence is not well understood at present,
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Room-temperature implantations ware carried out 1in a nonchanneling
direction at ijon energies ranging from 40 to 600 keV to doses ranging from
4% 10'% to 4% 10" dons/cm®. SIMS atomic profiles of sulfur were
measured using cesium-ion bonbardment while the Cr distributions were measured
using oxygen-ion bombardment. The sputtering rate was determined using a
Sloan Dektak Surface Profile Measuring System.

3.5.1 Electrical Activation

The results of Hall effect/sheet resistivity measurements made on

GaAs samples, implanted with S jons at an energy of 120 keV to doses ranging

from 5 X 10]2 to 1X 10]5cm_2 and annealed with pyrolytic Si3N4 caps

at temperatures ranging from 700 to 900°C, are shown in Figure 38. The

electrical activation increases monotonically with annealing temperature up to

2 -2

900°C for all except the lowest dose of 5 X 10] on ©, for which the

activation begins to level out at around 800°C. A maximum activation

efficiency of 57% was obtained for the sample implanted to a dose of

13 2

1X 107 em © and annealed at 900°C. Electrical activations for samples

capped by plasma-enhanced deposition were also investigated, and activations
were, in general, slightly highter than for samples with pyrolytic caps.
However, the anneal behavior of surface carrier concentration and mobility
shows about the same trend for both caps.

The anneal behavior of electron Hall mobilities indicates that

mobilities for low doses (<1 X 10]3cm-2) increase with  annealing

temperature up to 850°C, and then level out at higher temperatures, while the

mobilities for high doses (<1 X 10]4cm"2) show their maxima at around

750°C, and then decrease with annealing temperature. It seems that

implantation damage can be annealed reasonably well at around 800°C. The




decrease in mobility with increasing annealing temperature for high doses may
be partly due to the increase in carrier concentrations.

Figure 39 1is a replot of the data at 120 keV, showing surface
carrier  concentration versus implanted dose at different annealing
temperatures, compared with a straight line which represents 100% activation
efficiency. Activation efficiencies are generally high for iow dose
(<3 x 1032

em ©) szinles annealed at higher temperatures, but decrease with

increasing ion doses. A sharp drop in activation efficiency for doses above
1% 10%em? for 900°C anneal may be attributed to unannealed damage or S
precipitates. The figure also clearly shows a significant increase 1in
activation efficiency with annealing tempe-ature for all doses.

The results of electrical measurements made on GaAs samples
implanted with S to an 1ion decse of 4 X l()n’/cm2 at various ion energies
and annealed at several temperatures are shown in Figure 40. The eliectrical
activation for this dose level increases with ion energy up to 300 keV and
then decreases with further increase in energy at all anneal temperatures.
The figure also shows that the activation increases with anneal temperature at
a given ion energy. The highest electrical activation efficiency obtained was
80% for an energy of 300 keV and 950°C anneal. In spite of the sharp
variation in electrical activation, mobilities are nearly independent of ion
energies. Also the mobility data indicate that considerable implantation
damage still remains even after annealing at 350°C, and recovers gradually as
the anneal temperature increases further.

2

It was found that, for the ijon dose of 4 X 10]3/cm and 900°C

anneal, the surface carrier concentration !\'S, increases approximately

according to N, ~1.5 X 10]2i-:0'5 for ion energies E up to 3C0 keV, and
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then decreases with N 1.4 X 10 E for energies above 300 keV. The
“ increase in activation with ion energy for the GaAs:S samples has been
reported34’35 previously for energies up to 400 keV. However, there has

' been no report, to the best of our knowledge, that further increase in energy
i results in decreasing electrical activation. Eisen et ﬂ.34 attributed the
' increase in activation with ion energy to the fact that less S outdiffusion is
expected during anneal for higher-energy implanted samples due to greater
Jepths than for lower energy. However, this explanation does not account
adequately for the overall behavior observed. The results reported here
indicate that the activation dependence upon ion energy is much more
complicated. However, this explanation does not account adequately for the
overall behavior observed, and in particular, for the decreasing activation
with further increase in ion energy. Moreover, our SIMS data show no
significant outdiffusion of S for samples capped with our Si3N4 caps. A
detailed analysis of ion energy-dependent electrical properties of GaAs:$S has
been reportedm by the authors. By comparison with the data of 120 keV, it

has been found that the effects of implantation energy and ion dose on the

expected activation can be correlated approximately (up to 300 keV) in terms

of an as-implanted peak concentration.

Surface-carrier concentrations and Hall mobilities for samples {
arnealed at 900°C are plotted as a functior. of ion dose for ion energies at ;
120 and 300 keV in Figure 41. The activatior efficiencies remain relatively :
constant up to a dose of about 4 X 1013/cm2. However, they decrease ' "-"1

appreciably as the dose increases above 47 1013/cm2. The figure also

shows that the activation at 300 keV is higher than at 120 keV for doses below

about 1 X 10]4/cmL, whereas there s 1little difference in electrical
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activation for don energies of 120 and 300 keV for doses above
4 X 10]4/cm2. Mobilities are seen to be about the same between the two e

jon energies for all doses.

A correlation has been found between the dependence of electrical .
activation efficiency on ion energy and on ion dose, as shown in Table 4. In -
the first three columns are listed the measured electrical activation
efficiency and LSS peak concentrations for various ion energies, all at the
dose of 4 X 10]3/cm2. The activation efficiencies Jisted in colum 5 for -
120 keV were obtained from Figure 41 for equivalent doses producing the same
LSS peak concentrations as those in  column 3 for the dose of
4 X 10]3/cm2. It can be seen from this table that there 1is agreement in -
these activation efficiencies for energies up to 300 keV, although there is a »
significant difference between the two activation efficiencies for energies
about 300 keV. The table suggests that the effects of implantation energy and -—--

ion dose on the expected activation can be correlated approximately (up to

300 keV) in terms of a single parameter -- the as-implanted peak
concentration. For example, the activation efficiency for a dose of —
4 X 10]3/cm2 and energy of 75 keV is 32%., In good agreement with that, :

the estimated activation efficiency for the equivalent dose :
(5.8 X ]013/cm2) producing the same LSS peak concentration 4;":
' (5.2 X 10'8/em®) at 120 kev is 35%. 1In general one may observe that, for
energies up to about 300 keV, increasing ion energy at a given dose level
: (4 X 10]3/cm2) has an effect on the activation efficiency similar to that r

of lowering the implanted ion dose at a given ion energy (120 keV). However,

this is not the case for higher energy implantations.
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TABLE 4. Dependence of electrical activation efficiency upon ion energy for a
cost of 4 X 1013cm? and the eguivalent dose producing the same LSS peak
concentration at the energy of 120 keY for GaAs:S.

Ion dose = 4 X 1013/cm2 Ion energy = 120 keV

Measured Calculated Equivalent dose Activation
Ton electrical LSS peak producing the efficiency
energy activation concentration same LSS peak estimated .
(kev) efficiency concen&ration from Fig 41
(%) (em=3) (em™€) (%)
40 23 8.5 X 1018 9.6 x 1013 19
75 32 5.2 X 1018 5.8 X 1013 35
150 45 3.0 X 1018 3.4 x 1013 48
300 64 1.8 X 1018 2.0 X 1013 54
450 35 1.4 X 1018 1.5 X 1013 55
600 24 1.1 X 1018 1.3 X 1013 56

''''''''''''''''''''''''''''''''''
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3.5.2 Electrical Carrier Profiles

Electrical depth profiles of carrier concentrations and Hall
mobijlities for samples implanted at an ion energy of 120 keV to doses ranging
fron 5X 102 to 1% 107°cm? and annealed at 900°C with a pyrolytic
Si3N4 cap are shown in Figure 42, The theoretical Lindhard-Scharff-Schiott
(LSS) profile for an ion dose of 3 X 10]3cm-2 is also shown 1in this fiqure
for comparison. The theory predicts that the peak concentration will occur at

~0.09 um for an ion energy of 120 keV. However, the peak concentrations
generally do not occur at the position predicted by the LSS theory.
Furthermore, the carrier profile data show a high dependence on ion dose and a
significant redistribution of the implanted-S ions. In contrast to our

results, Woodcock et a1.36 have reported that S ions implanted at room

temperature have peaks of carrier concentration close to the predicted ranges

even at high doses.

13 -2

For an ion dose of 1X 10 "em © or below, the profiles sh. -
no clear peaks and show more carrier concentrations near the surface,
indicating a tendency of sulfur accumulation near the surface. For doses

]3cm-2, clear peaks 1in carrier profiles have been

greater than 1 X 10
observed for all doses, and the positions of peak carrier concentrations move
deeper into the substrate as the dose increases. Increasing depths of peak
positions with ion dose have also been reported by Sansbury et al.37

Indiffusion of implanted-S ijons can be seen for all doses by comparing the
electrical profiles with the LSS profiles, but is more significant for higher
doses, producing long diffusion tails for the two highest doses. Presumably,
the diffusion 1is greatly enhanced during annealing by the presence of

implantation-induced damage. One may also notice that a significantly reduced

93

......................

i e e

N - e

B L e
. ' * el PR
. L




lol’
E ! | ‘ | [ L L =
~ GaAs: S, 120 keV -
i i PYROLYTIC SiyN, Cap _
: /7 N\ Anneal: 900° C, I5 Min. i .
. A ,lxk‘\ \
. R
% 1
i ©
: S :
. - " ,-J
IO' _5 R
- E - P
) - - L
B \»— LSS Profile B S
A - \ (¢=3x10"cm™?) - o
. RS SN RN S TR AN NN NN S IO S 7
= 10* I i :
o E ! | | l l 1 l r:
i — — ety
S
) b
N > 3 @~ $=5%x102em™2
i~ o 10" = o 4)_ 13 -2 =
£ e ~ ~ ¢=1x10"cm -
f‘. 8 : ¢ - ¢= 3X |0's Cm'z —
F x - "--¢=6><|(')"<:rr\"z ]
-t or 0 - $= IxI0"em ’ :
g B A = $=1x10"cm™ .
102 1 | 1 | 1 ] | | I N B

0 0.l 0.2 03 0.c 0.5
DEPTH (um)

Figure 42 Electrical Carrier Profiles of 120 keY GaAs:S Samples
94

Anreaied at 90G°C




 §i

i i Sl 4

number of carriers can be found near the surface for the two highest doses,

For an ion dose of 6 X ]0]3cm'2, the carrier profile is quite

different from the others. The maximum carrier concentration obtained is

2 x10 8en™3

, With the concentration peak occurring at the same position as
predicted by the theory. Moreover, it has been found that the carrier profile
agrees well with the proportionately reduced LSS profile for this dose (by a
factor of ~3) in most of the implanted region except in the deeper region of
the substrate. The reduction factor of ~3 is in agreement with an electrical
activation efficiency of ~34% obtained for this sample. This may suggest that
most of the implanted-S ijons remain as implanted but only a fraction of the
implanted ions become electrically activated at this dose. The profile also
indicates that the implanted ions are activated slightly more in the deeper
region of the sample than near the surface, producing a small diffusion tail.

Ben 2 are  much higher

The mobilities for doses <3 X 10
throughout the implanted region than those for the higher dose. The mobility
values for the two highest doses are especially low near the surface region
and the values increase gradually with depth to about 2500 cmz/V sec. The
reductions of both carrier concentrations and mobilities in the surface region
for higher doses may be due to the implantation-induced defects or to the
electricaliy inactivated-S 1ions (activation efficiencies are only 16% and 3%

for  doses 1x 10 and 1x 10

en 2, respectively). Some  more
discussion will be given later.

The reasons for changes in the carrier-peak-concentration
positions and magnitudes are complicated. The carrier profiles could be
affected, in general, by the redistribution of the implanted sulfur,

electrically inactivated sulfur, or unannealed damge, all depending upon the
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icn doses. Whatever the dominant factor may be for each dose level, resent

results of profile data show wuch higher peak  concentrations

(>1 X lo‘ch'3 for doses >3 X 10]301\'2) than the values previously
reported.34'40 It my be noted that Sansbury et a1.37 obtained a maximum
17 -3

carrier concentration of about 2 X 10''ecm ~, almost independent of the ion
dose. This result could be due to the relatively low annealing temperature
(700°C) used.

Depth profiles of the carrier concentrations and Hall mobilities

1402 at an ion energy of

for samples implanted to an ion dose of 1X 10
120 keV and annealed at different temperatures are shown in Figure 43.
Carrier and mobility profiles are shown to be highly dependent upon annealing
temperature. The carrier concentrations increase with annealing temperatures,
showing peaks at a slightly greater depth than the theory predicts. It can
also be seen that indiffusion of S takes place at this dose level: the higher
the annealing temperature, the more indiffusion. Both the carrier
concentrations and mobilities are significantly lower near the surface at all
anealing temperatures. The mobilities for the 750°C anneal are generally
ower than for the 800°C anneal, This indicates that significant damage
remains after a 750°C anneal for 15 min,

Electrical profiles of carrier concentrations and Hall mobilities
for samples implanted to two doses of S ions at an ion energy of 120 keV and
annealed with either pyrolytic or plasma-deposited S1'3N4 caps are shown in
Figure 44, It can be seen that both caps produce nearly identical profiles of
carrier concentrations and mobilities, A maximum carrier concentration of

2.5 % 10'8
14

o> was obtained for  the sample having = dose of

2

1X 10 "em © and annealed at 900°C with a plasma-dej.sited cip. This is,
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to the best of our knowledge, the highest value reported yet for S-implanted
GaAs. It seems from our results that the higher annealing temperature
(n900°C) and intermediate ion dose (1 X 10]4cm'2) are rejuired to achieve
maximum carrier concentrations greater than 1 X lomcm'3

GaAs.

for S-implanted

Electrical depth profiles of carrier concentrations and Hall
mobilities for samples implanted to a dose of 4 X 10]3/cm2 at various ion
energies and annealed at 900°C are shown 1in Figures 45 and 46. The
theoretical Lindhard-Scharff-Schiott (LSS) profiles for the various ion
energies are also shown for comparison. The profile data show a
redistribution of implanted-S ions. Peak concentrations do not occur at the
positions predicted by the theory, but all occur at positions much closer to

the surface, regardless of the implanted energy. The maximum carrier

concentration obtained was 1X 10]8/'(:1113 for the 75 keV  sample.
Furthermore, the profiles are seen to be highly dependent upon jon energies.
Measured peak carrier concentrations decrease with increasing energy except at
40 keV, for which case the peak concentration is lower than at 75 kev,
However, the electrical profiles for different ion energies do not quite vary
in the same way as the LSS profiles. The trend shown in the electrical
profiles 1is also found in SIMS (Secondary Ion Mass Spectroscopy) atomic

profiles performed on similar sampies. Significant redistribution of the

implanted S results after thermal annealing when the implanted-S concentration
is below about 5 X 10]8/cm3, whereas the S does not redistribute
appreciably at the higher-implanted concentrations, presumably due partly to
sulfur precipitates. Consequently, this behavior of the S atomic
redistribution greatiy affects the electrical profiles and the resultant net

activation.
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Other factors may affect the electrical profiles as well. The
peak carrier concentrations for the two lower energies can be considered
W€ithin the high dose regime, and therefore are believed to be partly limited
by a solid solubility. Also, carrier concentrations for the two higher
energies are significantly lower throughout the implanted regions, probably
due to various compensating effects. For example, no carriers are found deep

in the implanted region of the 600 keV sample. Even though we also observed

{r redistribution upon thermal annealing from SIMS measurements, we have not -«
been able to make any direct correlation between the redistributed-Cr level
and the carrier profiles at present.

Up to the ion energy of 150 keV, the electrically active layers
axtend to roughly twice the projected ranges of the original implants,
indicating a significant indiffusion of the implanted sulfur idons, On the
other hand, less sulfur indiffusion takes place for further increase in ion
energy. The profiles for the two higher ion energies are rather flat, and the T
carrier concentrations are notably reduced throughout the active layers.

It appears that the electrical activation as well as the carrier _,__
profiles are highly dependent upon the implanted peak concentrations and the
depths of the original implants. For an intermediate dose (e.g.,
4 X 10]3/cm2), the activation dis poor at lower energies (high dose regime)
presumably due to unannealed residual damage and S precipitates as well as
some outdiffusion, and improves as the ion energy increases, effectively
lovwering the ion dose. The activation becomes poor again at higher energies, ;;i_,'
probadly due to additional compensation arising from the increased depth of
the redistributed S. Compensating effects may be especially significant in

the case of Cr-doped semi-insulating GaAs.
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Electrical depth profiles of carrier concentrations and Hall
mobilities for samples implanted at an ion energy of 300 keV with doses

12 15 _ -2

ranging from 4 X 10°° to 4 X 10 cm °, and annealed at 900°C, are shown

in Figure 47, Electrical activation efficiencies are 74%, 64%, 5%, and 1% for
doses of  4x 102, 4x1072, ax10™  and 4 10%m?
respectively. The activation efficiency drops sharply as the dose increases.
A redistribution of sulfur takes place for all doses, showing a significant
indiffusion of the implanted sulfur for all except the lowest dose. For the
twvo low doses, a considerable number of carriers 1is found near the surface,
whereas for the two high doses, no carriers are found at all well into the
implanted region. Mobilities are also very low 1in most of the implanted
region for high doses. The results of SIMS profiles for samples implanted at
300 ke¥Y to a dose of 4 X 10]3cm'2 and annealed at 840°C have recently been

reported by Wilson et a1.44 showing a significant redistribution of the

sulfur throughout the dimplanted region during annealing, Also, Evans

et a1.45 reported results of SIMS data for samples implanted at 300 keV to a

dose of 4 X 107em® and annealed at 840°C. This study indicated no -~;—--—1

18_ -3

significant redistribution of sulfur at concentrations above 5 X 10 "cm
but showed a significant indiffusion of sulfur below this concentration. Our j~,'_' ' '

present electrical carrier profiles are consistent with the SIMS data cited SR

* 1
above. e -
3.5.3 Atomic Profiles o
A comparative study of SIMS atomic profiles and electrical . .
carrier profiles for S-implanted GaAs has also been made in order to better S
urderstand the electrical behavior of the sulfur implants, and detailed o ~'.'-_jj'.'f'."._33
rasults were reported42 recently. g .."
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SIMS atomic profiles of S were measured using cesium-jon
borbardment and negative-ion spectroscopy, while the Cr distributions were
measured using oxygen-ion bombardment and positive-ijon spectroscopy. Both the

chemical-etching rate and the sputtering rate were determined using a Sloan

Dektak .
The results of electrical profiles and SIMS atomic profiles made
on GaAs samples implanted at an ion energy of 120 keV to doses of 1 X 1073,
14 15 _ =2

1X 10, and 1X107em™“, and annealed at 900°C are shown in Figures
48, 49, and 50, respectively., Only representative points of SIMS data toward
the deep side of the annealed samples are plotted for clarity. The
theoretical ULindhard-Scharff-Schiott (LSS) curves are also plotted in all
figures for comparison purposes. In the SIMS analysis, background levels of S
have been subtracted, and the curves of as-implanted samples have been
normalized in such a way that the integrated area under the SIMS output
corresponds to the implanted-ion doses. For the annealed samples, there is no
observable amount of S outdiffusion, and therefore, the SIMS data have been
normalized in the same way as for the as-implanted samples. Surface
corrections have also been made for the first several data points, which show
abnormally high values, probably attributable to artifacts. Such artifacts
near the surface have also been observed even for samples which were capped
but not annealed. For all samples, the S background level was found to be

3. This background may be due to residual $

approximately 2.5 X 10
present in the bulk GaAs. The small dip in the SIMs profiles near the surface
can be accounted for by the secondary ionization mechanism involving the
native oxide, Similar dips have been observed46 for the case of Se implants

in GaAs.
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One of the most important findings of our experimental results is
that, deep in the doped sample, the electrical carrier profiles follow the
SIMS atomic profiles after annealing very closely for all three doses. This
behavior is in marked contrast to the results reported by Lidow et al .47 in
similar work with Se-implanted GaAs. It has also been found that during
thermal anneal, the redistribution of the S implant depends strongly on the
ion dose, especially in the peak region. However, sulfur indiffusion takes
place at all dose level upon thermal annealing, although the indiffusion may
not be as severe as generally believed. This is clear from the figures when
one compares the as-implanted profile (rather than the customary LSS profile)
with that of the annealed sample. The as-implanted profiles of S in GaAs do

not closely follow a simple Gaussian profile, and the former is usually deeper

than the latter. This may be due partly to the experimental error and/or ion

v e -

3

channeling contribution.
As shown in Figure 48, the imlanted S redistributes significantly

upon annealing over the entire implanted region for a dose of

13 -2 17 -3

1 X 107em“, which produces an as-implanted peak of 7.8X 10 'em ~.

Some accumulation of S can clearly be seen near the surface, although most of

»ié. this sulfur is not electrically activated. The inactivated S near the surface
L and in the tail region are about 30% and 10% of the implanted ion dose,
r-

respectively, accounting for the electrical activation efficiency of about 60% gy

PP Y S S GLLU .

of this dose. The reasons for the S inactivation near the surface are not

k well understood at present, but may be related to residual surface defects.

SR AR

Since little, if any, outdiffisuion of $ is found to occur, the observed Tow e

electrical activation cannot be attributed to an outdiffusion effect, as

suggested, for example, by Eisen et al.,34 in the case of sputtere’
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Si3N4 caps. The mobility remains essentially flat throughout the entire
region except near the surface and deep side of the sample.
In contrast with the low-dose case, as shown in Figures 49 and

50, the implanted S does not redistribute upon annealing as dramatically for
high doses (>1X 10 em?)

]8cm'3 or above. In this case, the S-atomic profiles of the

,» wWhich produce an as-implanted peak of about
7.5 X 10
annealed samples match very well with those of the as-implanted samples near
the surface, although a slight change 1in S distribution occurs in the
impianted peak region. The reasons for the lesser degree of S redistribution
near the surface and peak region of the high-dose samples are not understood
well at present. However, this may be partly due to the presence of immobile
precipitates of S and disorder remaining even after annealing. In addition,
these defects inhibit most of the S in the implanted peak region from becoming
electrically active. 1In contrast, the S atoms in the less damaged region
diffuse appreciably, and become electrically active. The inactivated sulfur
near the surface and peak region is about 81% and 97% for doses of 1 X 10”L
and 1X 1015cm'2, respectively, accounting for the very low
electrical-activation efficiencies of 18% and 2.7%, respectively. The amount
of inactivated S in the tail region is negligible and is only about 1% or less
for these dose levels. Similar behavior of Se-implanted GaAs for high dose
has been reported previously by Lidow et a].,48 and they attributed this to
the selenium precipitates. One may notice that carrier mobilities for high
doses are significantly lower near the surface and in most of the implanted
peak region, where presumably the § precipitates and unannealed damage are

large,
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The Cr profile for the S-implanted sample is flat before
annealing. However, the Cr redistributes upon annealing, in a manner which
depends on the 1implanted S dose., The absolute concentration of Cr was

calculated by reference to a standard GaAs sample implanted with Cr, and the

background levels (typically ~6.5X 10'am™3) are indicated in the

E_ figures. For a S fluence of 11X 10]3cm~2, a surface accumulation of Cr is

observed, followed by a depleted region about 3-4 um deep. For high doses

(51 x 10"cm?) of implanted S, the Cr distribution curves show a peak -

near the implanted peak region in addition to a surface accumulation.
Apparently, the Cr is gettered in the regions where defects and/or implanted
damage are great as reported by Vasudev et al.]4 However, at present we ;..'
cannot determine any direct correlation between Cr redistribution and the
electrical depth profile. Carrier concentrations may be too high to exhibit
the effect of the Cr redistribution,
3.5.4 Summary

Through a comprehensive study of S implants in GaAs, it has been
found that both electrical activation efficiency and carrier profiles are
highly dependent wupon the annealing temperature, the implanted peak
concentration, and the implanted depth. The implanted S undergoes substantial
redistribution during thermal annealing throughout the entire implanted region
for an implanted peak concentration below about 5 X lo]scm'3, whereas the ‘
S redistributes to a much lesser extent in the implanted peak region and near
the surface for higher implanted peak concentration, although significant § i'-"
indiffusion takes place in the deep side of the implanted layer. The
electrical carrier profiles are greatly affected by this S redistribution.

The electrical activation efficiencies are generally high for the samples

1




having low implanted peak concentrations, but they are 1limited by a
considerable amount of inactivated S near the surface for low ion energies and
by greater compensaton for high ion energies. On the other hand, the
electrical activation efficiencies are very poor for samples having high
implanted peak concentrations due to a large amount of unannealed disorder
and/or sulfur precipitats, producing a significantly lower number of carriers
and Tow mobilities near the surface and the implanted peak region. It is
believed that the observed low electrical activation is not caused chiefly, if
at all, by outdiffusion of sulfur, but by a substantial amount of inactivated
sulfur. High annealing temperatures (>300°C) are generally required to
achieve better electrical activation. A maximum electrical activation
efficiency of 80% and a maximum carrier concentration of 2.5 X 10‘8cnf3
were obtained under appropriate conditions for GaAs:S implanted at room

temperature.

3.6 Si-IMPLANTED GaAs

Silicon-implanted GaAs has been widely used for the fabrication of
var jous devices such as field-effect transistors and integrated circuits,
because Si is a light atom and hence it has sufficient ion range for many
device requirements. Moreover, for low-dose Si implants, high electrical
activation efficiencies are generally achieved with room temperature

implantation.  Although a number of publicationszg» 36, 37, 49-52

dealing
with the electrical properties of Si implants in GaAs have appeared in the
literature, the fundamental difficulties encountered with this dopant are
still not well understood. 1In particular, no comprehensive study has been
reported, to the btest of our knowledge, for lcw-dcse Si implants in GaAs in

spite of the wide use in device fabrication. Moreover, there are inconsistent
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reports about depth profiles of electrical carrier concentrations and
diffusion of Si during annealing., Also, most previous studies have been made
using Cr-doped semi-insulating GaAs, and only a few studies have been done
using undoped semi-insultating GaAs.

3.6,1 Electrical Activation

Si, like Ge, 1is an amphoteric dopant in GaAs; therefore,
theoretically, it should be possible to produce n- or p-type conductivity.
However, the implanted Si has been found to be an n-type dopant in GaAs, which
implies that the implanted Si ions preferentially go into Ga sites.

The results of Hall-effect/sheet-resistivity measurements made on

both Cr-doped and undoped semi-insultating GaAs implanted with Si at an ion

12 15 -2

energy of 120 keV to doses ranging from 3 X 10 to 3X 10 7em © and

annealed at various temperatures are shown in Figures 51 and 52. Here the
undoped GaAs substrates were obtained from Cambridge Instruments, Ltd., For
both substrates, the annealing behavior of surface-carrier concentrations is

highly dependent upon ion dose and annealing temperature. For a dose of

1X 'loncm‘2 or below, the maximum electrical activation occurs at the
]4cm-2, the maximum

]4cm'2, the

850°C anneal, while for doses of 3 X 10‘3 and 1 X10
occurs at the 900°C anneal. However, for doses above 3 X 10
electrical activation increases monotonically with annealing temperature as

high as 950°C. The highest electrical activation efficiency obtained was

13 -2

about 90% for the sample implanted to a dose of 1 X107 cm © and annealed

at 850¢°C. The highest surface-carrier concentration obtained was nearly

2 5 -2

1x 10%em

for the sample implanted to a dose of 3 X 1072 and

12 -2

annealed at 950°C. For a dose of 3 X 10 “cm ©, the electrical activation

for the undoped substrates is higher than that for the Cr-doped GaAs, whereas
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for higher doses, the activation is about the same for both substrates, The
mobilities for the undoped substrates are generally higher than those for the
Cr-doped substrates.

We investigated low-dose Si implants in GaAs in more detail, and
the results of Hall measurements made on Cr-doped GaAs substrates implanted

with Si at an energy of 100 keV¥ to doses ranging from 1 X 1012 to

B are shown in Figure 53. These results clearly show that the

11X 10
maximum electrical activation occurs at the 850°C anneal for all doses. The
highest activation efficiency obtained was 89% for the sample implanted to a

12_ -2

dose of 8 X 10°°cm “. The decrease in electrical activation at the 900°C

anneal may be due to outdiffusion of implanted Si idons. o the sample
implanted with 2 X 1012cm"2 and annealed at 800°C, no appreciable
electrical activation has been observed. Samples having a dose of
1% 1022 have also been investigated, but no measurable electrical
activation was obtained even at the 900°C anneal. The annealing behavior of
the Hall mobility indicates that mobilities obtained after the 850°C anneal
increased significantly from the values of the 800°C anneal for all except the

13_ -2

dose of 1 X 10 "cm ©. However, the mobilities did not increase further

after annealing the samples at 900°C. The mobilities for a dose of

1% 1083em?

remained about the same at three different annealing
temperatures. Generally, mobilities are higher for low-dose samples than for
high-dose samples.

Figure 54 1is a replot cf the data for Cr-doped substrates,
showing surface carrier concentration versus implanted dose at different

annealing  temperatures. A straight Tline represents 100% activation

efficiency. Activation efficiency clearly increases with ion dose up to
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8X 10 “cm © and decreases slightly at an idon dose of 1X 1032,
From this figure, we can deduce that the electrical activation for doses lower

than 2 X 10%em? s very poor. The cut-off dose below which no

appreciable electrical activation can be obtained is around 1 X 1022,

The results of Hall measurements made on undoped GaAs substrates
implanted with Si 1ions are also shown in Figure 55. The maximum electrical
activation occurs at the 850°C anneal for most doses as in the case of
Cr-doped substrates. However, the surface carrier concentrations for doses of
31X 1% and 4% 10%m? are nearly the same for three annealing
temperatures., The activation efficiency increases with ion dose up to a dose
of 6 X loucm'2 except for the 800°C anneal, and then it decreases
slightly with increasing dose. Electrical activation for the undoped GaAs
substrates is, in general, slightly higher at all annealing temperatures than
that for Cr-doped GaAs for doses up to 6 X 10]2cm'2, whereas for higher
doses, the activation 9{s about the same for both substrates. The highest
electrical activation efficiency obtained for undoped GaAs substrates was 87%

12cm'2 and annealed at 850°C. The

for the sample to a dose of 6 X 10
annealing behavior of the Hall mobility indicates that mobility is nearly
independent of annealing temperature, It seems that lattice damage due to ion
bombardment can be annealed well even at around 800°C for these undoped GaAs
substrates. Furthermore, the mobilities are considerably higher for undoped
substrates thar for Cr-doped substrates at all annealing temperatures and
doses,

Since the optimum annealing temperature for most of the

Si-implanted GaAs is 850°C, surface-carrier concentrations obtained at the

850°C anneal have been compared for two different substrates, and the results
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are shown in Figure 56. For Tow-dose implants (<6 X 10 “cm ©), the
electrical activation for undoped GaAs substrates is slightly better than for
Cr-doped substrates, whereas for the two higher doses, the reverse is true,
For both substrates, the electrical activation efficiency increases with ion
dose up to about 6-8 X 10]2cm'2, and then it decreases with 1increasing ion
dose.

The results of electrical measurements made on undoped GaAs

122 at various iJon

substrates implanted with Si to an ion dose of &4 X 10 “em
energies and annealed at 850°C are shown in Figure 57. The electrical
activaticy as well as the wmobility for this dose level clearly increases with
ion energy. The reasons for this increase in electrical activation efficiency
with ion energy are not well understood at present. The highest electrical
activation efficiency was 85% for an ion energy of 300 keV.

3.6,2 Electrical Carrier Profiles

Electrical depth profiles of carrier concentration and Hall
mobility for Cr-doped substrates implanted with Si at an ion energy of 100 keV
and annealed at 850°C are shown in Figure 58 for the three lowaer dose
samples. In the profile measurements, an annealing temperature of 850°C was
especially chosen because the maximum electrical activation occurred at this

12cm-2

temperature. The theoretical LSS profile for an ion dose of 4 X 10
is also shown in this figure for comparison. The theory predicts that the
peak concentration will occur at 0,085 um for an ion energy of 100 keV. For
an ion dose of 3 X 1012<:m'2 or below, the profiles show no clear peaks and
the active layers extend only to about 0.075um. Nearly all the Si ijons in
these active layers are electricaly active, whereas the Si ions beyond the

depth of about 0.075 um are not electrically active at all or they are
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completely compensated. Therefore, the electrical activation efficiencies are
about 40~50% for these donors, Neverthelass, the maximum carrier
concentrations obtained are about the same values predicted by the theory.

The mobilities are high near the surface, and they decrease rapidly as the

12 -2

depth increases. For a dose of 4 X 10 “cm “, the depth of an electrically

active region 1is deeper than those for lower doses, extending roughly to
0.12 ym. The mobilities decrease gradually with increasing depth.

Electrical depth profiles of Si implants in Cr-doped GaAs
subs #+ates for three higher doses are shown in Figure 59. The LSS profile for

Bem? s also shown in this figure. For doses of

]3cm_2, the carrier concentrations near the surface

a dosx of 1X 10
6X 10 and 1X 10

are higher than the values predicted by the theory. The carrier profile of a

2

dose of BX 102cm® is much different from the others. The profile is

much broader, and the carrier-peak position is deeper than the LSS peak
position. For a dose of 1Y 1013cm'2, the carrier profile foliows
generally very closely to the theoretical profile, and the peak-carrier
concentration as well as the carrier-peak position agree with the theory. The
mobilities for these three doses are initially higher near the surface, and
then decrease gradually with increasing depth.

Electrical depth profiles of carrier concentration and Hall
mob ility for undoped substrates implanted with Si to the three lower doses and
annealed at 3850°C are shown in Figure 60. The LSS profile shown in this

12_ -2

figure is for a dose of 4 X 10 “cm “, The shapes of the carrier profiles

are quite different from one another. The carrier profile for a dose of

2X 10%em™® initially follows the LSS profile closely up to a few hundred

angstroms. Thereafter, the carrier cencentrations continue to increase with
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depth up to the end of the active layer. For the two higher doses, the
positions of peak carrier concentraticns are closer to the surface than those
of the theoretical peak carrier concentrations. Also, the carrier
concentrations near the surface are higher than the values predicted by the
theory.

Electrical depth profiles of Si implants in undoped GaAs
substrates for three higher doses are shown in Figure 61. The LSS profile for

13cm-2

a dose of 1X 10 is also shown 1in this figure for comparison. The
carrier profiles for these doses extend deep into the sample. Although the
peak concentrations are much lower than the values predicted by the theory,
the positions of peak-carrier concentrations agree with the position predicted
by the LSS theory for all these doses, The mobilities decrease very slowly
with increasing depth, and the trends of the mobility-depth profiles are about
the same for all three doses.

Electrical profiles of carrier concentration and Hall mobility
for both Cr-doped and undoped GaAs substrates implanted with three doses of Si
ions at an energy of 100 keV and annealed at 850°C are shown in Figure 62. It
can be clearly seen that the carrier concentrations in the Cr-doped substrates
are nigher than those in the undoped substrates throughout the entire active
region for the given dose, whereas the reverse is true for mobilities.
However, the depths of electrically active layers for undoped substrates are
greater than those of Cr-doped substrates at a given dose. The shallower
active layers of the Cr-doped substrates suggest that electrical compensation

in the deep side of the sample is greater for the Cr-doped substrates than for

the undoped sudstrates.
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Depth profiles of the carrier concentration and hail mobility for

Cr-doped substrates implanted with Si to a dose of 6 X 102en?  and
annealed at three different temperatures are shown in Figure 63, Carrier and

mbility profiles are shown to be highly dependent upon the annealing

- temperature. The carrier concentration of the sample annealed at 850°C 1is ;Eﬁ

i significantly higher than those of the samples annealed at either 800 or ?Zj

930°C., The carrier concentrations for the 800 and 900°C anneals increase with 7

depth, and the profiles show no clear peaks. Both the carrier concentrations -

and mobilities of the sample annealed at 800°C are significantly lower than

those of the sample annealed at 850°C. This indicates that significant .

implantation damage remains even after annealing at 800°C for this dose. The ;??

Tow activiation efficiency observed at this annealing temperature may be due

to this unannealed damage. Also, the active region for the 800°C anneal is

very shallow and no carriers are found beyond the projected range. The

carrier concentrations of the sample annealed at 900°C are also very low

compared with those of the 850°C anneal in most of the active region. This is c

probably due to outdiffusion of the implanted Si ions. ;;
Electrical profiles for undoped substrates implanted with Si to a

dose of 6 X lolzcm'2 and annealed at three different temperatures are

shown in Figure 64. The carrier concentrations decrease with increasing

annealing temperature. However, the active layer for the 800°C anneal is much

shallower than those for higher temperature anneals, showing no carriers

P

beyond around the projected range. The redistribution of the implanted Si
ions seems to take place well into the damage-free region at an annealing
temperature of 850°C or above. The carrier concentrations of the sample

annealed at 900°C are much lower than those for an 850°C anneal, and this may
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be due to outdiffusion of the implanted Si ions. The mobilities for the 800°C
anneal decrease sharply with increasing depth, whereas the mobilities for
higher temperature anneal decrease gradually.
3.6.3 Summary

Through a comprehensive study of electrical properties of Si
implants in both Cr-doped and undoped GaAs, it has heen found that both
electrical activation efficiency and carrier profiles re highly dependent upon
the annealing temperature, the ion dose, and the type of substrate. For a

13 -2

dose of 1X 10 "em © or below, the maximum electrical activation occurs at

the 850°C anneal, while for doses of 3 X 10° and 1X 10%am2, the

maximum occurs at the 900°C anneal. However, for doses above
Mcm'z,

3IX 10 the electrical activation increases monotonically with

annealing temperature as high as 950°C. The electrical activation

lzcm'z, and then

efficiencies increase with ion dose up to about 68 X 10
they decrease at higher doses. The highest electrical activation efficiency
obtained was about 90% for both substrates. The cut-off dose below which no
appreciable electrical activation can be measured is around 1 X lolzcm'z.
The electrical activations and mobilities of undoped GaAs are, in general,
higher than those of Cr-doped GaAs at all annealing temperatures for low
doses, whereas the activation is about the same for both substrates for higher
doses, The electrical activations and mobilities also depend upon the ion
energy for a given dose, and they increase with ion energy. In general, the
carrier profiles do not follow the theoretical LSS profiles. The depth
profiles of carrier concentrations for undoped GaAs implanted witn higher

12_ -2

doses (>6 X 10 “cm ) are much broader than those for Cr-doped Gahs.

However, for a given dose, the carrier concentrations of the Cr-doped
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substrates are much higher than those of the undoped substrates, and the
reverse is true for the mobility profiles. The profiles for a dose of
6 X lolzcm'2 show that significant Si implantation damage still remains
even after the 800°C anneal. Also the profiles indicate that significant Si

outdiffusion occurs for the samples annealed at 900°C for both substrates.
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SECTION IV
DEFECT STUDIES OF ION IMPLANTED GaAs

4,1 SAMPLE PREPARATION

Samples for TEM analysis are made in the following manner,
4.1.1 Plan View
2 x 2 mm2 TEM specimens can be made by thinning from the
backside using Bromine-methanol solution in a conventional jet thinner, For
plan view specimens, when placed inside the microscope, the electron beam
direction will be perpendicular to the interface.

4,1.2 Cross Sectional (x) View

3 x2 mm2 specimen should be glued together face to face with a
blank 5 x 4 mm2 piece of GaAs, as shown in Figure 65(a). The sandwich thus
made should be mounted on a circular glass disk with two supporting pieces of
Si (1 cm x 0.5 c¢cm) as shown in Figure 65(b). Then it should be mechanically
pnlished down (parallel to the interface) to a thickness of ~60uM. The
shecimen shculd then be taken out by dissolving the glue, and be mounted on a
p ece of Si. Finally, it will be thinned by ion beam. For the x-sectional
specimen, the electron beam will be parallel to the interface.

RBS-channeling and PIXE analyses were carried out on 1 x 1 cm2

specimens,

4.2 PROCEDURES FOR DEFECT ANALYSIS

4.2.1 1Image Formation in Transmission Electron Microscopy

It was pointed out earlier that to form an electron image
(electron micrograph) of the specimen, an objective aperture 1is inserted in

the back focal plane of the objective lens. Usually only one beam is allowed
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through this aperature to analyze the crystal defects. If the transmitted
beam is selected, then a bright field image is formed, whereas dark field
image is formed if a diffracted beam is selected. The Hitachi-600 microscopes
incorporate deflection coils above the specimen to enable any diffracted beam
to be deflected down the optic axes of the microscope so that high resolution
dark field images can be produced., By tilting the beam in this way, the
spherical aberration, which reduces the resolution of micrographs taken with
off axes rays, is kept to the minimum,

The mechanism through which an image is formed when only one beam
is allowed to pass through the objective aperture is called the diffraction
contrast mechanism. The mechanism of diffraction contrast can be easily

appreciated from the schematic ray diagram shown in Figure 66. The edge

dislocation shown in this Figure will bend the crystal planes illustrated.
The Bragg condition for diffraction is locally satisfied. Remote from the
dislocation, these planes are not bent and do not satisfy this condition. -
Thus, from this simple ray diagram, it would be expected that the amplitude of
the diffracted beam at the exit surface of the crystal would be small
everywhere except in the region close to, and one side of, the dislocation f'”f
where the amplitude would be large. The diffraction lens simply magnifies the Egiij

information contained in the first image plane. The final image obtained from

a specimen will simply be a representation of the variation in intensity of -

.
I..-_t . il
la-a’a.a

the electrons leaving the crystal {in the direction defined by the beam which

a

. .
« e
21

is selected by the objective aperture. On the basis of Figure 66, it would be
expected that the image formed in bright field would show a dark iine o
associated with the image of the dislocation line and conversly, that the dark

fiald image would be a bright line,
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4,2.2 Analysis of the Electron Diffraction Patterns

Knowledge of the camera constant )AL greatly simplifies indexing
of diffraction patterns and is essential for the identification of second
phases, The value of )L should be known for all the diffraction
magnifications. The wusual way of knowing AL is by forming a diffraction
pattern of a standard substance (Au) and using the relationship »L=Rd where
R is the radius of the diffraction ring and d is the corresponding interplaner
spacing. Accurate determination of AL is possible in some cases like a thin
alloy Film containing precipitates where the matrix diffraction pattern can
act as a suitable standard for measurement of the precipitate diffraction

pattern.

4.2.3 Rutherford Backscattering (RBS) and Proton Induced X-ray

Excitation (PIXE)

When an incident ion beam 1is chosen so as to allow deep
penetration in a solid material, but with an energy kept below where nuclear
resonance effects would complicate the scattering, the scattering is simple
coulombic repulsion and 1is accurately described by the Rutherford cross
saction. The ion beam is usually H or He, typically H' at 200-400 keV and
He' at 1-3 MeV, These energies allow analysis of the upper micron of the
surface and are below the nuclear reaction threshold for most elements with
atomic number above 8, If the projectile hits a very heavy target nucleus as
shown in Figure 67, the target nucleus will absorb 1little energy and the
backscattered ion will retain most of its energy. If, however, it scatters
from a very light target nucleus, the target nucleus will absorb most of the
energy Tleaving the projectile at a low energy. Since the backscattered

projectile's energy can be measured to better than 1 %, one can deduce from
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the final projectile energy, the mass of the target atom. Thus, one can mass
analyze the target elements. However, the technique is more sensitive to
heavier elements 1in a Tlighter substrate because the cross section for
scattering is proportional to (ZTGT)Z' As the projectile penetrates the
solid, it will Tose small amounts of energy to collisions with the electron
sea of the solid. From the known energy loss of the ion in a given material,
one can obtain information of the depth distribution of the impurity in a
solid target. However, as mentioned earlier, RBS is not sensitive in
detecting low mass impurity in a heavy mass substrate which is the case for
most of the ions implanted in GaAs. In that case, PIXE can be used in
detecting the impurities. In this mode, one sacrifices depth resolution on

the impurity analysis since PIXE is not well suited to depth resolved

information.
4.2.4 (Channeling

Channeling is the steering of a beam of energetic ions into the
open spaces (channels) between close-packed rows or planes of atoms in a
crystal as shown schematically in Figure 68. The steering is the result of a
correlated series of small-angle screened coulomb collisions between an ion
and the atoms bordering the channel, Thus, the channeled ions do not
penetrate closer than the screening distance to the atomic nuclei. Therefore,
the probability of large angle Rutherford backscattering and X-ray excitation
is greatly reduced compared with the probability of such interactions in a
random direction. Consequently, a Jlarge reduction in yield of such
interactions with host crystal is observed when the ion beam is incident at
small angles (less than the critical angle for channeling) to a close-packed

direction. The normalized yield from such interactions is defined as the
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ratio of the yield for ions incident at an angle y to the yield for a randomly

directed beam. At y=0, the normalized yield is called the minimum yield which

is a measure of the crystal quality.

§4.,2.5 Displacement of Host Atoms

Ion implantation induces displacement of host atoms in a crystal

lattice wnich can be measured by channeling. Channeled ijons are affected by

displaced host atoms in two important ways as illustrated in Figure 68.53 )
When the concentrations of displaced atoms are small, the gradual deflection

of channeled ions (dechanneling) out of channels by multiple scattering is the - L:
major effect. The normalized yield X is a measure of the fracticn of :
dechanneled ions, and the rate of change of x with depth is proportional to D
the concentration of displaced host atoms.54 For Tlarge concent-ations :fjf
(> 10%) of displaced host atoms, the probability of single large angle .
collisions with displaced host atoms becomes important., If a near-surface

layer of the crystal is completely disordered (amorphised), as shown in i:::
Figure 68(c), X becomes equal to unity for that layer, Since the ions lose n
energy as they penetrate into the crystal, the energy increment over whichx =1 L

corresponds to the thickness of the amorphous region. .o

4.2.6 Lattice Location of Impurity Atoms in a Crystal Lattice

The lattice site location of an impurity atom in a crystal
Tattice can be determined quite directly from channeling experiments by ~;;;
measuring the normalized yield X from host atoms and from impurity atoms,
X5+ If the impurity atoms are located on substitutional Tlattice positions,
then ;=) for any angle ¥, From the values of the minimum yeild (i.e., : ;1:
at ©=0) for host and impurity signal, one can determine the fraction of

impurity atoms on sites along a particular axis using the relation,
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In addition to the measurements of aligned yields, angular scans
through low index axial and planar channels are valuable in both qualitative
and quantitative determinations of impurity atom TJocations. Different
projections of impurity atoms into a channel will result in different angular
profiles characteristic of that position as shown in Figure 69, A
comprehensive review of the techniques described above can be found 1in
References 53 and 54,

4.3 Se' IMPLANTED GaAs/LOW TEMPERATURE ANNEALING STUDIES
Low temperature epitaxial regrowth of ion implanted amorphous layers in

elemental and compound semiconductors has important imp.ications for

electronic device applications. It has been establ-: in  recent

pxper-sss'59 that GaAs surface layers rendered amorphous by high dose ion

implnatat’.. do not completely reorder during subsequent annealing at low
55

temperatures., Gamo et al,”” have studied the reordering of amorphous layers
produced by implantation of IZn and Se ions in GaAs held at liquid nitorgen
temperature (LNZT). It was observed that after annealing at temperatures
between 200-500°C, a considerable amount of channeling disorder remained.
However, for anneals at 600°C, a complete recovery was observed. Similar
experiments with Ar implanted GaAs were carried out recently by Williams and
Austin.56 They found that although GaAs layers can be recrystallized
eptixially at temperatures below 280°C, an appreciable amount of channeling
Jisorder remains which is totally removed at 430°C for an implant dose of
3x10]3 cm'z. But the recrystallization behavior has been found to be
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qu%te complex depending on the implant conditions of dose and substrate
temperature. Kular et a1.57 have studied the recrystalization behavior of
Zn implanted GaAs in the temperature range 300-900°C., They found that high
level of damage, mostly in the form of twinned single crystals, remained after
annealing up to ~500°C. Above this temperature, most twins disappear, leaving

38 have

dislocation loons as the major residual damage. Grimaldi et al.
studied the epitaxial regrowth of GaAs implanted with Si, S, As, and Ar ions
of various doses and energies, They found that annealing at 400°C for 60 min
led to the regrowth of the implanted layer with various amounts of residual
channeling disorder. This residual disorder increased with increasing
thickness of their original amorphous layer. Transmission electron microscopy
(TEM) analysis showed that the residual defects are mostly microtwins,

However, a 400 A° thick amorphous layer was found to grow epitaxially without

the formation of microtwins., In order to understand these results, they

suggested a mode! in which the growing crystal front accumulates local defects
and eventually begins to condense these into clusters. They have proposed

that this cluster formation and/or the precipitation of bulk Cr act as

nucleation centers for the growth of microtwins.
In view of these results, we feel that a detailed study of both
isochronal and isothermal annealing behavior is impotant and that such an

investigation would enable us to better understand the mechanism of epitaxial

T

growth in GaAs and the development of residual defect structures at various jj::f;

stages of the annealing process. We have concentrated our attention on GaAs e
O

implanted with wvarious doses of Se both at LNZT and room temperature é o
(R.T.). Rutherford backscattering-channeling (RBS-C) and TEM were used to e
study the contents and the nature of defect micro-structures respectively in

these annealed samples. ’
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Cr-doped cemi-insulating GaAs wafers with (100) orientation were
implanted with 120 keV Se* fons in a non-channeling direction at LN2

temperature and at room temperature with fluences ranging from 1x10]3 to

1x10]4 cm'z. First, the results will be described for implantation at

LN, T,

2

Figure 70 shows the channeling spectra obtained from the sample
inplanted with 120 keV Se* (at LN,T) to a dose of 1x10'> ecn’. The
as-implanted damage is rather small, being characterized by a minimum yield
(XMIN) of 0.16 behind the damage peak as compared to about 0.036 for a
virgin sample. Annealing the sample at 200°C for 30 min annealing leads to
almost complete recovery of the damage as indicated by the channeling
spectrum, An additional 30 min annealing leads to total recovery of the
damage. Figure 71 shows the isochronal annealing behavior of the same sample
(1x10"* em™) at 200°C, 250°C, and 300°C, all for 30 min. The damage
recovery is complete at 250°C. Channeling spectra of the sample implanted to

a dose of 3x10]3cm'2

is shown in Figure 72. The damage in this sample has
reached to the level of a random spectrum indicating that the surface layer
has become amorphous. The thickness of the amorphous Tlayer 1is 660 A°,
Annealing at 200°C for 30 min has led to the reduction of the thickness to
about 300 A°. Thus the layer has regrown epitaxially from the interface at
the rate of 7.3 A°/min., Further annealing for 30 mir has led to the
reduction cf the damage peak with the maximum damage lying very close to the
surface. Increasing the annealing time to 90 min and then to 120 min leads to

further reduction of the area of the damage peak wnich, however, stops at

120 min, The residual damage at this stage is quite highly characterized by a

minimum yield of 0.33 as compared to 0.036 for a virgin sample. The
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isochronal annealing behavior of this sample at temperatures ranging from
200-500°C with a temperature increment of 50°C and annealed for 30 min is
shown in Figure 73. It can be seen that almost total recovery is obtained at
500°C. The annealing behavior of the sample implanted to a dose of

ch'2 and annealed at 200°C for various.times 1is shown in Figure 74,

7x10
The thickness of the as-implanted amorphous layer was about 750 A° which has
reduced to about 600 A° after annealing for 20 min at 200°C. The epfitaxial
growth rate at this stage is about 5 A°/min. The spectrum after annealing for
another 30 min shows that the layer is no longer amorphous but has large
amounts of damage centered around a depth of 250 A° below the surface. A
little further recovery of damage takes place when the sample is annealed for
another 30 min. Further increase of time does not lead to any more damage
recovery. lIsochronal aneaiing behavior of the same sample at temperatures
ranging from 200-600°C is shown in Figure 75. Here it can be seen that the
complete annealing of damage requires a temperature of 600°C, Figure 76 shows
the annealing behavior of 1 X lon'cm'2 implant at 200°C for 30, 60, and

90 minutes. The original thickness of the amorphous layer was 850 A° which

decreased to about 710 A° thus yjelding a growth rate of V4.7 A°/min. It

grows further as the time increases to 60 and 90 min with decreasing rate of

growth. Further increases in time does not lead to any more regrowth. The

residual layer in this case remains amorphous as opposed to the previous ?;;n‘
implant of 7x1O]3Cm-2 where the layer became crystalline with heavy ﬁfﬁfﬁ
residual damage after 60 min anneal. The isochroral a- =7,,ng behavior of the - ii:ij
1x10 ¥ em? sample 1is shown in Figure 77. The behavior is similar to the R

”n K

I .
! cm ¢ except for the fact that now there is some

earlier case of 7x10

residual disorder after annealing at 600°C for 30 min as revealed by

comparison to the channeled spectra of a virgin sample.
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Experiments with samples implanted at R.T. exhibited a similar nature of
the regrowth behavior with the only difference being lower regrowth rate and
higher residual disorder after annealing at a given temperature for a given

14 -2

time. For instance, the rate of growth at 200°C of 1x10''cm © implant at

R.T. was measured to be about 2.8 A°/min as comparad to 4.7 A°/min for LN,T
implant. Similarly, higher residual disorder after annealing at 400°C was
obtained for a R.T. implant as compared to the LNZT implant of the same dose
(see Figure 94),

TEM analysis was carried out on the samples of Figures 70-77 after their
final annealing trcatment, Dislocation loops and precipitates are found in
.he bright field plan view micrographs of Figure 78 which correspond to
samples of Figures 70 and 71. Dislocation loops are distinguished from the
precipitates by imaging under +g conditions under which dislocation Tloops
exhibit 1inside/outside contrast whereas precipitates do not. Transmission
electron diffraction (TED) patterns from both specimens show no indication of
the presence of microtwins or any residual amorphous layer, However, TED
patterns corresponding to samples of Figures 72 and 73 show the presence of
microtwins. Bright field micrographs from these same specimens,
Figures 79(a,b) respectively, also show that microtwins are present. The
projected length of these twins are estimated from dark field micrographs (not
1 2

shown here) and are found to lie between 400-2,000 A° for the 3x10 3cm'

implant and 500-2,500 A° for the 7x10]3cm-2 implant. The TED pattern of

the sampie implanted at LN,T with a dose of 1x10 em2

and anncaled at
200°C for 90 min shows the presence of both microtwins and a residual
amorphous layer (Figure 80a)., A TEM cross sectional view of this sample is

presented in Figure 80b, It shows that the amorphous layer is 480 A° thick
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which is very close to the thickness (V500 A°) measured by channeling (see
Figure 76). It also shows a rough, non-uniform growth front associated with
the microtwins.

Returning to- the samples isochronally annealed to 600°C after

13 -2 13

implantation  at  3x10 “em and  7x10 Scem? (Figures 73 and 75

respectively), the TEM bright field micrographs of Figure 81(a,b) show no
microtwins but rather the presence. of dislocation loops and small precipitates
of about 40 A° average'diameter. These precipitates manifest themselves in
the form of "lack-white contrast under dynamical diffraction conditions. From
contrast behavior under different diffraction conditions, it was determined

Yem? LN,T implant annealed

that they have spherical symmetry. The 1x101
at 600°C for 30 min shows through the TED pattern, bright field, and dark
field picture (Figures 82a-c) the presence of some microtwins along with
dislocation loops and precipitates.

TEM investigations of the samples implanted at R.T. were also carried
out. Figures 83(a)-(c) shows the TED patterns of the specimen implanted at
R.T. with a dose of 5x10]3cm'2 and annealed at 200°C for 30 min., Twin
spots along with matrix spots can be observed after tilting slightly from
(001) oriencation (Figure 83b). Figure 84c is the TED pattern in a _114_
orientation. From these TED patterns, microtwins are identified to be on
{111} planes with a burger vector a/6<112> type. The projected length of the
twins {200-000 A°) for .T. imolantation are smaller than those associated
with the LN, T implanv, A TEM bright field picture (Figure 84) of the same
implant ennealed at 400°C for 15 min shows the presence of dislocation loops

near tae surface with underlying twins, RBS-channeling of the same sample

7
showed”®  the presence of 4 buried amorphous layer before annealing and

o
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Figure 83 TED Pattern of Gahs:Se’, & X 10'%cm 2, Annealed at
200 C, 20 Min, (a) Exact <001> Orientation, (b) STightly ,
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Figure 84 Bright-Field Micrograph of GaAs:Se', 5 X 10'3cm-2,
Annealed at 400°C, 15 in (g=229, Sn1)

UES-723-177

Figure 85 Dark-field Micrographs of GaAs:Se+, 1 X 10M*em=2,
Annealed at 200 C, 30 Min
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regrowth from both sides of the amorphous-crystalline interface. TEM bright

field micrographs of the 1x10''em2

R.T. 1implant, annealed at 200°C for
30 min, show the presence of twins below the amorphous layer similar to the
case of LNZT implant., However, the sizes of the twins (200-600 A°) are
smaller than that in the LNZT implant. The dark field pictures
(Figures 85a,b) show that twins are lying in at 1least two (111) planes.
Micrographs of the same implants after annealing at 300°C and 400°C for 30 min
show the presence of twins alone with the higher density occurring at 300°C as
compared to 400°C.

In order to determine the volume concentration of twinned regions,

dechanneling analysis following Foti et al.Go was performed. As the twins

W,

e in {111} planes, particles channeled along <110 > direction in the host
crystal will enter and move through the twinned lattice along the <114>

direction, The dechanneling as observed in the channeled spectra (Figures 72

and 74) is, therefore, a linear combination of dechanneling in <110> and <114>
lattices. Knowing the dechanneling rate along <114 direction, which is about

13 times higher than the <110> direction and applying single scattering

i 64,65

formalism for dechanneling in the host and twinned lattices, one can

determine the volume concentration of twinned regions. We have found about

50% and 40% twinned material in 7)(1()"3cm"2 and 3)(10]3<:m"2 implants

respectively after they were annealed at 200°C for 120 min.

Measurements of the damage distribution after implantation at room -j'.j'-'j;:;

15

temperature for doses in the range 5x1012-3x10 cm":Z indicate that the

damage level increases with ion dose and reaches an amorphous level at a T
fluence of 1x‘.0M\:m‘2 which can be regarded as the threshold dose

sufficient to create an amorphous layer extending from the surface to some
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depth. The thickness of this amorphous layer {is 760 A° which increases with

the dose up to 1,000 A° at 2x]015cm'2.

14 13, -2

Two sets of sampies implanted at a dose of 1x10 and 5x10 “em”
were chosen for low temperature annealing studies. Figure 86 shows the
results of annealing at 200°C for samples implanted to a dose of

]4cm'2. Annealing for 30 minutes at 200°C caused some recovery of

1x10
crystallinity at the interface between the amorphous layer and the underlying
crystal, This is indicated by a shift of the rear edge of the aligned
spectrum toward the surface. The thickness has reduced from 760 to 675 A°
resulting in an average growth rate of 2.8 A°/min, Further annealing of the
same sample for 60 min at 200°C result in a reduction of thickness to 540 A°.
The average growth rate at this stage is about 2.3 A°/min. This sample was
annealed again at 200°C for 90 min with no further noticerble growth, It may

ba mentioned that Williams and Austin56 have measured a growth rate

]3cm'2) GaAs which was held

of ~50 A°/min at 150°C for Ar-implanted (5x10
at liquid nitrogen temperature during the implantation. This large difference
in the growth rate is probably because of the fact that dynamic annealing
during room temperature implantation produces defect complexes which 1inhibit
proper epitaxial growth in the 150-250°C range. Figure 87 shows the annealing

Ben2, Annealing at

pehavior of a sample implanted to dose of 5 X 10
200°C for 30 min has resulted in a growth of the crystal from both directions
indicating the presen.e of a crystalline layer at the surface of the
as-implanted sample which was not quite evident from the inftial appearance of
the spectrum. A high concentration of defective material centered around

350 A° below the surface remains after the first anneal period. Further

annealing of this sample resulted in a shrinkage of the damaged region from
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both sides with, however, an associated increase in the concentration of
defects in the remaining damage 2zone as compared to that present after the
first anneal. These defect structures have apparently evolved ahead of the
advancing annealing fronts, No further recovery was observed when this sample
was annealed again at 200°C for 90 min. Figure 88 shows the results of the

14cm-2

1X10 implanted sample annealed at 250°C for 30 min. The interface
is observed, in this case, to move toward the surface at a rate of ~9 A°/min.
After 60 min anneal, the layer is no Tlonger amorphous but high dechanneling
indicates the presence of large amounts of disorder which remains unchanged
even for Tlonger anneal times. Results of annealing of the 1x101"'<:m'2
implant at 300°C and 400°C are shown in Figure 89. Although regrowth has
taken place throughout the layers for both 300°C and 400°C, there remains a
high level of disorder. Longer time annealing of these samples does not lead
to reduction in damage level, Damage recovery is similar for
5x10]3cm'2implant, except that in addition to growth from the interface
there is a growth from the surface as well, indicating that the amorphous
layer again did not reach entirely to the surface.

Some of the above described samples were subjected to higher temperature
annealing which was performed at 600°C for 30 min. Channeling measurements
(Figure 90) indicate that good recovery of the residual damage has taken place
in all of them, However, the minimum yields are higher compared to that from
a virgin crystal, The best recovery has taken place in the sample that was
annealed at 500°C for 30 min in one step.

We have also investigated the implanted dose and initial amorphous layer
thickness dependence of the epitaxial regrowth behavior. For this purpose

Cr-doped semi-insulating GaAs(100) wafers held at Tiquid-nitrogen (LNZ)
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temperature were implanted with 120 keV se” ions to doses of 3x10]3,
7x1013, and lxlomcm'z, and with 240 keV As* dons to a dose of
lxlomcm-z. In addition R.T. implantations with 120 keV se’ dons to

2 15 m-2

doses of 5x10]3cm" and 1x10°~ ¢ were also chosen for this study.

Figure 91 shows the example of typical RBS spectra of 330 keV H® jons
impinging aleng the <110> axis of GaAs crystals implanted with 120 keV set

to doses of 3x1013 and 7><'l0]3cm'2 and 240 keV I-\s+ to a dose of

1 X 1014cm'2. The channeling spectra after annealing at 400°C for 30 min

indicate that the recrystallization of the amorphous layer is complete for all
dosas. However, various amounts of disorder remain., The sample implanted at
a dose of 3><10]3cm'2 at LN2 temperature showed the best recovery as
compared to the higher dose implantes. In order to clarify the correlation
between the implant dose and residual damage after annealing, we have plotted
in Figure 92 the areas of the disorder peaks against the ijon doses. It is
clear that there is an abrupt increase in the residual disorder at a dose

above 3x1013cm'2. The residual damage increases by almost a factor of §

13 13

when the Se ion dose f{ncreases from 3x10 em 2 while the

to 7x10
thickness increases by only about 10% (see Figure 91). Thus Figure 92
represents a dose dependence of residual damage at approximately constant

13 -2

damage thickness, Increases in dose beyond 7x10'“cm ° produce very little

or no change in residual defect concentrations after annealing.

To compare our result with that of Grimaldi et a'l.sa. we have
incorporated our data into their plot of disorder peak area versus thickness.
This plot was made by normalizing the residual disorder of our As+-1mplanted
sample with their straight line. Clearly the maximum deviation from their

straight line 1is found for 3x10]3::m'2 which 1is the critical dose of
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amorphization at LN, temperature. The residual disorder for higher doses
seems to follow the linear dependence on thickness in accordance with the
observation of Grimaldi et al. for other implants. We have also investigated
the influence of stepwise amnnealing; starting from 200°C for 30 min up to
400°C for 30 min (in steps of 50°C) on the final residual disorder after 400°C
anneal. No difference in residual disorder has been ocserved from the onstep
anneal at 400°C for 30 min shows the same level of residual disorder as
observed after annealing at 400°C for 60 min.

For doses above the threshold dose of amorphization, the substrate
temperature during implantation does not have any influence on the damage
annealing process in agreement with the observation of Grimaldi et a1.58
However, in the region of the threshold dose for amorphization, substrate
temperature seems to have an influence or the annealing behavior. For

13cm-2

instance, the dose of 5x10 at R.T, was just sufficient or slightly
less than the dose required to amorphize the layer. The channeled spectrum
showed that the central region of the damage peak reached the random level
indicating the presence of crystalline region near the surface. The residual

disorder after annealing of this sample was much higher than the

3x10]3cm'2LN2 implant and follows the linear dependence on thickness.
Although the present results strerngthen the conclusion drawn by Grimaldi
et al.,sa namely that the thickness of the initial amorphous layer is the

most immavtant parameter that determines the regrowth after low-temperature
annealing, the situation near the threshold dose for amorphization is

different, MWilliams and Ausn’ns6 have found that the damage annealing for

13 -2

* cm LN,)  for

Ar*  and  S* implants at the threshold dose (3x10

amorphization at a thickness of 1,000 A° is almost complete after annealing at
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250°C. Our results show that a layer of 650 A° (3x10I em “Se) has grown
with very little residual disorder (Figure 93) after annealing at 400°C.
These results then argue against the suggestion of Grimaldi et al. viz, that
the amorphous layer has to be thinner than 400 A° in order for complete
defect-free regrowth after annealing at low temperature. In an attampt to
explain their own results, Williams and Austin56 have suggested that at the
threshold dose of amorphization very little disruption of stoichiometry takes
place thus allowing a better regrowth. The stiochiometry may get extensively
disrupted and reach a steady-state condition at a high dose, whicn would then
inhibit epitaxial growth and result in a high residual disorder after
annealing, This suggestion, however, is inconsistent with the good regrowth
of a 400-A°-thick amorphous layer produced by high dose As;

°8 have suggested that during annealing, the

implantation. Grimaldi et al.
growing crystal front accumulates point defects which collapse into clusters
and these clusters of defects promote the formation of microtwins, A
thickness of 400 A°, then, is the maximum distance that the interface can move
before these defects begin to aggregate or precipitate. These alternate
explanations given above are not adequate in reconciling the good regrowth at
Tow (threshold) dose and at the same time, the thickness dependence of
residual damage at high doses.
4.3.1 Discussion

It is clear from the results described so far that the low
temperature annealing of amorphous GaAs leads ta the formation of microtwins
as it grows epitaxially from the interface., The annealing starts at 200°C but

stops after a certain time, depending on the implantation dose (amount of

damage). For doses below that required to amorphize the layer, annealing
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takes place without the formation of microtwins. This may be the reason for
higher electrical activation at elevated temperature implantation and
subsequent annealing because the damage is not likely to reach the amorphous
Tevel at 200°C or 300°C. However, other effects could be involved and will be
discussed bdbelow. Isochronal annealing studies show that as the implantation
dose increases, higher temperature are required to bring the residual defect
level close to that of the virgin sample. For instance, complete recovery, as
measured by channeling, 1is obtained after annealing at 500°C for 30 min for

-2 14 -2

3x10]3cm implant (Figure 73).  However, for 1x10 '¢cm - implant, even

after annealing at 600°C for 30 min, there is some residual damage visible by

channeling (Figure 77). TEM showed the presence of some microtwins in this

13_ -2

case, whereas no microtwins were found to be present in the 3x10 “cm

implant annealed at 500°C for 30 min,

In order to distinguish between the various annealing stages, we
have plotted the damage peak areas after annealing as a function of anneal
temperature in Figure 30 for various doses, One clear annealing stage can be

seen for all doses at about 250°C. The second annealing stage is at about

400°C  for 3x10'3em™C Bep2
2

and 1x10]4cm' implants. The lower stage is assoicated with the migration

implant increasing to ~500°C for the 7x10

of atoms at the crystalline-amorphous interface resulting in the epitaxial
regrowth. For those samples not made totally amorphous by the implantation,
this stage corresponds to recovery of indivisual amorphous zones. This
requires only short range migration and is possible at low temperature. The
second recovery stage 1is assoicated with the annealing of microtwins.

Dislocation Tloops and precipitates are found to remain after microtwins

disappear at about 500-600°C, depending on the dose of Se. Correlations have




been made between the number of atoms involved in precipitation with the
number of implanted atoms by assuming that the precipitates are of spherical
shapes. Details of the black-white contrast analysis support this assumption
3 since the g vector is parallel to the black-white vector 1 implying

- three-dimensional symmetry. The number of atoms assoicated with these

black-white clusters is based on the average volume of the observed spherical
precipitates. Numbers thus obtained correspond very closely with the numer of
implanted atoms indicating that almost all of the implanted Se atoms form ,
precipitates. Poor or no electrical activiationsl at low temperature r
(600°C) for Se 1in GaAs can therefore, be expiained as due to the

precipitation of dopants.

Grimaldi et al.>8

have also observed the formation of twins
after Tow temperature annealing of GaAs implanted with various ions. They 'f 1
suggest that the growing crystal front accumulates Tlocal defects which |
enventually collapse into clusters. These clusters of defects then act as b
nucieation centers for microtwins, The nature of these clusters or the

process of their formction 1is not very clear., Grimaldi et a1.58 have MK

suggested that Cr may be involved since Cr is known to be mobile at Tow

temperatures, In order to study the influence of Cr in the recrystallization

behavior, we have implanted an undoped crystal with 120 keV Se® at a dose of 71 o
- ’

1x]014cm 2. Channeling analysis after annealing the samples at 300°C for T

30 min show exactly the same level of residual damage as that of a Cr doped

sample implanted and annzaled in an identical manner. TEM investigation of
the sample also showed no difference in the twin characteristics or

concentration compared to a Cr-doped sample. Thus, we conclude that Cr does SRS

not play any significant role in the formation of these microtwins,

- .
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Recently Speriosu et a1.62

have suggested, from their X-ray
diffraction studies, that there exists a region near the interface where both
point defe.ts and extended defects, such as misfit dislocations, coexist after
implantation but before annealing. These extended defects are proposes to act
as nucleation centers for microtwins which then act to seriously hinder the
perfect crysta! ine regrowth. In an attempt to verify the model of Speriosu
et al.62 as regards the presence  of line  defects at  the
crystalline-anorphous interface we have examined the as implanted
amorphous-crystalline interface by TEM, The sampies were prepared by
controlled chemical etching of the amorphous layer leaving a thin amorphous
region (100-200 A°) on the surface and then jet thinning from the backside.
No dislocations or twins were observed at the interface. It is very unlikely
that if they were present, they would be below the detection limit of the
electron microscope. Therefore, although the evolution of damage up to
amorphousness in GaAs may be very different from that in Si or Ge, it does not
appear to be accompanied by the formation of extended defects at the
amorphous-crystalline interface. It should be mentioned that Speriosu
et a1.62 made an attempt to detect the extended defects by X-ray topography,
but failed to see any as well,

Finally, the suggestion that the stoichiometric imbalance produced by
preferential sputterin963 and/or by different energy sharing of constituent
atoms 1s the cause of the development of twins after low temperature annealing
needs some consideration., It has been shown64 that preferential sputtering
causes the loss of As from the surface at low ion energies. This behavior is

expected to be similar at higher energies required for implantation. The

stoichiometry change at the surface is thought to propagate into the bulk by
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the movement of enriched Ga surface atoms inward or the movement of As atoms
outward thereby replenishing the depletion of As atoms at the surface. Thus,
the composition over the whole layer up to a thickness comparable to the range
of the projectile ion is changed. Epitaxial regrowth requires the restoration
of the stoichiometry which can take place by the migration of the As atoms
from the bulk into the growing front. Excess Ga atoms may form anti-site
pairs or precipitate and form clusters that will promote the formation of
microtwins. One can check the influence of preferential sputtering phenomenon
on the regrowth behavior of GaAs by implanting the sample through a layer of
some other material deposited on GaAs. We have performed such experiments by
depositing 500 A° of SigN, on GaAs and implanting with 120 keV Se’

Ben2, After

(equivalent to 240 keV Se') at a dose of 1.5% 10
implantation, the Si3N4 layer is stripped off chemically and the
as-implanted damage is examined by ion channeling. An amorphous layer of
thickness 560 A° has been found on the surface. Annealing at 300°C for 30 min
resulted in the regrowth of the layer with the same level of residual damage
as that of the sample implanted without a cap. TEM studies also show a
similar nature for the microtwins as was found in uncapped samples, It can,
therefore, be stated with reasonable assurance that sputtering does not
influence the regrowth behavior in GaAs. This implies that at the level of
dose used in the present experiments, the preferential sputtering 1is probably
insignificant.

However, variations in collision cross section, maximum energy transfer
and recoil range distribution of each of the constituent atoms in a binary
lattice may caus¢ a rnonstoichiometric distribution of host atoms after ion

implantation. Christel and Gibbons65 have shown from theoretical
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calculations using the Boltzman transport equation that idon implantation
produces separate zones of vacancies and interstitiais; vacancies being closer

to the surface region and interstitials at depths exceeding R Because of

o'
the differences in the thrashold energies66 for displacement of Ga and As, a
slight non-stoichiometric distribution of vacancies and interstitials are
expected, As regrowth occurs during annealing, these interstitials may
coalesce to form clusters that could promote the occurrence of lattice bonding
errors leading to microtwin formation. However, no direct experimental
results are available to support the claim of separate vacancy-interstitial
distributions after ion implantation, although indirect evidence supports the
existence of such an effect.67

While discussing the transformation from the amorphous to crystalline
state during solid phase regrowth of silicon, Drosd and Washburn68 have
recently concluded that the <100 > amorphous/crystalline (o/c) interface is
expected to advance without the formation of microtwins., Microtwins are
expected to form in the case of growth on <111> surfaces only. As the crystal
structure of Si and GaAs are exactly similar except for the fact that
alternate sites are occupied by two different kinds of atoms, one can expect
that the same analyses should be applicable in the case of GaAs. This implies
that, for the a/c interface to advance, both Ga and As atoms should be
available 1in the region close to the interface so that they can take their
correct positions. Only when stoichiometric imbalance exists at the
interface, can one have cluster formation of excess atoms that may act as

nucleation centers for the growth of microtwins at low temperatures,

It may be that the formation of microtwins is more directly related to

some ‘ntrinsic property of GaAs. For example, if the a/c interface is
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non-uniform or rough prior to its being subjected to annealing, i.e., the
iiterface, instead of being planar, consists of hills and valleys, the hills
miy get bounded by inclined <111> planes which would then help in the growth
of microtwins upon annealing. An extremely rough non-uniform growth front was

observed in the cross-sectional TEM micrograph of the 1x10Mcm'2

implant
(annealed at 200°C for 90 min, Figure 80), suggesting that the initial
interface in these low temperature annealed samples may be sufficiently
non-planar to result in microtwin growth from <111 > faceting. The differences
in size of the residual twins observed for LN, and room temperature implants
may be a consequence of this effect in as much as two dimensional diffusion at
room temperature may result in an interface smoothing compared to similar
samples prepared at liquid nitrogen temperature. It was observed in this work

that twins from LN,T implants were larger than from R.T. implants.

4.3.2 High Temperature Annealing

Cr-doped semi-ijunsulating GaAs wafers (grown by horizontal Bridgman
technique) with (100) orientation were implanted with 120 keV se” jons in a

nonchanneling direction at room temperature to doses ranging from 5x10]2 to

3x10]5cm'2.

After the implanted damage analyses, the samples were capped by
plasma-deposited Si3N4, and annealed in flowing hydrogen gas at 900°C for
15 min. The samples were then uncapped and reanalyzed by using RBS channeling
and TEN,

4.3,3 Results and Discussion

Rutherford backscattering and channeling

The analysis of the implanted nonannealed sample for various

doses is shown in Figure 95, The damage in the surfacc layer increases as a
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function of Se+ jon dose, and reaches the effective random reference level

at a dose of 1x10]4cm'2. Thus the threshold dose of amorphization for

120 keV Se', with the substrate at room temperature, would be very close to

14 -2

110 "em ©.  The thickness of this amorphous layer s v800 A°, which

increases with dfon dose um to a thickness of 1,000 A°, at a dose of
3x1015cm’2. Knowing the area A under the damage peaks of Figure 95, and
height H of the random spectrum, one can calculate the number of displaced
atoms/ cm2 from the relation ND=(A/H)3 E/[€] , where 3E 1is the energy
width of a channel and [e] is the stopping cross section factor.

The build-up of the disorder, in terms of number of displaced
atoms cm2 ac a function of Se' don dose, 1s shown in Figure 96, A linear
increase of disorder at low dose {s observed which approaches a saturation at
higher doses. From the slope of the linear part, the number of displaced Ga
and As atoms per incident ion can be determined, and is found to be 10,000.
A rough estimation, wusing collision cascade theory69 and assuming a
threshold displacement energy for Ga and As atoms equal 25 eV, yields a number
close to 30,000, This difference 1is understandable from the fact that a
considerable amount of annealing takes place during room temperature
implantation. In fact, our recent experiments with Se implantatfon at liquid
nitrogen temperature show a much closer agreement with the calculated number.
Earlier studies70 on Sb-implanted Si at room temperature and liquid nitorgen
temperature, have shown a similar kind of result with the present study in
GaAs. it was determined, for example, that one Sb ion at 200 keV produces
6,500 displaced Si atoms at room temperature, and 18,000 atoms at liquid

nitrogen temperature.

186

1 .

AL 2o

1

v
Pt e G
N J’ . l’ l. ‘»". .
A i eies

ey e

o) u..‘AL..._" PPN S N

[

.

Rty



W9 (,3S) 3500 NOILYLNY W

DISPLACED Ga and As ATOMS/cm?

@)
O

O—
~

=
LAY

¢!

»0!

O

Figure 96

o
»
|

Dependenge
Atoms/cm

O
®
1 ]

\
®
|
\
¢
\
\
|
®
\
\
|
¢

8el-€24-S3N

of the Number of Displaced Ga and As

as a Function of Se* Dose

187

A altacatee e



One can also extract the disorder distribution from the observed
backscattering spectra in Figure 95. For this prupose, one may define a
reduced yield

t) t
B Q-

(t)

1- X1
where yz(t) and x](t) are the backscattering yields from an annealed
implanted sample and virgin sample from depth t, respectively, normalized to
the yield for random incidence. x(t) is related to the number of displaced

atoms ND(t) by7]:

x(t) = (Ng(t)/N) + P(t) 1 - (Ny(t)/N)

where N is the density of substrate atoms and P(t) is the probability that a
particle has been scattered through an angle larger than the critical angle
ve» after penetration over a path length t.P(t) can be calcualted by using
single, plural, or multiple scattering theory. Hart72 has shown that the
single scattering theory of dechanneling gives a good description of the
dechanneling of low-energy H" and He in heavily damaged Si lattice.

Assuming that the same theory applies to heavily damaged GaAs

also, we can write

P(t) = 1 - expl-o ’tN (th)dtt)
Pi=9p 0 Np
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where ap is given by

!
S
1 c

which can be taken independent of t for §ct<E]. where Sc is the stopping

73 For 330 keV H' incident along

<110 > direction of GaAs, we determine vc=0.84° and oD=2.84x10']8 cm'z.

power and E] {s the incident energy.

Finally, wusing the 1{teration procedure of Feldman and

Rodgers,7] a disorder distribution can be evaluated from Figure 95,

Figure 97 shows the disorder distribution for two doses, one for

]x10]4cm'2, where the layer became  amorphous, and another for
3x10]3cm'2, which is below amporphous level. We comparad our experimental
results with computer simulations using the Monte Carlo program TRZM.74 v

there s no provision of considering a compound target, we have used wue
atomic number and mass of Ge with the density of GaAs for the calculation.
Lindhard's electronic stopping cross section s adjusted by a factor
C=1.59. Figure 97 contains the disorder distributfon obtained by following
2,000 particles, which agrees very well with the experimental curve for doses
below the amorphous level. The distributions here are normalized to the
maximum. The nonzero damage at Tlarge depth in the experimental damage
distributions is an artifact of using Single Scattering Theory, as discussed
by Feldman and Rodgers.7]

An example of a channeling spectrum after annealing of the

implanted <amples at 900°C for 15 min, is shown in Figure 98. In order to

avoid overlapping, only one spectrum (that for highest dose of implantation
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3x10]5cm'2) is shown in comparison to that from a virgin sample. Spectra
for all other doses lie between these two.
Figure 99 shows the minimum yield Xmin compared to the virgin

sample.

Transmission Electron Microscopy

TEM examination reveals that there are no observable defects in

12,,-2 and annealed at 900°C for

13 -2

these samples implanted to doses of 5x10 “em

15 min. The damage was sparse in the sample implanted with 3x10 “cm  and

consisted of small Tloops of sizes <50 A° in diameter [Figure 100(a)]. For

14 -2 14 -2

samples implanted with 1x10''cm © and 3x10 'cm -, TEM micrographs show

(Figure 100(a) and Figure 100(b)] coarser damage as compared to that in

]3cm'2. In these specimens, we found black-white contrast under

3x10
dynamical diffraction conditions, These contrast features are the
characteristics of small dislocation loops, as well as of small precipitates.
To distinguish between the two, we took two bright field pictures of the same
area with different g vectors, as shown in Figure 101[(a) and (b)] for
?n(lomcm'2 implant. Analysis shows that some of the black-white contrast
appears due to the presence of small precipitate of sizes 70 A°, Most of the
iefects, however, are dislocation 1loops of various sizes. Some 1line
dislocations were also found in this sample. Similar analysis for
110 en™2  and 1x10 9em™2

cm © implant reveals that the defects are similar

2

in nature to that of 3x10'‘em” implant,

Electrical Measurements

Figure 102 shows surface carrier concentrations N. and Hall
mobilities by plotted as a function of anneal 1t mperatwr2 for three

different doses. The electrical activation increases monotonically with
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Figure 10C TEM Bright.Field Micrographs of Samples Implanted With
120 keV Se Ions at RT to a Dose of (a) 10'3%c¢m-?, and
(b) 10'“cm™2, Annealed at 900°C for 15 Min
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Figure 101 TEM Bright-Field Micrographs of Samole Implanted
With 120 keV Se* [ons at RI to a dose of 3 X 10 “cm~2, g
(a) g=220 and (b) 9=220, 900°C, 15 Min i
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anneal temperature for all doses. The activation efficiency is highest for
lx10]3cm'2 at all temperatures, which decreases drastically at higher
doses. For instance, at 900°C, the activation efficiency is 30% for

13cm'z, which goes down to 6% and A% for 1x10 Hen2

3x10]4cm'2, respectively. This  reduction in  activation efficiency

1x10 em ¢ and
correlates to the presence of residual damage as observed in channeling for
the higher doses, which was later identified by TEM as dislocation loops and
small precipitates. The mobility data indicate that implantation damage can
be annealed reasonably well at around 850°C. Decreases in mobility with
increasing anneal temperature for high doses may result from the increase in
carrier concentrations,

Figure 103 shows the depth profiles of the carrier concentrations
and Hall mobilities for samples implanted at 120 keV to a dose of

3x10]4cm'2, and annealed at 900°C or 950°C. Carrier concentrations are

-2
]gcm “) near the surface in both cases, gradually ducrease

highest (1x10
with increasing depth up to about 500 A° and then become nearly flat until
they finally fall off rapidly near the substrate. The carrier profile for the
sample annealed at 950°C shows a significant effective indiffusion of Se,
similar indiffusion in the carrier concentration has been observed by Gamo

B3N d] 073

for 400 keV Se implanted at 350°C, which was annealed at 900°C for
10 mir, The mobilities are very Tow (~1,000 cm2 V sec) near the surface,
which increase with depth up to about 3,000 cmZ/V sec. The channeling
spectra of the annealed samples (see Fiqure 98, 900°C for 15 min) showed
higner surface peaks (also larger peak areas) as compared to that of virgin

sample, indicating the presence of disorder in the surface region, which is

probably the reason for lower mobility near the surface.
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4.4 Si IMPLANTED GaAs - DAMAGE AND LATTICE LOCATION

4.4.1 Low Temperature Annealing

Similar studies as in the case of Se implanted GaAs were conducted for
samples implanted with Si. It is found, in general, a very similar annealing
behavior as described earlier for Se implanted GaAs. Some results will be
presented here of the residual damage and microstructure after annealing at
Tew  temperatures (<700°C) and their dependence on original amorphous layer
thickness keeping other parameters fixed. Cr loped semi-insulating GaAs
wafers with (100) orientation were implanted with 50 keV and 120 keV sit
ions in a non-channeling direction at a dose of lxlolsions/sz. From here
on we call the specimen implanted with 50 keV si* dons as Sample 1 and the
one implanted with 120 keV of $i* ions as Sample 2.

4.4,2 Results

The as dJmplanted TEM specimens of Samples 1 and 2 have been
examined in the electron microscope under the electron diffraction mode
(TED). In both the samples, the layer has been found to be amorphous.
RBS-channeling results of the as-~implanted samples are shown in Figure 104.
The backscattering yield from the damaged layer of the unannealed specimens in
a channeling direction reached close to the random level thus Ssupporting the
TED observation of the creation of amorphous layer after implantation, The
thickness of the amorphous layer can be determined from these spectra and
found to be 350 A° and ~1,35C A° for Samples 1 and 2, respectively. After
annealing at 250°C for 15 minutes, the TED pattern of Sample 1 shows that the
implanted layer has been recrystallized, Figure 105(a) shows the TED pattern

of Sample 1 after annealing at 250°C for 15 minutes in <114, orientation. As

can be seen, GaAs matrix spots are presented together with some extra spots.
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The extra spots are observed to be present at 1/3 <511> and 2/3 <511~

76 it was found

positions. Following the analysis of Pashley and Stowell,
that the extra spots are due to twins lying on <111 > planes. Figure 105(b) , )
represents the dark field micrograph of Sample 1 at 250°C for 15 minutes
imaged with one of the twin spots. The twin sizes are found to vary from :
50 A° to 450 A°. Figure 106(a) shows the TED pattern of Sample 2 annealed at L -
250°C for 15 minutes., The presence of amorphous ring together with the matrix

and twin spots shows that only a part of the amorphous Tlayer is

recrystallized. The near surface region remained amorphous. The twins seemed

Tl | oL

to be lying at the interface of the amorphous layer and the crystalline

substrate. Similar results have been found from the cross-sectional TEM

—

studies in Se implanted GaAs by Bhattacharya et a],” RBS-C spectra

(Figure 107) show that Sample 1 has become crystalline with high residual

damage. However, an amorphous layer 1{s still present in Sample 2, the

thickness of which is smaller (1,100 A°) than the original thickness '-=~-—

(v1,3%0 A°). Thus, 250 A® has grown epitaxially from the interface. »
After annealing Sample 1 at 400°C for 15 minutes, twin spots are

found to be present in the TED pattern. Figure 105(c) shows the dark field

micrograph imaged with one of the twin spots. The twin sizes are found to be

about the same as in the case of 250°C anneal, TED pattern of Sample Z after

400°C anneal shows the presence of GaAs matrix spots and twin spots. No v

amorphous ring has been found to be present. Figure 106(b) shows the dark

field micrograph imaged with one of the twin spots., The twin sizes

(150-1,500 A°) were found to be bigger than that of Specimen 1. RBS-C spectra -

after 400°C annealing is shown in Figure 108, Sample 1 shows a good

crystalline quality with dechanneling level still higher than that of virgin
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cyrstal due to the presence of some twins and dislocation loops as observed by
TEM. Sample 2 shows very high dechanneling level, although the layer has
become crystalline.

Further annealing of Sample 1 at 500°C for 15 minutes leads to
the reduction of the number density of microtwins. This is shown in
Figures 105(d) and 105(e) where a strong beam bright field and dark field
micrographs imaged with one of the twin spots are presented. Dislocation
loops are also found to be present. The presence of twins has also been
Confirmed by the TED pattern.

Twin spots are found to be still present in the TED pattern after
annealing Sample 2 at 500°C for 15 minutes. Figure 106(c) shows the dark
field micrograph imaged with one of the twin spots after annealing at 500°C.
Figure 106(d) shows the dark field micrograph of Sampie 2 annealed at 600°C
for 90 minutes imaged with ore of the twin spots. It can been seen that the
nimber density of twins has decreased considerably. Figure 106(e) is a bright
field micrograph of Sample 2 annealed at 700°C for 15 min, showing the
p-esence of dislocation logps but no twins,

It is clear from the annealing study of Specimen 1 that the
anorphous layer has been fully recrystallized after annealing at 250°C. The
recrystallized layer is found to contain microtwins, These microtwins lie on
<111> planes of GaAs. Annealing at 400°C does not change the size and the
number density of microtwins, After annealing at 500°C, the number density of
twins has decreased considerably. Dislocation loops were also found to be
fresent at 500°C. A temperature of about 550°C to 600°C is required for
complete annealing of the microtwins. Grimaldi et a1.58 have suggested that

at 400°C, a thin amorphous layer cf GaAs can be grown without nucleation of
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twins provided the initial amorphous layer is 400 A° or less., This is in
contradiction to our observation for Si implanted GaAs. We needed a
temperature of about 550°C to anneal microtwins in the case of 350 A° thick
layer and 700°C for a layer of 1,350 A°. The above observation shows that for
thin amorphous Tlayer of GaAs (low energy implant), the microtwins can be
annealed out at lower temperature than that for thicker amorphous layer (high
energy implant). Thus, Tlower energy implantations or thinner initial
amorphous layer may provide higher electrical activation efficiency in GaAs at
lower anneal temperatures.

Most of the studies so far have been carried out with (100)
cyrstals of GaAs. Very few reports are available in the Titerature on the

55 have

orientation dependence of annelaing behavior of GaAs. Gamo et al.
studied the recrystallization behavior of (10G), (110), and (111) GaAs using
Rutherford backscattering (RBS) in combination with channeling techniques. No
significant orientation dependence was observed. The residual damage in (117)
GaAs was slightly higher as compared to that in (100) and (110) GaAs., 1In
contrast, studies78 on the annealing behavior in epitaxial regrowth of
silicon showed that there is a large difference between the residual damage in
(111) compared to (100) and (110) orientation. For example, the regrowth rate
for (111) orientation was found to be about a factor of 20 slower compared to
{100) orientation, and the microtwins were found to be present only in the
(111) oriented Si except in special cases like inert gas ion implanted Si
where microtwins are cbserved also in (100) crystals after annealing.79

We have performed comparative studies on the low temperature
annealing behavior of (100) and (211) GaAs. The results show that the

recovery rate in (211) GaAs is much slower compared to that in (100) GaAs.

R




Undoped GaAs wafers with (100) and (211) orientations were implanted with
60 keV Si" dfons in a nonchanneling direction at room temperature to a dose
of  1x10"%cm 2, Figures 109(a) and 109(b} show the channeling spectra
odtained from (100) and (211) samples implanted with 60 keV Si* to a dose of
1x10]5cm'2. The backscattered intensity from the damaged layer of the
unannealed samples in a channeling direction reached close tn the random level
thus indicating a high Tlevel of damage near the surface. TEM examination
revealed that the surface layers of both samples have transformed into the
amorphous phase after implantation. The annealing has been carried out from
200°C up to 550°C, all for 30 min, with increments of 50°C. No change in the
channeling spectra was noticed for both samples, after annealing at 200°C for
30 min. This is a contrast to our earlier findings77 with Se implanted GaAs
where we found that the annealing starts at 200°C. In the present case, the
annealing starts at 250°C for both (100) and (211) samples. The damage
recovery, however, is much better for (100) compared to (211). This trend is
reflected also during further annealing at higher temperatures. These results
are combined in Figure 110 where we ploted the minimum yield (umin)’
determined by dividing the channeled yield just behind the damage peak by the
random yield in the same region, versus the anneal temperature. Channeling
2xperiments were also carried out along <I10> direction of the same (100)
specimen,

Two clear annealing stages were found for (100); one at 250°C,
and the other at 450°C. For (211), the annealing seems to be very slow,
After annealing at 550°C, very little damage is observed in (100) samples,

whereas in the {211) sample, a substantial amount of damage still remained,

The samples were annealed again at 900°C after capping with plasma deposited
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SigN,a.  The (100) sample showed channeling quality as good as a virgin
crystal, although (211) had some damage left (see Figure 110).

Figure 111a, and b are the strong beam bright field micrographs
of the surface layers of the (100) and (211) specimens annealed at 350°C for
30 min, repsectively. Twins are found to be present, as has been confirmed by
Transmission Electron Diffraction (TED) patterns, in both the specimens. Also
dislocation loops of =100 A° diameter are found to be present in both
samples. The total damage density is clearly higher in (211) as compared to
that in (100). Figure 112a shows the (TED) pattern of the (211) sample in
<114- orientation, Extra diffraction spots are found to be p- ent together
with the basic GaAs spots. These extra spots are found to lie at (1/3) <511>
positions. Following the analysis of Pashley and StoweH,76 it has been
determined that these extra spots are twin spots from twins on <111> planes,
Similar diffraction analysis on (100) specimens reveal that the twins here
also lie on <111> planes. Figure 112b, and ¢ are the dark field micrographs
imaged with the twin spot for (100) and (211) samples respectively. The twin
sizes in the (100) specimen were found to vary from 50 A° to 400 A° whereas in
(211) some larger twins (50 A° to 750 A°) were also found to be preseat in
addition to the smaller ones. Howzver, the volume occupied by the twins seems
to be nearly the same in both the specimens. This implies that the denser
damage network in (211) as seen in Figure 111b as compared to that in (100)
(Figure 47a) is due to dislocations.

Figure 113a, and b are the strong beam bright field micrographs
of the same (100) and (211) specimens respectively, annealed at 500°C for
30 min. Most of the damage has annealed out in the {100) specimen, leaving
behind some dislocation loops of sizes varying from 80 A® to 200 A°, Some
microtwins of sizes between (100 A° to 600 A°) as observed in the dark field
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Figure 111 Br18hf Field
350°C for 30

Micrographs with
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micrographs (Figure 114) imaged with the twin spots. However, more damage
remained in (211) as compared to that in (100). A high density of dislocation
loops and tangles in addition to microtwins are found to be present in (211).
The sizes of some of the microtwins are larger in (211) as compared to that in
(100) as can bYe seen in the dark field micrograph (Figure 114). Here again
the volume occupied by the microtwins appears to be approximately equal in

both the specimens. The high dechanneling, as observed in (211) after

annealing at 500°C as compared to that in (100) is caused by a higher density
of dislocation networks in (211). Thus, the higher resistance in the L X
innealing of damage in (211) as compared to (100) is due to the higher rate of
levelopment of the dislocation tangles and loops in (211), The formation and
an~ealing rate of twins are approximately the same in both specimens, 5-’“
The present experiments show that there is appreciable difference
between the damage recovery rate for (100) and 211) oriented GaAs. At 550°C,
the difference in the residual damage is about a factor of four. In the case T
of 51,30 a difference of a factor of five has been reported for the regrowth
rate in (100) and {211) at 550°C. This similarity may apparently indicate a
similar epitaxial regrowth process for both Si and GaAs. However, the
orevious experiments on the orientation dependence of the damage recovery
behavior for GaAs showed no significant difference between (100), (110), and
(111) orientations. This is in contradiction to the damage recovery behavior T
in Si in which case the recovery rate for (111) was found to be about 20 times
slower tnan the (100). Also, the twinning was only observed in the case of
(111) orientation in Si. This difference in Si was explained later by Drosd T

and Nashburn68 using an atomistic model where it was considered that for
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transformation from the amorphous phase to the crystalline phase, an atom must
make two undistorted bonds with the crystal. From this viewpoint, it was
shown tnat in a diamond cubic c¢rystal, the (100) interface can move easily Yy
satisfying the above mentioned reqguirements with the migration of a single
atom from the amorphous phase to the crystalline phase whereas for the (110)
and (111) interface to move epitaxially, incorporation of two and three atoms
units, respectively, are required. In the (111) case, the three atom unit can
become a part of the crystal in two different orientations; one among them
will make distorted bonds, thus Jeading to the twin formation. This also
explains why the regrowth rate in (111) Si is slower than (100). One would
expect this model to explain the annealing behavior in GaAs also, because of
the similarity in structure. However, the complex annealing behavior of GaAs
as compared to that of Si as discussed earlier clearly indicates that
addit ‘onal requirements must be satisfied to explain the observations in
GaAs. Part of these requirements will undoubtedly involve the continued
integrity of the GaAs binary molecular association during the epitaxial
process.

4.4,3 High Temperature Annealing of Si Implanted GaAs

Cr-doped semi-insulating GaAs(100) wafers were implanted with
si' jons at an angle about 8° off the <100- axis to avoid channeling. These
wafers were obtained from Crystal Specialties, Inc., and were grown by

Czochralski method. Cr concentration in these wafers were measured by

secondary ion mass spectroscopy and were found to be of '»G.leo]scm'3.
Three samples were prepared; Sample ! by implanting 120 keV Si with a dose of

3x10°cm™%,  Sample 2 by implanting 120 keV Si with a dose of

-2
5x10]5cm ", and Sample 3 by implanting multiple energies (50-400) keV and
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doses totaling 5x10]5cm'2. The multiple energies and doses were chosen in

such a way as to produce a flat concentration profile. Table 5 shows the

sequence of implantation parameters used to prepare the Samples that were

studied.

TABLE 5 IMPLANTATION PARAMETERS USED TO PREPARE THE SAMPLES FOR HIGH
TEMPERATURE ANNEAL ING OF Si

Sample Energy Current density Dose

Number (keV) (LA cm'z) ( cm'z)

1 120 o.Nn 3 x10i5

2 120 0.1 5 x10lS

3 50 0.36 3.95x1014
100 0.44 6.6 x10
200 0.44 1.05x10
300 0.44 1.32x1015
400 0.44 1.58x1015

For the multiple energy implant and calculated depth distribution

shows a nearly flat top extending to a depth of 4,000 A° at a concentration

tevel 1x10%%m~2

. The temperature of the target during implantation could
not be measured. However, the temperature of the block on which the samples

were mounted had been found to increase to 200°C-220°C for a power density of

0.74 cm'z. At the maximum implantation energy wused in the present

experiments, a power density of 0.18W cm'2 had been deposited which would
corrspond to a temperature ~60°C if a good thermal contact is assumed. This
#as not the case for Sample 3, as will be discussed later,
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4.4.4 Results
Sampie 1

RBS-C analyses of this sample showed that the layer had hecome
amorphous up to a depth of ~1,350 A°, After annealing at 850°C for 15 min,
the layer becomes crystalline as shown in Figure 115, The minimum yield
(Nmin) as measured behind the surface peak is 0.1, which is higher than the
Xoin of the virgin crystal (-0.037) thus indicating the presence of residual
damage. Figures 116(a) and 116(b) are the bright field (BF) trnasmission
electron micrographs of this sample. These micrographs are of the same area
taken with two different g vectors under dynamical diffraction conditions
‘s0). The different types of defects are delineated on the micrograph
{Figure 116). Besides dislocation 1loops and 1line dislocations, defects
showing black-white contrast are also present. The black-white directions are
parallel to the g vectors in both the micrographs, confirming that the defects
giving rise to this type of contrast are precipitates.s1 the average
diameter of these precipitates was found to be about 60 A°. Figure 117 is the
high resolution weak beam images of the same area., A guantitative evaluation
of the percentage of dopant precipitation has been done by assuming a
spherical nature of the precipitates and by measuring the average diameter of
the particles in terms of the width of the region separating the black-white
lobes. Using this diameter, we calculated the total number of implanted atoms
associated with the particles in a given area. This number divided by the
area will give the areal density which can then be directly compared with the
dose ¢f the implanted ions to get the percentage of dopant precipitation. 1In
this specimen, the dopant precipitation was found to be about 4%. it should

be mentioned here that the TEM examinations of a virgin crystal hefore and
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after annealing under similar conditions do not reveal any of the defects
described above.

The 1location of the implanted Si atoms were determined from
channeling experiments, PIXE spectra were collected as a function of tilt
angle across <100> and <110 > directions. Examples of X-ray emission spectra
coliected for random and channeling directions are shown in Figure 118. The
area under the peaks of the Si and Ga K X-ray can be obtaired from these
spectra. These yield values are plotted as a function of ¢tilt angle
[Figures 119(a) and 119(b)] for the X-ray along with the simultaneous RBS
yield for the metrix orginating from a depth similar tc the range (.2,000 A®)
of the implanted Si ions. About 60% attenuation of Si signal along both <100 >
and <110 > directions was observed after annealing at 850°C for 15 min.
Angular scans after 950°C anneal, however, shows [Figures 120(a) and 120(b)]
somewhat lower attenuation (~60%), indicating that the annealing at 950°C
causes some Si atoms to move out of substitutional sites.

Although RHS-C shows (Figure 115) a smaller reduction to
dechanneling (i . =0.C8) after 950°C indicating further recovery of damage,
TEM examinations shows similar kinds of defects as observed after 850°C
anneal. However, the amount of precipitation was found to be lower (~.2%)
after 950°C anneal. Thus the increased channeling yield for Si atoms after
950°C anneal indicates a larger nonsubstitutional fraction for Si but with
these atoms remaining randomly distributed in solution,

Sample 2

RBS-C measurements after implantation show that the Jlayer is

amorphous up to a depth of ~1,400 A® (Figure 121). After annealing at 850°C

for 15 min, the layer has become crystalline. However, comparison of the
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channeling spectrum with that of a virgin crystal (Figure 121) reveals that
considerable amount of damage remained. TEM analyses were conducted on the
same sample. Figure 122{a) shows the transmission electron diffraction (TED)
pattern of this sample. Diffraction analysis shows that the extra spost are
due to twins lying on <111> planes. Bright field micrograph, Figure 122(b),
shows the presence of twins together with dislocations loops. Figure 122(c)
is a dark field micrograph imaged with one of the twin spots. The twin sizes
were found to lie between 860 and 2,850 A° measured along the <110> direction.

An angular scan across <00, shows near 100% channeling
attenuation of the Si-K signal. However, the attenuatior along <110> is only
about 35% [Figures 123(a) and (b)]. Annealing the same sample at 950°C for
15 min results in further recovery of damage as observed by channeling
(Figure 121). A TED pattern of the same specimen does not, under these
annealing conditions, show any extra spots. The BF micrograph (Figure 124)
shows the presence of dislocation loops together with the fine scale defects
of average diameter 50 A These defects show black-white contrast under
dynamical diffraction conditions and were determined to be precipitates. The
ievel of precipitation was determined to be approximately 2%. Lattice
location measurements now show about 70 £7% substitutionality [Figure 125 (a)
and 125 (b)].

Sample 3

RBS-C measurement of the as-implanted (unannealed) sample shows
that the layer is crystalline with some residual disorder characterized by a
higher minimum yield and dechanneling as a function of depth (Figure 126).
From our experience in the studies of iow temperature annealing behavior of
ion implanted GAAs, we feel that the sample temperature must have risen to

about 500°C during implantation.
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TEM investigations shows the layer is crystalline with
dislocation loops as the major residual defects. The dislocaton density has
been found to be of the total line length of 2.3X105cm/cm2. PIXE angular
scans for the non annealed sample show about 50% attenuation of the Si K x-ray
dips. These dip curves are narrow by a substantial amount compared to the
RBS-C dips indicating that the Si atoms are initiaily displaced considerably
from the lattice positions before annealing occurs.

RBS-C measurements after annealing the samples at 850°C for 15
minutes show (Figure 126) that the surface region up to about 1300 _ became as
j00d as virgin material. A rather sharp increase in dechanneling at this
depth indicates a build up of disorder from that point inward. TEM analysis
of the same sample (Figure 127) indicated a lower density of dislocations near
the surface region; however, a sharp increase in dislocation density is
observed as the electron beam is focused into a thicker region of the wedge
shaped sample. Figure 127 shows the series of micrographs taken at various
points starting from the surface region up to a thicker region of the wedge
shaped sample. In planar channeling, the dechanneling gets amplified because
of the presence of dislocation loops that give rise to enhanced dechanneling
with very 1little direct scatiering. Therefore, we have done channeling
measurements along a (110) plane with the results being shown in Figure 128.
The data in this figure are for both 850°C and 950 °C anneals. Similar to the
case of axial channeling, there again is a sharp increase in dechanneling at a
depth of 1300 ., A depth distribution of the disorder is extracted from the
planar channeling analyses following the procedure of Picraux et a1.82 The

density of disorder as a function of depth Z is given by
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n(Z”)dz = %— in
o () (1)

where n is the density of defects with a dechanneling cross section ),» D
and My are the channeled yields in the damaged crystal and in the virgin
crystal, respectively. A depth distribution is obtained by differentiating
Equation (1). The results are shown in Figure 129 which indicate that the
disorder region 1is confined to a depth between 1300 and 3760 A% Thus, it
appears that the annealing took place from the surface region inward as well
as from the interface region outward. Further annealing of this sample at
950°C for 15 minutes has removed some of the damage, as “nr 1ited by lower
dechanneling (Figure 126) as well as by the TEM weakbeam dark ::cld micrograph
of Figure 130, The dislocation density, in this case, is found to be
0.6X103cm,cm2.

Lattice location measurements after annealing at 850°C are shown
in Figure 131(a) and 131(b). The Si <110> has nearly the same half-width as
that of the RBS dip. However, the shape of the Si <100> dip is slightly
narrower and asymmetric as compared to the R3S dip. After annealing at 950°C,
the shape of the 100> dip becomes symmetrical with hal f-width aimost equal to
the half-width of the corresponding RBS dip [Figures 132(a) and 132(b)]. The
substitutional fraction can be calculated from these figures and found to be
about 65% and 75% after 850°C and 950°C respectively.

Experiments so far have provided the information on total

substitutionality of implanted Si in GaAs under various implantation and
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Figure 130 Weak Beam Dark-Field Micrograph of Sample 3,
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annealing conditions. However, no attempt was made in those experiments to
determine the specific site location of the implanted atoms. This can be done
if one makes use of the fact that the <110> axis in a zinc-blende structure is
made up of atomic strings containing only one of the two types of matrix

atoms. When an ijon beam is incident parallel to the [110] plane but at an

angle *0 with respect to the <110> axis (see Figure 133), it has a higher

probability of initially striking an A rather than B row. The opposite will

happen if the beam is incident at an angle - to the 110> axis. Thus, if a
&

complete angular scan is taken, an asymmetric channeling dip will result.
When a substitutional impurity shows an asymmetry under these circumstances,
it can be concluded that the impurity predominantly occupies one sublattice
site. From a comparison of the associated assymetry of the host atoms, the
specific site can be identified,

We have first demonstrated this asymmetrical effect in the PIXE
angular scan for unimplanted GaP and then the application was made for Si -
implanted GaAs.

Figure 134 shows the random and <110> channeling spectra of
unimplanted GaP crystal. In addition to the surface peaks of Ga and P in the m
channeling spectrum, O peak has appeared showing the presence of oxygen on the
surface., The integrated backscattering yields from a layer of thickness
~400 A° have been measured behind the surface peaks of Ga and P as a function -
of tilt angle. The results are shown in Figure 135 where .everse asymmetries
of Ga and P channeling dips are clearly visible. This is expected as
discussed in relation to Figure 133. Figure 136 shows a typical PIXE spectrum "_

of GaP. the area under the peaks of Ga and P K X-rays are measured as a

function of tilt angle. The results are shown in Figure 137. A strong
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asymmetry is observed in the case of P signal wheras no asymmetry is found for
Ga signal., The asymmetry in the P K X-ray dip is about the same as in the RBS
dip measured behind the P peak and integrated over a depth ~ 2000 A°. P K
X-ray (2.02 keV) is originating from a thickness ~ 200 A° near the surface of
GaP and therefore the magnitude of asymmetry of P K X-ray dip and RBS dip for
P signal are nearly the same. However, the Ga K X-ray (9.25 keV) s
originating from a thickness ™~ 2 microns. Since the preferential

interaction83’84

between the beam and one of the sublattice atomic rows is
nost pronounced close to the surface only and gradually becomes Tless
bservable as the depth increases and finally disappears at larger depth due
to the establishment of statistical equilibrium of channeling beam, the
1ssymmetry effect for Ga K X-ray signal is not observable. Once the asymmetry
effect of PIXE signal from P in GaP is established, the principle can be
applied to S and Si implanted in GaAs. This is because S and Si have K X-ray
energies in the neighborhood of P-K = 2,02 keV; S-K and Si-K being 2.31 keV
and 1.74 keV respectively. The emission depths (~ 200 A®) of these X-ray from

GaAs are also about the same as for P K X-ray in GaP.54

wcm'2 and

GaAs crystal implanted with Si at a dose of 5 X 10
annealed at 350°C for 15 minutes was chosed for this Study. The result of the
5 implanted sample will be described in the next section. The angular scan is

shown in Figure 138. Si K X-ray dip is quite symmetrical indicating that the

implanted Si is occupying both Ga and As sites.
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4.4.5 Discussion

From the results reported so far, it is evident that about 60-85%
Si occupies substitutional 1lattice sites in GaAs after high temperature
annealing, Also, the TEM analysis reveals that the amount cof precipation is
very low (2%;. Our results of electrical measurements as well as the results
reported in the literature show that the activation efficiency for high doses
is very poor (<10%). Comparing the Si K X-ray intensity from as-implanted and
annealed samples we found that there were no measureable loss (within“10%) of
Si after high temperature annealing. Similar results have also been reported
by Masuyama et 31.5] from SIMS measurement. Therefore the poor electrical
activation cannot be attributed to the loss of Si after high temperature

annealing. However, Masuyama et a1.5] have observed that for 1 X

1015cm—2, 300 keV Si implant, annealed at 900°C/30 minutes, Si atoms
redistributed as compared to as-implanted distribution in such a way that the

13 cm'3) and the

peak concentration decreased by about 45% (frem 3.6 X 10
tail of the distribution extended to about 0.85 um as compared to 0.67 :m for
as-implanted sample. The free electron concentration was found to be flat, “2
x 10'® cn™3, up to that depth.

In the case of Sample 1 we have carried out the measurements of carrier
concentration {N) and Hall mobility (.H) as a function of depth after 850 and
950°C annealing. The results are shown in Figure 139. A dip in the N is
observed at a depth where the maximum concentration of Si is expected. Some
redistribution of Si is evident from the measured N of 3 X 10]8 c:m-3 at a
depth larger than 0.3, m. However, it is obvious that such a low electrical

activation cannot be explained from the occurance of redistribution alone.

Si, being an amphoteric dopant in GaAs, may occupy both Ga and As lattice
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sites, although at low doses they seem to occupy more Ga sites inferred from
higher n-type electc~ical activation efficiency. The absence of asymmetry in
the angular scan indicates that Si is occupying both Ga and As sites. Skolnik
et a1.85 have performed infrared (IR) absorption studies on high energy

16 -2
cm

(1-1.15 MeV), high dose (4 X 10 ) Si implanted GaAs. They observed
IR absorption bands corresponding to substitutional Si with site location
being identified a. .,i on Ga sites (SiGa), Si on As sites (SiAS) and
neutral neighbors pairs of substituticnal Si (SiGa-SiAS). The presence of
the pair complexes explains, in a qualitative sense, the poor electrical
activation for high dose Si in GaAs. Our result; of high substutionality,
very low precipitation, and absence of asymmetry are in support of th:s
explaination. The dip in the carrier concentration around a depth of ~0.1 ;.m
ic probably caused by such a mechanism of neighboring site occupation because
of the highest concentration of Si around that depth.

4.5 S IMPLANTATION IN GaAs

Both Cr-doped and undoped GaAs wafers with (100) orientation were

implanted with 120 keV S+ jons in a nonchanneling direction at room

temperature to doses of 1 X 10'% and 3 x 10%em 2.

4,.5.1 Damage Analysis

RBS-C measurements after implantation show that (Figure 140) the lay r

has become amorphous up to a thickness of 1450 A®* for a dose of

5 -2 15 -2

1 X 10 2em”™%. For & 3 X 10 7c¢cm

implant the amorphous layer
thickness was somewhat larger; 1530 A°, After annealiny at 800°C for 15
minutes, the Jayer recovers its crystallinity as chiracterized by a channeled
spectruin lying almost on top of the virgin spectrum. similarly, very good

c _9
dama 32 annealiny took place for 2 X 10]“cm ¢ ir_‘ants annealed at 800°C
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and 900°C for 15 minutes. The minimum yield (xm.n) measured behind the
surface peak for the annealed implants ( 3 X 10]5cm~2) were found to be

.038 as compared to .037 for the virgin crystal. Figure i41(a) shows the TEM

16 -2

bright field micrographs of S implanted GaAs with a dose of 1 X 10 cm

at 120 keV, Figure 141(b) shows the weak beam dark field micrograph of 3 X
10]5cm'2 implant. Examination reveals that there is some residual damage
constituting principally of dislocation loops. The size of the loops varies

15_ -2

in the case of 1 X 10 “cm © implant annzaled at 800°C/15 minutes from

15 -2

200 A° to 600 A°. In the case of 3 X 10 "cm ° implant however, the sizes

were found to vary from 200 A® to 2800 A°. There are an insignificant number

of these near the surface, however at larger depths TEM reveals a line length

of 3.84 X 10°cm”!
15

cm ' of both perfect and faulted loops for the 1 X

102 em™? implant.

4.5.2 Lattice Location

The 1location of the implanted S atoms were determined from
channeling experiments in which X-ray emission spectra were collected as a
function of tilt angles around the axis. Examples of X-ray emission spectra
collected in 2 random and in a channeling direction are shown in Figure 142

for a GaAs sample implanted with 120 keV S* at a dose of 1 X 10 °cm™®

cm
and annealed at 800°C for 'S5 minutes. The area under the peaks of S-K, Ga-K
and As-K are measured as a function of tilt angle. Simul taneous measurements
of RBS yield corresponding to a depth on the order of the range of 120 keV
s* dons (12000 A°) were also taken. Figures 143(a) and 143(b) show the
angular scans around <110- and <100> respectively for the 1 X 10]5cm-?
implant. Very good substitutionality of S is clearly seen from these sc.ns.

4150 the nalf width of the S signal is almost the same as the RBS signal
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indicating good alignment of S atoms along the string. It can be seen that
the X-ray dip of Ga is narrower than the RBS minimum. Similar results were
reported for P and S implants in Ge.86 Experiments with an unimplanted GaAs
crystal also resulted in narrower X-ray dips as compared to RBS and a higher
mininum yield for X-rays.87 The reason for this is associated with the
greater depth of sampling done for Ga X-rays compared to the depths being
analyzed in RBS. From Figure 143 one calculates that substitutional S
accounts for 20% of the total S concentration.

Figures 144(a) and 144(b) show the angular scans of the

1504072 implant annealed at 800°C/15 minutes. Here also similar

3X10
substitutional concentration as in the previous case is observed. However,
the <110 > dip for S is slightly narrow as compared to RBS dip. In order to
obtain a rough estimation of the lateral displacements of the S atoms, the
transverse kinetic energy of the incident beam at Wz is equated to the

Lindhard's continuum potential at a distance r from the GaAs atomic rows.

Using the \yz value from the <110> angular scan; one can solve the above
equation for r which gives an S displacement of 0.28 A°. A similar angular
scan around the <100 > direction shows that the displacement there must be
0.1 A°. The above results indicate the formation of preferentially oriented
complexes such that the displacment of S takes place primarily along the <100~
direction. However, angular scans after annealing the same sample at 900°C

for 15 minutes do not show any measureable S displacement for both <100> and
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<100 > directions [Figure 145(a) and Figure 145(b)] implying a reorientation of
the final configuration at the higher temperature.

In order to obtain information about the specific site
occupation, we have performed <110> angular scan parallel to the <110 - plane
as described earlier in connection to the Si implanted GaAs. Figure 146 shows
a pronounced asymmetry in the S dip indicating that S is occupying one
sublattice site. However, the RBS dip, which is made up of signals from both
Ga and As, is symmetrical thus confirming the symmetry of the incidence angles
about the <110 direction. A small but noticeable asymmetry is present in the
Ga and As PIXE dips. The preferential interaction between the beam and one of
the sublattice atomic rows is most pronounced close to the surface only and
graduaily becomes less observable as the depth increases and finally
disappears at larger depth84 due to the establishment of statistical
equilibrium of the channeling beam. The Ga and As K X-rays are generated over
a total depth ~1.5 . m, in the presnet eXperimentag, of which about 50% is
produced in the surface layer of thickness~400 A°. This explains the much
reduced asymmetry effect in the Ga and As K X-ray dips although a clear
asymmetry, ~10%-12%, in the As signal intensity 1is observable in
Figure 145(a). The S asymmetry is in the same tilt direction as the As
asymmetry indicating that the implanted S is occupying As lattice sites. The
asymmetry for S is very much greater than for As since the S X-rays are being
generated in the first 200 A® from the surface. The asymmetry in the case of
S and As is further confirmed by channeling in another <110> direction at 90°
to the previous direction. This results in a reversal of the type of atoms in

a stirng with refererce to the beam and the tilt plane. Expected reversal in

the asymmetry has been observed for the S and As signals.
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4.5.3 Precipitation

A systematic approach was used in evaluating the amount of
precipitation for each samrle, In the transmission electron diffraction (TED)
pattern second phases or precipatates can usually be identified by the
presence of extra spots. However, if the volume concentration of the
precipitates is not large enough then there will be no extra spots in the TED
pattern. Contrast analysis methods ara therefore needed to identify this type
of precipitate. A spherical particle of dimension <100>A° exhibits
black-white contrast when observed by TEM wunder dynamical diffraction
conditions {5%0). This type of contrast however, is also exhibited by small
dislocation loops, i.e., Frank 1oops.90 But due to the three dimensional
nature of the precipitates, their black-white vector (<) will always be
parallel to the ¢ vector. This will not be the case for dislocation loaps as
a consequence of their two dimensional strain distribution. Thus, a
distinction between the two entities is possible.

Quantitative evaluation of the percentage of dopant precipitation
has been done in the following way. We assumed a spherical nature for the
precipitates and then measured the average diameter of the particles in terms
of the width of the region separating the black-white . lobes. Using this
diameter we calculated the total number of implanted atoms associated with the
particles in a given area. This number divided by the area will give the area
density which can be directly compared with the dose of the implanted ions.

Foliowing the above mentioned identification procedure, we find
that the small defects <close to the surface in Figure '41(a) are

precipitates. Similar defects were observed in bright field pictrues of
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implants which are not shown here. The average diameter of
these precipitates was found to be +5 nm. Precipitate analysis shows that
only about 4%-6% of the implanted S is precipitated out of solid solution of

]Scm'z. The rest of the S is on

the implantation doses of 1-3 X 10
substitutional lattice sites are measured by PIXE in combination with
channeling.

4.5.4 Electrical Measurements

Surface carrier ccncentration and Hall mobility (uH) were measured for

both samples and the results are shown in Table 6.

TABLE 6
SURFACE CARRIER CONCENTRATION AND HALL MOBILITY OF 120 keV "
IMPLANTED SAMPLES

E(keV) Dose Anneal Ng(cm2) Activation (cme/

nergy (cm~¢) Temperature(°C) Efficiency (%) V-sec)
1 x 10" 800 1.29 x 10'3 .29 3087

120 3%10° 800 1.75 x 10'3 0.58 3174
3x10"° 900 6.4 x 103 2.14 2332

From Table 4, one carn see that the electrical activation efficiencies are very
Tow (~2%) even though very high substitutionality (“90%) and low precipitation
(“6%) were recorded for these implants.

Very 1low dopant precipitation and residual damage and very high
substitutionality for S measured in the present experiments demonstrate that

the precipitation and/or non-substitutionality of S is not the cause of poor
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electrical activation. The problem must lie in the formation of complexes
involving S atoms on As sites (SAS) and vacancies and/or antisite lattice
defects that compensate the n-type activity.

We present the following arguments for complex formation based on the
information of high substitutionaiity and low precipitation of S in GaAs.
Implantation of S creates vacancies and interstitials and may occupy various

possible sites which can be described by the following simplified equation:

Syt VotV

S+Si+s As Ga As+Gai+Asi )

Ga+
where Si’ Gai, and Asi represent S, Ga, and As;atoms residing in
intersitial (non-lattice) sites; Sea® Sas are S on Ga and As sites
respectively and VGa' GAs are Ga and As vacancies respectively.

After annealing, since S atoms occupy As sites, both 51. and

SGa will have to combine with VAS:

Si * vAs M SAs (2)

Spa vV S (3)

Ga As > As

Then all the displaced As atoms (Asi) will not find a vacancy (VAS) to
occupy resulting in an excess Asi. On the other hand, from equation (1) we
see that after annihilation of SGa and Gai, excess vGa should remain
because of the reaction of equation (3). The vGa may form complexes with

S,. while Asi may diffuse to the surface. Anther possibility, however. is

As
that the Asi may occupy vGa and form AsGa which is a deep donor and is
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doubly positively charged when empty. Electron trapping by this center at
room temperature will reduce the electrical activation efficiency of shallow J
donors. S

The displacement of S by ~.28 A® from lattice sites as observed

yin the case ¢f 3 X 10‘5cm'2 implant annealed at 800°C for 15 minutes may

be due to the vGa'sAs complex formation which decomposes at 900°C and
forms ASGa-SAs
4.6 Cr IMPLANTATION IN GaAs

complexes. | I

4.6.1 Introduction  4‘

The physical behavior of chromium in GaAs has been a subject of o

o past and present research interest because of 1its technological value as an
® active compensating deep acceptor in as-grown materia].91 Historically, its L
function has been to compensate native n-type impurities such as Si in GaAs to

produce semi-insulating substrate material, As such, it is added to the

) IR,

growth melt in low level, controlled amounts at volume concentrations of about - —
10]5 to 10]7cm'3. While it is generally accepted that at these 1levels |
Cr can be retained in solid solution, volume concentrations much above this
are expecied to result in some degree of precipitation within the normal GaAs -
lattice, The extent to which this happens and the characteristics of the e
precipitation within the normal GaAs lattice. The extent to which this

happens and the characteristics of the precipitated material, however, have N

T T TR
!
|

L. remained unclear. Little or no information exists on this problem either in

":_ the case uf ion-implanted Cr or in Cr-doped, as grown GaAs, where Cr can

{'-' segregate and be trapped in regions of damage caused by implantation of other . - :
[ dopants,
L Studies of the redistribution of bulk Cr in GaAs under ion

implantation of dopants have shown that chromium undergoers strong segregation
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into regions of maximum displacement damage generating volume concentrations
from the high ]0”cm'3 to the low 10]8cm“3 range.67’92 Al though it
is often assumed that precipitation of Cr will occur under these conditions,
no systematic studies have been reported showing that this is the case.
Therefore, the objective of the present set of experiments has been to
determine the circumstances under which ion-implanted Cr in GaAs will remain
in solution under annealing cycles where it is able to interact with the
original displacement damage. Such studies are valuable in determining the
extent to which Cr could be used as a compensating implant to produce
isolation zones between active devices having n-type layers. Chromium
implants may also have value as a way of trimming resistivity in selected
regions of devices. Previous studies have reported on the behavior of

ion-implanted Cr 1in GaAs in the range of 10]5 to 102]cm'3.92’94

Those
investigations were directed at understanding the initial profile of the
implanted Cr in the host matrix dand its redistribution after annealing. The
present study approaches the subject through an investigation of the physical
state and materials properties of ion-implanted Cr in moderate dose levels and
the microstructural stability of this system under thermal annealing.

The experiments were carried out at Oak Ridge Natinal Laboratory
in collaboration with the Solid State Science Division. Protons at 1 meV were
used for ion beam analysis. The experimental set up used in these experiments
has been described earlier in the equipment section.

The X-ray detector was a windowless Si(Li) detector which could
be inserted directly into the target chamber, However, it is necessary to
collimate the detector tu minimize effects and to eliminate spurious
background due to fluorenscence of the stainless steel chamber by the
ion-induced target X-rays. The magnitude of the fluorescence problem is seen

in Figure 147, which contrasts the characteristic X-ray spectra obtained from
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a virgin GaAs sample as acquired with and without the collimator. It is clear
that without collimation it would be impossible to distinguish real,
quantitative Cr signals in the implanted GaAs from flouresced X-rays. A
2.5-cm long graphite rod with a 0.5-cm-diam hole through the center served as
the c¢ollimator. The <collimator allowed only X-rays emitted from the
icn-bombarded target area to reach the detector and acted as an infinite
abosrber for any other source of X-rays. Additionally, a 0.001-in Al absorber
foil was used to attenuate low-energy X-rays. Figure 148 shows the X-ray
features observed, under proper detector collimation, for a chromium-implanted
GaAs single cyrstal, Both the Cr (Ka) and Cr (KB) X-ray peaks from the
implanted species are observable.

A calibration curve was established in order to confirm the
accuracy of the implantation dose and the extent to which implanted Cr is
retained in GaAs after annealing. As distinct from RBS, PIXE analysis
requires a calibration curve for consistent determination of impurity
concentration levels., Figure 149 is an example of how such a curve is
established. Vapor-deposited calibration foils of Cr on mylar were used at
varying concentrations to generate an initial linear relationship between the
Cr peaks counts and the areal concentration density. The quantity of Cr on
these foils was determined by microbalance weighing. This method has + 10%
accuracy for areal densities in the range of 10 to 100 ;Jg/cmz. These
concentrations are equivalent to implantation doses in the range of

10 2

, which 1is very much greater than most implant doses of practical
interest in semi-conductors, In order to extend these to lower doses, a
log-log plot of areal density versus X-ray counts was established and then

extrapolated into the low-dose region of interest. Utilizing a well defined
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set of implants obtained from accurate current integration, a complete set of
points is obtained in order to establish a calibration curve extending from
the 1G17 to 1 X 1O]5cm'2. An example of a point taken from a specimen
implanted with 5 X 10'°Cr/Cm% is shown in Figure 149. Once having
established this curve, it can be used to check all subsequent concentrations

before and after annealing.

4.6.2 Q0bservations and Experimental Results

A sequence of implanted samples was studied that started with a
16 -2

high dose of Cr implanted to 5 X 10 "cm - and then systematically reduced
through doses of 1 X 100°, 5 x 10'°, 1 x 102, 5 x 10", and 1 x
10"%en2,

Figure 150 shows RBS channeling data from the three highest dose
implants after annealing. These are measured spectra obtained by taking the
ratio of the aligned yield along <110> to a reference random spectrum at
equivalent depths. The channeling results from a virgin GaAs sample are

16cm'2 implanted sample shows an

included for comparison. The 5 X 10
increased scattering yield at and immediately below the surface and is
indicative of poor crystal recovery during annealing. Additionally, the large
dechanneling rate behind the surface (compared to the virgin sample) shows
that a high density of defects remained in the epitaxially regrown layer.
This also suggests that there is poor incorporation of the Cr into minimum
strain configurations of the crystal lattice. Crystal recovery for the 5 X
1015cm'2 implants is seen to be much better. The slightly higher than
virgin dechanneling rates do suggest, however, the presence of a smal)l density

of extended defects. Results from TEM have been obtained for these cases as

well as for lower doses and are presented below with data from PIXE analyses.
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Figure 151 shows TEM resuits from the 5 X 10]6cm'2

specimen
that yielded the large dechanneling in Figure 150. Figure 151(a) is a
bright-field micrograph showing apparent coarse precipitation of the
chromium. The diffraction pattern [Figure 151(c)] shows the presence of
matrix spots superimposed on a ring pattern, An analysis of the diffraction
pattern reveals that the ring pattern corresponds to that of chromium-rich
particles oriented randomly within the host matrix., Figure 151(b) 1is a
dark-field micrograph, imaged with the objective aperture on a part of the
diffraction ring confirming the presence of chromium-rich precipitates. The
dimensions of these second-phase particles appear to be in two general size
categories of about 500- and 1000- A®° diameter. Also, the precipitates are
seen to be adjacent to or associated with dislocation lines in the GaAs and
the precipitate. The plastic deformation associated with the formation of
these dislocations is a consequence of the strain relief that occurs as the
precipitates are incoherently incorporated into the lattice. These effects
would account for the high dechanneling observed for this specimen in
Figure 150. The results of combined RBS and PIXE angular scans are presented
in Figure 152. The proton backscattering yield from the GaAs matrix is taken
over a depth window set between 20 and 220 nm. The Cr X-ray signal is the
integrated yield from all of the implanted chromium. It is expected that
these atoms will be distributed within approximately the same depth range as
was set for the backscattering window. As can be seen in Figure 152, the PIXE
yield shows a flat distribution across the 2110> scan direction, whereas the
proton back-scattering shows a well defined channeling dip. These results are

consistent with the damage analysis and TEM of Figure 150 and 151 showing poor

lattice recovery and coarse precipitation of the chromium, with the
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Figure 151 Electron Micro?rapbg From Specimen Implanted withk Chromium to a -
Nose of 5 X 10'*cm “ and Annealed at S00°C for 15 min (a) Bright :
Field; (b} Dark Field; and (c) Diffraction Pattern
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precipitates being randomly oriented within the GaAs lattice. At this dose of

]6cm'2 the material is basically a two-phase Cr-GaAs system.

5% 10

The results associated with a 120-keV implant to a dose of
5% 10 °cm™? are presented in Figure 153. This sample, protected with a
CYD pyrolitic Si3N4 cap, was annealed at 900 C for 15 minutes. The

|5cm'2 sample shown in Figure 150 was annealed for the same

5X 10
temperature and time as that in Figure 153, however, it was protected by a
plasma-depositad Si3N4 cap. (TEM results from a similar sample covered
with a plasma-deposited Si3N4 cap showed the same microstructural features
as those from the pyrolitically capped sample of Figure 153.) The micrographs
in Figure 153 were taken in dynamical, two-beam diffraction with Figure 153(a)
being conventional bright field (9/220). Figure 153(¢c) is a conventional
dark-field image and Figure 153(b) is a weak-beam dark-field image (3 /34) of
the same area as Figure 153(a). The intensity distribution around the
diffraction spots in the selected-area diffraction patterns obtained from
these specimens indicated that the implanted region has recovered its crystal
structure to a high degree of perfection in agreement with the results of
Figure 150, The average size of the precipitates was determined to be 7.5 nm,
and from contrast characteristics the strain distribution around the
orecipitates was found to be three dimmensional, which corresponded to the
spherical shape of the precipitates. From the micro-diffraction patterns
obtained from individual precipitates, 1t wa: determined that they are
chromium precipitates. In order to determine the extent to which the
pyrolitic capping process was responsible for these precipitation effects, we
prepared and examined a similar sample using the plasma-deposition procedure.

The results were essc.tially the same showing similar chromium precipitate
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Figure 153 Electron Micrographs for Specimen Implanted with Chromium to a Dose
of § X 10%°cm=’ and Annealea at 900°C for 15 Min (a) Bright Field:

(b) Weak Beam Dark Field; and (c) Standard Dark Field -
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distributions. We concluded that the capping procedure had little or no ;".5' "-_,
effect on the primary structure observed in Figure 153(b). The results of

detailed angular scans in RBS-PIXE were also similar for the two different

capping procedures. Such an angular scan is shown in Figure 154, where it is
seen that the Cr yield is approximately flat across the scan but with a small
oroad flux peak component. This suggests that the fraction of Cr that is in
. solid solution has an interstitial-1ike behavior in GaAs. '
- Continuing downward in concentration, the results from a 120-keV
; implant of Cr in GaAs to a dose of 1 X 10]5cm'2 are shown in the electron Yo

nicrographs of Figure 155, Figure 155(a) is a weak-beam dark-field image

(g/3g in dynamical diffraction with S=0). Figure 155(b) is a bright-fiela

: (dynamical $=0) micrograph. Figure 155(c) is also bright-field but in 9/220 -
i:i under S=1 conditions. 1In this particular case, the dose of 1 X 1015cm'2 -
, at 120 keV results in microstructure that is significantly different from the

F previously discussed higher dose implants. In addition to the dislocation :‘_

lines, loops, and faulted loops scattered throughout the zone of observation,
R there is a very fine scale distribution of defect spots that are also
observable. These could be small clusters of defects, such as interstitial or e
vacancy loops, or they could be precipitates and thereby have
three-dimensional character. In order to distinguish which of these is the
case, reference is made to Figure 155(b) where, under dynamical diffraction
conditions, black-white contrast is observed. It has been determined from
this figure that the black-white vector is aligned parallel to the operating

220  vecter. This indicates that the spots seen in the micrograph are three T

) , . 90 .
dimensional in nature”  and are therefore precipitates.
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cm © implant, the observed areal

density of chromium associated with these clusters is 0.4 X 10]°cm'2,

In the case of the 1 X 10

with the average cluster diameter being 6.4 nm, This result demonstrates

that on the order of 40% of the 1 X 10'°cm 2 implant of chromium has

precipitated after annealing and that bout 60% was absorbed into the GaAs
matrix. Within the experimental uncertainties associated with such a

measurement one would expect, on the basis of the above result, that a

14

similarily prepared sample implanted to a dose of 5 X 10 cm'2 would show

a greatly reduced relative percentage of precipitated material. This is i

fact observed to be the case. Figure 156 shows the observations made on a § X

1014cm°‘2 chromium implant in GaAs that had been plasma cupped with

51'3N4. The defect spots observable in black-white contrast are confirmed

to be precipitates through the parellel nature of the g and 1 vectors, An
analysis of these clusters shows that the average diameter is 5.6 nm {which is

slightly smaller than the previous case); however the number density accounts

1 2

fer only 0.43 X 10 4cm° of the chromium atoms compared .o an implant dose

14 -2

of 5 X 10 ¢r°. Thus an approximate precipitation .._vel of 9% hnas

nccurred, with remaining Cr having been absorbed into solution in the GaAs
lTattice. Thus, a factor of 5 reduction in dose resulted in a similar factor
of 5 reduction in precipitated fraction. This sugr .ts that at 5 X
10]3cm'2 there would be less than 1% precipitated after a similar
annealing cycle. Work that we have perfor'medg5 indicates that for an
implant  fluence of 1 X 1014cm_2, the Cr concentration profile
redistributes extensively during annealing. The peak concentration in the
as-implanted distribution (RpmSOnm) is exptected to be about 1 X

lo]gcm'3 for such an implant. However, after annealing there is observed
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a narrow near-surface peak concentration reaching 8)<10]8cm'3 in the

first few hundred angstroms and then, after a small depleted region at 500 A°

3

with a concentration fu’lowcm' for depths of 1000 to 3000 A°. This rapid

diffusional redistribution during ananealing should significantly reduce
14 -2
cm .

precipitation effects at doses in the range of 1 X 10 It is likely

that chromium will be nearly 100% atomically distributed for such an implant
dose under the annealing conditions used here. These concentrations, however,

96

are in excess of the normal solubility limit of Cr in GaAs. Electrical

measurements on the compensating properties of Cr idiplanted at 1 X
10”cm'2 are needed to determine the effective number of carriers that are
removed by an individuai implanted chromium atom. It is possible that Cr may
be in tiny clusters smaller than the observational limit of the microscope
(i.e., <10 A°Y and as such would have indeterminate consequences on the

glectrical properties.

4,7 Ar IMPLANTATION IN GaAs

It can be noted from the studies described so far that, although a
complete epitaxial regrowth of the implantation induced amorphous layer takes
place in the temperature range of 300-500°C, the regrown layer always contains
a high density of defects in the form of microtwins. The origin of these
microtwins is not known and could not be related to the implanted impurity.
However, most of these studies were done with GaAs crystals implanted with
various ions which are also used as dopants. After annealing, these dopants
are likely to occupy a particular sublattice site. In a compound
semiconductor, the displaced sublattice atoms may cause bonding error at the
regrowth front by occupying wrong lattice positions thus forming a nucleation

center for microtwins, Studies with the implantation of inert gas ion, on the
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other hand, will eliminate the above mentioned possibility because it is not
1ikely to occuypy any particular lattice position. In addition, recent
experiments97 have shown enhanced electrical activiation efficiency for GaAs
preimplanted with argon and then subsequently implanted with Si &nd annealed
at 825°C. thus, there is good reason to establish a general understanding of
the behavior of argon implantation in GaAs.

Undoped semi-insulating liquid encapsulated Czochralski (LEC) grown GaAs
wafers with <100> orientation were implanted with 700-keV art dens in a

15

nonchanneling direction at a dose of 5 X 10 ions/cmz.

4.7.1 Results and Discussion

The transmission electron diffraction (TED) pattern of the
as-implanted specimen, Figure 157(a) shows the presence of amorphous rings and
single crystal spots, indicating the-efore the presence of a buried amorphous
layer. The strong beam bright fleld micrograph, Figure 157(b), shows the
presence of point defect clusters. We tried to see the presence of bubbles by
underfocusing the image, but no bubbles were found. Figure 158(c) shows the
bright field micrograph of the same specimen after annealing at 200°C for 30
minutes. No change in the microstructure was observed. The TED pattern (not
shown here) still shows the presence of an amorphous layer.

The TED pattern in a <100> orientation (not shown here) of the
same spacimen, after annealing at 400°C for 30 minutes, shows the presence of
extra spots together with the matrix spots. The origin of these extra spots
was determined by tilting the specimen to a (114) orientation. Figure 159(a)
shows the TED pattern in this (114) orientation. The extra spots are observed
to be present at 1/3 (511) and 2/3 (511) positions. Following the a ysis of

Pashley and Stowe11,76 it was found that the extra spots are due to twins
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1ying on (111) planes. Figure 159(b) is a strong beam bright field micrograph
showing that all the point defect clusters have been annealed out with only
the microtwins remaining.  Figure 159(c) is a strong beam bright field
micrograph of the same specimen after further annealing at 600°C for 30
minutes. No bubbles have been observed after 400 and 600°C annealing.
Figure 160(a) and 160(b) are the dark field micrographs (as imaged with one of
the twin spots), of the specimen after annealing at 400 and 600°C for 30
minutes, respectively. It is clearly evident that a greater volume of the
implanted layer is occupied by twins in the 400°C anneal as compared to the
60G°C case. It is concluded therefore that considerable annealing of the
twins has taken place after annealing the specimen at 600°C,

Annealing at 850°C for 15 minutes has been performed on a
different specimen, after encapsulating it with Si3N4. The channeling
spectrum of this specimen,Figure 106 shows that the damage level is rather low
near the surface extending to a depth of about 900 A°. A sharp increase of
dechanneling at this depth indicates the presence of high density of
crystalline defects. The TED pattern (not shown here) of this specimen shows
that only GaAs matrix spots are present, indicating that at 850°C the twins
are conpletely annealed out. Figure 161(a) shows the strong beam bright field
micrograph close to the surface region. The circular feature seen in this
micrograph are the internal gas bubbles caused by the simultaneous
condensation of vacancies and inert gas atoms. Figure 161(b) is 4 bright
“ield micrograph of the same area but slightly underfocused. Under these
<ircumstances the bubbles are clearly visible. The size distribution of thesc
bubbles varies from 130 to 400 A®, Figure 161(c) is a strong beam bright

field micrograph that images the region just inside the surface. Dislocations
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were found to be present together with the bubbles. Many of the bubbles are
found to be present in association with and/or attached to dislocatons. Those
bubbles that are associated with dislocations are found to be bigger in size
than the ones which are not. The bubble sizes in this region vary from 200 to
600 A°, Figure 161(d) is a strong beam bright field micrograph of the same
specimen further inside the implanted layer. Dislocation tangles are present
together with bubbles. The dislocation density is found to be much nigher in
the deeper layer as compared to that in the near surface region. Thus the
sharp rise in the dechanneling at ~900 A° can be explained as due to the onset
of the dense dislocation tangles. Figure 162 is a weak beam dark field
micrograph of the deeper implanted layer showing the dense dislocation tangles.

The precipitation of Ar in GaAs, i.e. the formation of bubbles is
confirmed by lattice location experiments using RBS channeling in combination
with PIXE. The location of the Ar atoms was determined by channeling
experiments in which angular scans around <100> and <110> were performed.
Examples of PIXE spectra in random and channeiing <110 > directions are shown
in Figure 163.

It should be noted that the Ar-K signal remained almost unaltered
wnile the beam direction changed from channeling to random. An angular half
scan is shown in Figure 164 again showing that the Ar atoms are not occupying
any unique lattice positions such as specific interstitial or substutional
sites thus confirming the TEM observations.

From these results it became clear that the formation of twins
and therefore a defective regrowth of amorphous GaAs cannot be avoided by the
implantation of higher influences of Ar+ inns. It can thus be concluded

tnat the nucleation of microtwins in GaAs is not related to the implanted
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impurity and its preferential occupation of any particular sublattice
position. In the case of Ar implanted Si, low temperature annealing studies
reported in the Hteraturege'wo indicate that the bubbles of Argon gas form
in both as-implanted and annealed samples along with microtwins. The
formation of microtwins in Si recrystallization was explaired as due to the
formation of these bubbles at the crystalline-amorphous boundary where the
symmetry of the regrowth 1is broken during annealing thus promoting the
formation of microtwins. Since the microtwins in GaAs form at Tlower
temperatures (200-600°C) than the temperature at which bubbles form (850°C)
the nucleation of microtwins cannot be related to the presence of bubbles. It
should be noted also that the microtwins anneal out at about 700°C. Above
this temperature, dislocaiton tangles are the major reisidual defects.

It has been found that the bubbles which are associated with the
dislocations are slightly larger than the rest ([Figure 161(c)]. This
indicates that the dislocations 1is higher than the mobility of isolated
bubbles thus allowing smaller bubbles to coalesce to form larger ones. Note,
for example, the size of the bubbles in the near surface region, which is of
good crystalline quality, is smaller than the bubbles in the deeper region of
the implanted layer. This observation is in agreement of Beere's mode]"m
according to which a step introduced in a bubble surface by an intersecting
dislocation reduces the energy required for nucleation of atomic planes thus
promoting the bubble mobility by internal surface atom diffusion. The
presence of argon filled bubbles in ion implanted GaAs 1is indirect proof of
trapping of argon at vacant lattice sites since the nucleation of these gas
bubbles requires that a strain relief trapping of the gas atoms at single or

multivacancies occurs. According to Norgett and l-idiard,mz the capturing
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of an inert gas atom at a vacant lattice site will act to reduce its
interstitial strain energy to some small value. If the temperature is high
enough for vacancy migration to occur then the attachment of a second vacancy
will further eliminate the residual strain completely; however, there is now
created a situation where the divacancy with one inert gas atom can absorb a
second gas atom to reduce its interstitial strain energy. Thus, as this
process repeats itself a gas bubble eventually forms, If the concentration of
inert gas atoms is low enough, then simple vacancy or divacancy trappig can
dominate, This mechanism of absorption into vacancies is one possible way in
which argon atoms can act to reduce the number of compensating defects formed
in n-type implanted GaAs if those complexes involve the attachment of

vacancies to the n-type ion implanted dopants.

300

b




SECTION V
DEVICE ISOLATION BY ION IMPLANTATION IN
GaAs 07 AND H' IMPLANTATION IN GaAs

103-106

It is known that ion bombardment produces high resistitivity

layers in GaAs through the creation of lattice defects which form deep

trapping levels that compensate free carriers. Most commonly, protons and

106

oxygen ions are used for implantation. It has been found that oxygen has

a definite advantage over protons in compensating that electrical activity.
The compensation achieved by proton bombardment is not very stable above a
temperature on the order of 500°C because of the annealing of those defects

created by ion implantation, whereas the oxygen implanted layers have been

found to remain compensated up to 900°C107. This is thought to be caused by

a doping effect of oxygen resulting in deep levels of GaAs.]o8

A dose dependence in the compensation effect has also been observed for

14 -2

0+ implanted layers. For instance, a dose of less than 1 X 10 ‘cm - has

been foundlog to result in a conducting layer upua annealing above 700°C. A

152 is required to obtain a stable compensated

Yayer after annealing above 700°C. Recently, Favennac et a].]]o has shown

dose of the order of 10 “cm

from secondary ion mass spectroscopic analyses that for doses below

]4cm'2, oxygen diffuses very quickly at 900°C, whereas for high dose

10
5 -2 . . . . i

10 "cm ©, oxygen piles up around its projected range during annealing.

The results were identical in the case of hoth Cr-doped and undoped substrate

materials. It was suspected that the pile up is caused by the precipitation

of oxygen upon annealing at high temperature., However, no experimental

evidence was presented to support this hypothesis. Also, there is not report
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of any detailed investigation of the damage as a function of dose and anneal
temperatures.

We have carried out an investigation of damage production as a function
of dose for both 0 and H' implantation in GaAs. The residual damage
after annealing of 0" implanted samples were analyzed by both RBS and TEM.
Anisotropy in the displacement rate of Ga and As has been characterized.

Undoped semi-insulating liquid encapsulated Czochralski (LEC) grown GaAs
wafers with (100) orientation were implanted with ¥ ions in a non-channeling
direction. Two different energies, 350 keV and 80 keV were used. The doses

B2 o 5 X 1015cm'2. RBS-channeling analysis has

ranged from 5 X 10
been performed using 340 keV W jons. For H' implantation, 340 keV W
from the YV de Graaff has been used,

5.1  RESULTS AND DISCUSSION

Figure 165 shows the <100 > channeling spectra cbtained from samples
implanted with 80 keV 0+ ions to various doses before and after annealing.

The damage produced by implantation before annealing increases with dose as

expected. The dechanneling for dimplantation doses below 5 X 10‘4cm‘2 is
very close to the virgin level and, therefore, not shown in the Figure.

Although the damage level increased with dose, the layer remained crystalline

15 -2

even after implantation with 5 X 10 “cm °, the highest dose employed in

*he present experiment. After annealing at 700°C for 15 minutes, samples with

]scrn'2 show a dechanneling rate nearly the same as that

loses below 1 X 10
for the virgin crystal therby indicating a good recovery of damage. However,
for § X 10]5cm'2 implant, the residual damage is quite high as indicated
by significantly higher dechanneling as compared to that in the virgin

crystal. Spectra (Figure 166) collected in a high resolution geometry reveal
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clearly that the damage in the 1 X 10'%¢n2

implant and in the lower dose
implants anneals out completely after annealing at 700°C for 15 minutes. For
5 X 10]5cm'2 implant, the recovery 1is very good near the surface region
(/cs300A) as observed from a comparison of the channeling spectrum with that
of a virgin crystal. However, the damage inreases as a function of depth as
indicated by a sharp rise in dechanneling at this depth.

Figure 167 shows the <100> channeling spectra of 350 keV 0’ implanted
samples, As compared to 80 keV implants, the surface region is less damaged
for the same dose. The damage is maximum around a depth ~ 600 A® which
compares well with the projected range of 5350 A® as tabulated in Gibbons

m

et al. Annealing at 700°C for 15 minutes again leads to a similar result

as that for 80 keV implants (see Figure 168). Some defects are found to be

15 -2

present only in the case of 5 X 10 “cm ° implant. The damage recovery was

very good for 1 X 10'%cm? and Yower dose implants.

TEM investigations of the samples described above were carried out in
detail. The examination of the as-implanted samples confirm the crystallinity
of the implanted layer as observed by the channeling technique. Bright field
micrographs did not show any evidence of precipitation or defect clusters.
The annealed specimens, for doses below 1 X 10]5cm°2, also do not show any
observable  damage. However, the bright field micrograph of the

]Scm-2 0+ implanted sample annealed at 700°C for 15 minutes shows

5% 10
(Figure 169) dislocation loops. The sizes of these lcops vary from 50 -
1000 A®°, There was no evidence for precipitation of the implanted species.
The corresponding transmission electron diffraction pattern shows the presence

of only GaAs matrix spots.
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The present experiments show that the damage created by oxygen
jmplantation in GaAs recovers very well after annealing at 700°C for 15
minutes for doses below 1 X 1015cm'2. It can, therefore, be concluded
that the decrease of electrical conductivity due to oxygen implantation for

14 10%em?  after annealing at  high

doses in the range of 10
temper‘ature]09 is not due to damage but must be due to a doping effect as
discussed in the introduction. However, at higher dose residual damages in
the form of dislocation 1loops are observed which may have some small
contribution to the compensation effect. On the other hand, chemical doping
is probably the major compensating facter at these higher fluences as well,
Precipitates, if present, as suggested by Favennec et 61.106 must be of
sizes smaller than 10 A° as we were unable to detc :t any by TEM.

In the case of K implantation, the crystals were bombarded in a
random direction and the RBS-C and PIXE spectra were collected after a certain
interval to record the damage. A dose of <100 >C/cm2 was needed to collect
an RBS-C spectrum which has been found to produce no measurable damage when
incident along a channeling direction, However, a dose of ~ 650 uC/cm2 was
required to collect a PIXE spectrum which produced some damage along
channeling directions as observed by a small increase in dechanneling after
the bombardment. Therefore, separate beam spots were used for RBS-C and PIXE
analyses.

Figure 170(a) and (b) show the <100 > and <110 > channeling spectra
respectively before and after random bombardment of 330 keV H+.
Considerable increase in dechanneling is observed in both directions after
irradiation in a random equivalent orientation. The minimum yield . (defined

as the ratio of channeled yield to random yield) behind the surface peak as a
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function of H' dose is plotted in Figure 171. As expected the rate of
increase of x has been found to be the same in both directions. The cross
section for the displacement of GaAs atoms can be determined from the slope of

the change ino (i.e., 8x) vs. dose (¢) at zero dose:

g = %%X 6 =0 (1)

In this analysis, the contribution of dechanneling in defects is
neglected because we consider X in the vregion close to the surface
(R1000 A°). The cross section thus obtained is 8.2 X 10° Jcm®.

The displacement of atoms from their original lattice sites during the
impact of energetic particles generally occurs due to the elastic energy
transfer to the lattice atoms. An atom is displaced when an energy more than
the threshold energy Ed is transferred to the lattice atom. According to
reference 112, threshold displacement energy of Ga is 8.8 eV, whereas As is
10.1 eV. From electron irradiation measurements, Pons and Bouv‘goin”3 have
shown that the threshold energy can vary in the range 7-11 eV depending on the
direction of displacement. If we assume an average threshold displacement

energy of 9 eV, we can calculate the cross section for displacement according

to the theory of Kinchin and Pease.]14

20 4 2720 2, (o 0

cKP = (2)

MyE g
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where
ag = Bohr radius
M] and Z] = Mass and atomic number of the projectile
M2 and 22 = Mass and atomic number of the target atoms
ER = Rydberg Energy
EO and Ed are the primary energy of the beam and
diéplacement energy respectively
and y = ?MlMZ —
(My + M5)

This yields Ckp = 1.7 X 10']8cm2 which compares quite well with

the experimental value of 8.2 X 10']9 cmz. As Kinchin and Pease's theory
does not consider annealing due to the recombination of Frenkel pairs, oo
should be larger than the experimentally derived value.

Lower Ed and Ga as compared to As, imply that more Ga atoms should be
displaced as compared to As atoms. Assuming Ed = 8.8 eV for Ga and 10.1 eV
for As, one can easily see from equation (2) that about 11% more Ga atoms as
compared As atoms should be displced from lattice sites. We have made an
effort to establish this by measuring the non-substitutional fraction of Ga
and As as a function of H' dose using PIXE in combination with channeling.
Figure 172 shows the region of the PIXE spectrum, which is of present
interest. Two spectra shown in Figure 172 were collected by bombarding along
the <110 = channeling direction before and after a random bombardment of 16.2

mC/cmz. A spectrum was collected atso in a random direction.
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The area under the peaks of Ga-Ko and As-KB were used to calculate the
minimum yield ( x) which is ploted in Figure 173 as a function of proton dose.
It can be seen that y increases as a function of dose and reaches a saturation
after bombardment of about 15 mC/cmz. This is consistent with the results
obtained by RBS-C. From the minimum yields, one can determine the

non-substitutional fraction, f of the Ga and As atoms:

ns?

Xd~X
fns = 1? v (3)
Xy

where Y g and Xy are the minimum yields of damaged and virgin crystal
respectively. Figure 173 shows that at saturation about 22% + .5% of the Ga
atoms are nonsubstitutional as compared to ~16 * 2.26% As atoms. As the As
signal is smaller than the Ga signal by an order of magnitude or more, the
error in the determination of fns for As is larger. Even so, it is very
clear that more Ga atoms are displaced as compared to As atoms as expected
from the theoretical considerations discussed above. It may be noted that the
X-ray signal 1is obtained across a depth “2pym as compared to the mean
projected range ~2.5um, of the 330 keV Ht in GaAs and deeper along a
channeling direction.

In conclusion, we have demonstrated that the displacement of Ga and As
atoms in GaAs due to proton irradiation can be described by the theory of
Kinchin and Pease. We have also shown that about 7% + 2.5% more Ga atoms are
displaced as compared to As atoms during proton irradiation as would be
expected from a reduced threshold displacement energy for Ga atoms. Also, in
the case of 0+ implantation in GaAs, we have found slightly higher

displacement (<4%) of Ga than As.
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5.2 ELECTRICAL MEASUREMENTS OF Si* and 0% IMPLANTED GaAs
107

It has been shown by Favennec that oxygen implantation into GaAs
can produce high-resistivity layers either by defect-induced compensation or
by oxygen-doping-induced compensation. He suggested that the defect-induced
compernsation was dominant at annealing temperature below 600°C, while the
oxygen-doping-induced compensation was dominant at higher annealing
temperatures, Since the oxygen-ion bombardment into GaAs can be used in

106-110 have been done. However,

device isolation applications, many studies
most studies have been made on epitaxially grown uniformly doped GaAs and for
high temperature annealing behavior. In this work we have studied the
electrical properties of Si-implanted GaAs after bombarding with oxygen jons,
First, Si ions were implanted.into semi-insulating GaAs at ion energies
of 100 and 200 kev with doses of 3X10° and 2 X ]014cm'2,
respectively. Prior to the oxygen-ion implantation, the Si-implanted samples
were annealed at 850°C for 15 min. with CVD S1'3N4 caps, and

Hall-effect/sheet-resistivity measurements were made. The samples implanted
13

-2
at 100 keV with a dose of 3 X 10 “cm " showed an average sheet resistivity

(RO) of 2.2 X 102 /o and an average surface-carrier concentration (Ng) of

1.23%x 1052, The samples implanted at 200 keV with a dose of
2 X 1014cm'2 showed an average sheet resistivity of 1,54 X 102(yu and an
average surface-carrier concentration of 2.1 X 1013cm'2. The sheet

resistivity of the GaAs substrate itself was about 10]0Q/o.

Next, oxygen ions were implanted into the above mentioned 100- and
200-keV Si-implanted GaAs samples at ion energies of 57 and 113 keV, ??

respectively, The ion energies of O were chosen in such a way that the

. ) 1 KRR
. . . - e e
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projected ranges of both 0 and Si are about the same. For each oxygen-ion
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energy, three different O-ion doses were chosen. After oxygen-ion
bombardment, the samples were annealed at temperatures ranging from 100 to
400°C for 2 hours without any protective caps in flowing arqgeon gas.

The results of Hall-effect/sheet-resisitivity measurements are shown in
Figure 174 and 175. For the 100 keV Si-implanted GaAs, the oxygen-ion dose of
6.5 X 10'2cn2

cn © is about one half of the surface-carrier concentration, the

1.5 X 1013cm‘2 dose is one half of the Si-ion dose which is also about the
13 2

same value as the surface-carrier concentration, and the 3 X 10 “ecm - dose
' is exactly the same as the Si-ion dose. For the 200 keV Si-implanted GaAs, D
the oxygen dose of 2.15 x 10]3cm"2 is about the same as the

surface-carrier concentration, the 1 X 10 cm_2 dose is one half of the Si .
14:m2 dose is the same as the Si-ion dose.

14

' dose, and the 2 X 10
As shown in Figure 174 and 175, the sheet resistivity increased

dramatically from the initial value of the GaAs=Si samples after bombarding

with oxygen ions. The sheet resistivity increased further sharply with
annealing temperatures up to 400°C for all oxygen doses, and the samples
showed neither n- nor p-type conductivity. However, the sheet resistivities
| are lower for the higher oxygen doses at a given annealing temperature. This -
higher level of electrical conduction for the higher oxygen doses may be :
attributed to residual oxygen-implantation related radiation damage. The
’ results also indicate that the samples implanted with lower-dose Si can be
compensated more effectively than those implanted with higher Si doses. It
has been found that the sheet resistivity also increases gradually with
J annealing time at a given annealing temperature, but the sheet resistivity _
does not increase as dramatically as for the case of increasing annealing

temperature. The sample implanted with oxygen at an energy of 57 keV to a
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dose of 6.5 X 10 cm"2

and annealed at 400°C produces the highest sheet
resistivity (02X 10°90), which is about the same value of the
semi —-insulating GaAs substrate itseif. We may point out that the 400°C anneal
of GaAs samples without any protective cap may create some extent of
decomposition of the host lattice, although no visual sign of surface
degradation of the samples was observed.

Although we do not understand the exact nature of defects or
compensating centers created by the oxygen-ion bombard;ient, the defect-induced
compensation may be dominant at the annealing temperatures below or at 400°C.
The oxygen bombardment may create several compensating defects and each of
which may anneal out at a different annealing temperature. It is therefore
expected that the compensating defects with lower activation energies will
anneal out at lower temperatures leaving those with higher activation
energies. However, quite contrary to the above mentioned expectation, the
sheet resistivity increases monotonically with annealing temperature up to
400°C. Probably most compersating defects created by oxygen bombardment are
not only thermally stable at temperatures up to 400°C, but also some defects
which contribute to the electrical conductivity may be annealed out gradually
as the annealing temperature increases. Another possibility may be that the
implanted oxygen related electron traps may increase with the annealing
temperature. Although we can not find the exact correlativn of compensating
effects between 0- and Si--dose levels, it appears that a much lower dose of
oxygen than that of Si is required to produce a higher resistivity layer.

Also, oxygen ions alone were implanted into semi-insulating GaAs
substrates for comparasion, The results show that the value of sheet

resistivity decreases initially from that of GaAs substrate itself after
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oxygen bombardment., This may indicate that the disordered layer may
contribute to the electrical conductivity. However, the value of sheet
resistivity increases with annealing temperature up to 400°C as in the case of
oxygen bombardment into Si-implanted GaAs, which may indicate that the defects
contributing to the electrical conductivity anneal out gradually as the
annealing temperature increases. Also, it has been observed that tﬁe value of
sheet resistivity obtained from oxygen implantation alone is generally higher
than that of the GaAs(Si):0 at a given annealing temperature.

We have also investigated high temperature annealing behavior of
Si-implanted GaAs after oxygen implantation, In thic case, both Si and O were
implanted into semi-insulating GaAs sequentially. The samples were then
capped with CVD Si3N4 caps and annealed at temperatues ranging from 500 to
900°C for 15 minutes in flowing hydrogen gas. For this high temperature
annealing, no high resistivity layer was produced, and the sheet resistivity
remained below about ‘1039/0 at all annealing temperatures. Moreover, all
samples showed n-type conductivity, indicating very poor oxygen-doping-induced
compensation,

In summary, we can successfully produce high-resistivity layers by
oxygen-ion bombardment into Si-implanted conducting GaAs layver as long as the
annealing temperature remains at or below 400°C. However, the samples

implanted with both Si and 0O and annealed at or above 500°C failed to produce

high-resistivity layers, showing n-type conductivity for all cases.




SECTION VI
OHMIC CONTACT STUDY

Introduction

Alloyed Au-Ge or Au-Ge-Ni films are widely used for making Ohmic

N3-M8  qpo reliability of the contact has been

contacts to n-type GaAs.
found to depend on the stability of the metallurgical grain structure and on
the uniformity of the alloying behavior (surface morphology). It has been
discovered that, in the case of Au-Ge, the alloying has a tendency to be
non-uniform, Aina et a1.1]6 has shown that by sintering Au-Ge films with
GaAs at 315°C and 330°C for several hours, it is possible to get a uniform
surface morphology and at the same time a very low contact resistance (“3 X
10“6 a) cmz). Another way of improving the surface morphology and hence a
netter Ohmic contact behavior is to deposit an overlayer of Ni on AuGe before
alloying. Heiblum et a1.117 has reported the presence of dark clusters on

the surface of Au-Ge-Ni Ohmic contacts to n type MBE grown GaAs. These dark
clusters were identified as Ge-Ni rich and Au deficient regions. Ogawa”5
1as described the microscopic grain structure as Ni-As-Ge rich and Au-Ga rich
regions. So far, no systematic study has been done to compare and
characterize the surface morphologies, compound formation and diffusion
behavior of various contact systems on GaAs. We have made a detailed
investigation of the alloying behavior of Au/GaAs, Au-Ge/GaAs and
Au-Ge-Ni/GaAs using Scanning Electron Microscopy (SEM), Transmission Electron

Aicroscopy (TEM), Rutherford Backscattering Techniques (RBS), and Energy
Jispersive Analysis of X-rays (EDAX).
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6.1 Au/GaAs

Figure 176 (a,b) shows the SEM pictures of the surface of Au/GaAs system
after annealing at 350°C for 15 minutes. The presence of dark clusters are
clearly evident, Figure 176 (c,d) shows the SEM picture of Au/GaAs after

annealing at 425°C for 30 seconds. Not much change has been noticed in the

~ surface morphology as compared to the 350°C anneal. Figure 177 (a,b)

repfésents the SEM pictures of the surface of Au/GaAs after annealing at 450°C
for 15 minutes. A very ordered surface morphology can be seen in the form of
elongated (rectangular) patches. These patches are all parallel and aligned
in a particular direction, Figure 178 (a,b,c) represents th2 transmission
electron diffraction (TED) patterns of the Au/GaAs system after annealing at
350°C for 15 minutes, 425°C for 30 seconds, and 450°C for 15 minutes
respectively. As is evident, well defined Au diffraction iings are present
for 350°C and 425°C anneal indicating that Au has not reacted with GaAs at
these temperatures. Figure 178 (d) shows the bright-field micrograph of
Au/GaAs after annealing at 450°C at very low magnifications. The elongated
structures, as observed at the surface by SEM (Figure 177) are clearly
visible, Diffraction analysis chows that they 1ie along <110> directions of
GaAs and they are Au rich regions. A similar result has been feported
recently by Magee and Peng.”9

The random energy spectra of backscattered He ions from Au-GaAs samples
before and after annealing at 350°C for 15 minutes and 450°C for 15 minutes
are shown in Figure 179, Assuming a stopping power of 3 MeV He' in bulk Au
as 124 eV/A®, we can estimate the thickness of the film which turns out to be
25 A°. When comparing these spectra, it can be seen that after annealing at

350°C for 15 minutes, Au has diffused into the GaAs at the interface up to a
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Figure 177

SEM Micrographs of Au/GaAs After Annealing at 450°C
for 15 Minutes (a) Mag. X2k; (b) Mag. Xbk.
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depth ~ 1400 A°. It should be noted that this depth scale is determined by
assuming that very little Au is present in GaAs after 350°C anneal and
therefore the stopping power of GaAs can be used. The GaAs edge has moved
only very slightly indicating that some outward diffusion of GaAs has taken
place, After 450°C, 15 minute anneal, Au has diffused completely into the
GaAs as can be seen from the presence of GaAs at the surface and the shift of
Au edge inward. It shows that about 200-300 A° of GaAs is on the surface and
then a mixed layer of Au and GaAs at thickness A 2800 A° is present. This
thickness is obtained by assuming an average stopping power of Au and GaAs and
therefore can be off by about 20-30%. After annealing at 425°C for 30
seconds, RBS spectra (Figure 180) shows that Au has diffused only slightly
into the GaAs. The surface has remained unaltered.
6.2 Au-Ge/GaAs

Figure 181 (a,b) shows the SEM picture of Au-Ge/GaAs surface annealed at
350°C for 15 minutes and 425°C for 0.5 minutes respectively. Presence of
rectangular dark regions within the white region can be easily seen. These
rectangular dark regions are found to contain Au-Ge; however, the white
regions are found to be an Au rich region from EDAX analysis. Figure 181 (c)
represents the SEM picture of Au-Ge/GaAs surface after annealing at 450°C for
15 minutes. The rectangular dark regions are still present at the edges of
the white regions. Again the rectangular regions are found to contain Au-Ge
and the white regions are rich in Au-Ga,

Figure 182 (a,b,c,d) represents the TED patterns of as deposited 350°C
for 15 minutes, 425°C for 0.5 minutes and 450°C for 15 minutes annealed
samples respectively. In the as deposited case, the diffraction rings of both

Au and Ge are found to be present. The diffraction analysis of 350°C annealed
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Figure 181 SEM Micrographs of Au-Ge/GaAs System (a) Annealed at 359°C for

15 Minutes; (b) Arncaled at 425°C for 9.5 Minutes; (c) Annealed
at 450°C for 15 Minutes.
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specimen reveals the presence of some diffraction rings of metastable -
(Au-Ge) compounu. Figure 182 (c) shows the TED pattern after annealing at
425°C for 0.5 minutes. Analysis of this diffraction pattern shows the
presence of hexagonal Au7Ga2 compound. The analysis of the TED pattern
after annealing at 450°C for 15 minutes, Figure 182d shows the formation of

Ga,0; compound.  Figure 18z (e,f) shows the bright-field and dark-field

42
micrographs of Au-Ge/GaAs system after annealing at 450°C.

Figure 183 shows the random spectra of backscattered He ions from Au-Ge
film on GaAs before eond after annealing at 350°C/15 minutes and 450°C/15
minites. The thickness of the layer is found to be 1150 A® by assuming a
weighted stopping power of Au (88%) and Ge {(12%). Annealing at 350°C/15
minutes has caused a complete consumption of Au in GaAs, although some Au is
still present at the surface in addition to GaAs. Because of the small mass
difference betwean Gn, 3a and As atoms, signals could not be separated.
Compared to Figure 179, it can be seen that the presence of 12% of Ge has made
a significant difference in the diffusion rate of Au in GaAs. Annealing at
450°C/15 minutes has caused further diffusion of Au in to the GaAs. An edge
has shifted inward indicating that only GaAs is present at the surface.
However, nothing can be said abcut Ge from this spectra except its presence in
the as deposited layer. Annealing at 425°C for 30 seconds resulted in the
complete diffusion of Au-Ge in to GaAs, as indicated by the presence of GaAs
and the reduction of Au yield at the surface (Figure 180).

0.3 Au-He-Ni/GaAs

Figure 184 (a,b,c,d) shows the SEM micrographs of Au-Ge-Ni/GaAs systen

after ann2aiing at 350°C for 15 minutes, 425°C for 30 seconds. Figure 135

(a,b) shows the SEM micrographs of Au-Ge-Mi/GaAs system after annealing at
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450°C for 15 minutes. The dark circular patches are clearly visible at all
anneal temperatures. These patches are distrubted very uniformly throughout
the surface. The sizes of these dark patches are found to de larger at 450°C
a1s compared to low temperature anneals.

Figure 186 (a) are the bright-field micrograph after annealing at 350°C
for 15 minutes. As in the case of SEM micrograph (Figure 184), circular
patches are clearly visible. Evidence of Au7Ga2 and isolated Au particle
has also been found. Similar results have been found for &25°C anneal.
Figure 186 (c) represents the TED pattern of the Au-Ge, Ni/GaAs system after
annealing at 450°C for 15 minutes. The analysis of the TED sattern shows the
presence of Ga203 compound,

The RBS spectra from Au-Ge-Mi/GaAs are shown in Figure 187 (a,b). The
thickness of the layer is about 1400 A°., The small buap near the GaAs is due
to the backscattering signal from Ni, After annealing at 350°C/15 minutes, Au
nas diffused in to GaAs up to a depth ~1200 A®. It app-ar. Troa the spectrum
aftar 350°C anneal that the Ge remained unchanged. However, after 450°C/15
1i0.1%5 aanz24), a narrower peak appears, the energy of which corrasponds to Ga
1t the surface. It could be mixed up with both Ge and As sigaals., A&u has
1iTTas2d further into  the 3aAs s campared to the 350°C anneal (~2400 A°) and
2aAs has covered the surface compietely as indicated by the slight shift of
She Aaoadyge inward.

Th2 sp2cheuan 4 v iag at 425°C/30 seconds is compacable to that
aftar annealing at 350°C/15 minutes. Au has diffused into34%s & .« Ihickaess
1000 A®, Also Ge and Ni appear to have diffused into the GaAs to a depth
. 400 A° (s Tigure 183 a,h).
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Figure 186

UE’-723-314

(a) Bright-Field Micrograph and (b) TED Pattern of the
Au-Ge-Ni/GaAs System After Annealing at 350°C for 15
Minutes; (c) TED Pattern of Au-Ge-Ni/GaAs System After
Annealing at 45%0°C for 15 Minutes.
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Pl sagz 1o... o17:1te that a good Ohmic contact is obtained
with Au-Ge-Ni/GaAs after annealing at 425°C/30 seconds. Comparing to 450°C/15
minutes anneal, the surface morphology is uniform consisting of dark clusters
which have Y221 identified as Ge and Ni rich areas. The low density of these
particles after 450°C/15 minute anneal indicate that the contact resistivity
would be higher than the 425°C/30 second anneal. The 350°C/15 minute anneal
may result in a lower contact resistivity than 450°C/15 minute anneal.
However, this may still be higher than the 425°0/30 sacond anneal because of

the preseac. 7 0.5 drvse dark clusters.
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