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In the semiconductor technology aluminium is used for the production of contacts as well as a
dopant. When such a semiconductor-aluminium compound in an electronic circuit is exposed
to heat or radioactivity its physical properties can alter due to thermal and radiation enhanced
diffusion. It is important to know the diffusion behaviour of these compounds to predict
lifetimes of circuits. However, reported diffusion coefficients of aluminium in several
previously investigated semiconductors are contradictory. It is important to understand the
reasons for these discrepancies and additional measurements with different analysing methods
have to be performed under well-controlled conditions. 'Iiﬁnhennore diffusion data of

aluminium in several compound semiconductors investigated in this study are not available.



The semiconductors investigated in this study were silicon, germanium, indium phosphide,
indium antimonide and gallium arsenide. Two different methods were applied to analyse the
diffusion behaviour of aluminium in these semiconductors. Firstly thin aluminium films were
deposited by vapour deposition onto the investigated semiconductors. Secondly, samples were
implanted at room temperature and at T, = 250 °C with a fluence of 5 x 10'® aluminium ions

cm’™,

Aluminium depth profiles for both methods were obtained by nuclear reaction analysis (NRA)

before and after isochronal annealing at different temperatures. NRA is an isotope specific
method that has various advantages over other analysing methods. The *’Al(p,y)**Si reaction at
a proton energy of 992 keV was applied to detect aluminium atoms. Diffusion coefficients as
well as the detection limits of this method were extracted from a comparison of the depth

profiles before and after annealing.

Additional channeling analysis in a backscattering geometry was performed to analyse the
radiation-induced damage during the implantations and their recovery after isochronal

annealing.
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In die halfgeleierindustrie word aluminium vir kontakte sowel as doteermiddel gebruik.
Wanneer so ’n halfgeleier-aluminium verbinding in ’n elektroniese stroombaan aan warmte of
radioaktiwiteit blootgestel word, kan sy fisiese eienskappe as gevolg van termies- en stralings-
versnelde diffusie verander. Dit is belangrik om die diffusie-gedrag van hierdie verbindings te
ken om die leeftye van stroombane te voorspel. In die literatuur is uiteenlopende
diffusiekoéffisiénte vir aluminium in ‘n aantal halfgeleiers gepubliseer. Dit is belangrik om
die redes hiervoor te verstaan en verdere metings met verskillende tegnieke onder beheerde
omstandighede is derhalwe nodig. Verder is diffusie-data van aluminium in verskeie

saamgestelde halfgeleiers wat in hierdie studie ondersoek is, nie beskikbaar nie.



Die halfgeleiers wat in hierdie studie ondersoek is, is silikon, germanium, indiumfosfied,
indiumantimonied en galliumarsenied. Twee verskillende tegnieke is gebruik om die diffusie-
gedrag van aluminium in hierdie halfgeleiers te ondersoek. Eerstens is dun aluminiumlagies
op die halfgeleiers opgedamp. Tweedens is die halfgeleier by kamertemperatuur en 250 °C

met "n dosis van 5 x 10'® aluminiumione cm™ geinplanteer.

Aluminiumdiepteprofile is vir albei metodes deur middel van kernreaksieanaliese (NRA) voor

en na isochroniese uitgloeiing by verskillende temperature bepaal. NRA is ’'n isotoop-
spesificke tegniek met verskeie voordele bo ander tegnieke. Die 2’Al(p,y)*Si-reaksie by 'n
protonenergie van 992 keV is gebruik om aluminiumatome waar te neem. Diffusiekoeffisiénte
sowel as die gevoeligheid van hierdie tegniek is verkry deur die diepteprofiele voor en na

uitgloeiing te vergelyk.

Hierbenewens is kanaliseringsanalise in ’n terugverstrooiingsgeometrie uitgevoer om die

uitgloeigedrag van die stralingskade wat deur die inplantering veroorsaak is, te bepaal.
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CHAPTER 5

EXPERIMENTAL

The diffusion behaviour of aluminium in the semiconductors silicon (Si), germanium (Ge),
gallium arsenide (GaAs), indium phosphide (InP) and indium antimonide (InSb) was
investigated by nuclear resonance analysis (NRA). The sample preparation from these
materials is described in chapter 5.1., followed by a short description of the implantations that
were performed. The annealing system as well as the analysing set-up are described. A
summary of the automatic energy scanning system installed at the University of Pretoria is
followed by a description of the (p,y) reaction used for this work. A short summary of the

channeling technique concludes this chapter.

5.1. SAMPLE PREPARATION

The surface of the investigated semiconductors had to be cleaned before they were implanted
and before the thin aluminium films were deposited. The different semiconductors were

cleaned and prepared as described in the following sub-chapters.

A successive heating of the same sample for investigation of the diffusion behaviour might
influence the results by leading to difficulties in the reproducibility that might arise due to
several heating and cooling cycles. Therefore larger pieces of every semiconductor were
implanted or prepared by vapour deposition. Samples of about 5 x 5 mm were cut from these
pieces. This ensures that all samples of a semiconductor are prepared in the same way for an

experiment.

For every annealing temperature a different sample was annealed to exclude effects that could
occur from multiple heating and cooling of the same sample. Another advantage of this
annealing method is the possibility to check obtained results by repeating the annealing

experiment with a sample that is prepared in the same way.
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S.1.1. SILICON

The surface of a float-zone (FZ) Si <100> and a Si <111> B" - doped wafer was etched with a
2 % HF water solution in order to remove the oxide layer. Half of this wafer was immediately
transferred into a vacuum system for deposition of the ¢+ = 20 nm aluminium film with a
resistive evaporation technique.

For every annealing experiment two samples cut from this wafer half were placed into a
quartz tube with the aluminium sides facing each other in order to prevent evaporation of
aluminium during the annealing process (sandwich - method). The annealing system is

described in chapter 5.3.

The remaining wafer half was cut in two and one of the quarters was implanted at room
temperature, the other quarter at 250 °C. Samples were cut from these quarters after
implantation for subsequent annealing for one hour in vacuum at 7, = 500, 700 and 900 °C.
During the annealing process the samples were not covered in order to avoid interdiffusion of

the implanted aluminium samples.

5.1.2. GERMANIUM

A <111> n-type germanium crystal of the size 25 x 25 x 1 mm was mechanically polished
and chemically cleaned with HNO, and placed into a vacuum system. A ¢ = 13 nm aluminium
film was deposited onto the polished surface of half of this crystal with a resistive
evaporation method. Samples were cut from this crystal with a diamond saw and annealed for
one hour in vacuum at 7, = 500 and 700 °C. The germanium samples were not covered during
annealing because pits were observed on the surface after annealing samples with the
sandwich method. These pits are diffusion channels that influence the diffusion behaviour

dramatically.

The remaining polished germanium half was cut in two. One quarter was implanted at room
temperature and the other at 250 °C. The samples cut from these pieces were also not covered

during annealing for one hour in vacuum at 7, = 700 °C.
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3.1.3. GALLIUM ARSENIDE

The surface of an undoped <100> gallium arsenide wafer was degreased in trichloroethylene
(TCE) and isopropanol. Hereafter it was rinsed in deionised water and chemically etched in
H,0, : NH,OH : H,O (ratio 1 : 3 : 150) followed by another rinse in water. The oxide was

removed in HCL : H,O (ratio 1 : 1) followed by a final rinse in deionised water.

The wafer was cut in half. One of the halves was transferred into a vacuum system for the
deposition of the ¢ = 17 nm aluminium film with the resistive evaporation technique
mentioned above. Samples were cut from this piece and subsequently annealed for one hour
in vacuum at 7, = 450 and 550 °C. During the anneal the sandwich method described for

silicon in 5.1.1.was applied.

The remaining cleaned wafer half was cut in two. One of the quarters was implanted at room
temperature and the other at 7, = 250 °C. The samples cut from these were subsequently
annealed for one hour in vacuum at 7, = 350, 450 and 550 °C. During the anneal the samples

were not covered.

5.1.4. INDIUM PHOSPHIDE

An undoped n-type <100> InP wafer was degreased in hot trichlorethane, acetone and
isopropyl alcohol (ratio: 1 : 1 : 1) and rinsed in methanol and deionised water. The wafer was
cut in the middle and one half was placed in a vacuum system for deposition of a £ = 10 nm
aluminium film with the resistive evaporation method. Samples were cut from this half and
subsequently annealed for one hour in vacuum at 7, = 300 and 400 °C using the sandwich

method.

The remaining clean wafer half was cut in two. One of these quarters was implanted at room
temperature, the other at 7, = 250 °C. Samples were cut from these quarters and annealed for

one hour at 7, = 300 and 400 °C in a vacuum system. During annealing the samples were not

covered.



5.1.5. INDIUM ANTIMONIDE

The surface of a tellurium doped n-type <110> InSb wafer was cleaned with CP4 for 5
seconds. CP4 consists of HF, HNO, and CH,COOH (ratio: 3 : 5 : 3). After cleaning, the disc
was rinsed in deionised water and dried with nitrogen. The wafer was cut in half.

One of the halves was placed in a vacuum system for deposition of a = 10 nm aluminium
film onto the surface with the resistive evaporation system. Samples cut from this wafer were
annealed for one hour in vacuum at 7, = 250 °C with the sandwich method.

The other cleaned wafer half was cut in two. One of the quarters was implanted at room

temperature, the other at 7, = 250 °C. These samples were not covered during annealing for

one hour at 7, =250 °C in vacuum.

5.2. IMPLANTATIONS

All implantations were performed at the Schonland Research Centre for Nuclear Sciences at
the University of the Witwatersrand (WITS) in Johannesburg with a Varian-Extrion
implanter. Due to implanter problems beyond our control the ion energy could not be
measured directly. It was indirectly determined as 120 kel by comparing the experimentally
observed implantation profiles with TRIM [14] simulations. However, it must be stressed that
a knowledge of the exact ion energy is of no importance for our investigation. The fluence of

the implantation was for all samples 5x10'® aluminium ions cm™.

The implantations at room temperature were performed with a beam current of about 1 4
which corresponds to a dose rate of 1 x 10" ions cm™s™'. This rate is low enough to avoid

excessive heating of the samples.

Hot implantations were performed at 250 °C with a beam current of about 3.4 pA which
corresponds to a dose rate of 3.4 x 10" ions cm™s”'. The temperature of the heated sample
holder was measured on the surface close to the samples with a thermocouple. During the

implantation the temperature was kept within + 20 °C.

Samples were tilted during implantations at an angle of 7° relative to the surface normal to

avoid channelling of the 1ons during implantation.

32



5.3. ANNEALING SYSTEM

The samples were annealed in a 60 cm long cylindrical oven. The maximum temperature of
this oven is at 7= 1000 °C, which is reached in the middle of the oven with a slight gradient
towards the sides. A thermal sensor with a feedback system keeps the adjusted oven

temperature within AT=+ 5 °C.

For the annealing process the samples were placed in quartz-glass tube connected to a
vacuum system. A thermocouple was placed next to the samples inside the quartz tube to
provide the actual temperature at the location of the samples. The oven was heated to the
desired temperature before it was shifted over the quartz-tube. The vacuum was better than

107 mbar while the quartz tube with the samples was in the oven.

Slight adjustments to the annealing temperature could be made, by moving the oven relative

to the quartz-glass tube by making use of the temperature gradient inside the oven.

5.4. THE ENERGY SCANNING SYSTEM

For obtaining depth profiles with NRA the energy of the incoming protons has to be changed
in a controlled manner which is difficult to realise by setting the analysing magnet every time
the energy has to be changed. This is due to hysteresis effects and difficulties in setting the
magnet reproducibly within AE = 500 eV of the desired energy. Therefore an energy scanning
system is necessary to change the proton energy in small reproducible steps. Various
scanning methods are employed world-wide. The system installed at the University of
Pretoria is based on a principle developed by Amsel et al. [37-39]. The accelerator group of
the National Accelerator Centre (NAC) in Faure made the appropriate adaptation for our
accelerator. The system is designed for proton energies up to 2.5 MeV and is able to step

through a total energy range AE of some 40-100 keV'.

Displayed in Fig. 9. is a schematic layout of the accelerator beamline, where the energy

scanning system 1s installed.
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Fig. 9: Layout of the accelerator beamline in which the energy scanning system is installed.

The energy scanning system consists of two sets of electrostatic deflection plates. One set is
located in front and the other one behind the switching magnet at similar, but not identical
distances from the magnet. When a voltage is applied on the first set of plates the beam gets

deflected from its original trajectory.

Deflecting plates

Fig.10: Schematic diagram of a set of deflection plates, together with the deflected

and undeflected beam path.
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The second set of deflection plates after the magnet has the opposite polarity of the first set of
plates. This corrects the disturbed trajectory of the deflected particles in a way that the beam
is now deflected onto the horizontal energy selection slits located downstream at the
horizontal focus, which is schematically shown in Fig. 10. The feedback from the slits causes
the stabilising system to increment the terminal voltage of the accelerator until the beam

trajectory is passed through the slits. Detailed calculations for our system are in ref.[40].

By varying the applied voltage on the deflector plates it is easy to change the energy of the
analysing ions without changing the setting of the analysing magnet. The energy variation
without changing the magnetic field opens up the important possibility of running the

experiment in a multi-sweep mode, since no hysteresis problems exist.

A Pentium computer controls the power supply for the deflector plates in front and behind the
switching magnet. To automatically save a spectrum after a scan the PCA - Multiport can be
run in a batch mode. An example for one of the batch programs, written for that purpose, is

listed in Appendix A.

5.5. y- RAY DETECTION

For the gamma ray detection from the nuclear reaction analysis two gamma detectors were
used. One of the detectors i1s a 5.3 cm EG&G Ortec high-purity intrinsic germanium coaxial

photon detector, the other a S inch Bicron Nal-scintillation detector.

When gamma radiation interacts with the Nal(Tl) crystal, the transmitted energy excites an
lodine atom and raises it to a higher energy state. When the iodine atom returns to its ground
state the energy is re-emitted in the form of a light pulse in the ultraviolet which is promptly
absorbed by the thallium atom and re-emitted as fluorescent light. The efficiency of a Nal

detector is high, however its resolution is relatively poor (peak width of 6 % at 1 MeV).

The coaxial intrinsic germanium detector consists of a cylinder of intrinsic germanium with
impurity concentrations of less than 10'° atoms cm™. The core of this cylinder consists of
doped germanium and the contact on the surface of the cylinder consists of lithium. Gamma

radiation creates electron hole pairs in the active region (intrinsic germanium), and the charge
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produced is collected under the influence of the bias voltage of 3000 volts. Germanium
detectors have a resolution of about 0.15% at 1.3 MeV. However, due to the size of the
germanium diode the counting efficiency of the germanium detector is poor. By adding the
counts of both detectors (Ge and Nal) the counting efficiency was increased to reduce the

analysing time to an acceptable level.

Through modified ports in the analysing chamber the two detectors could be positioned close
to the target to reach a large solid angle dQ ~ 10" sterad of detection. The two detectors and
the incident beam are in the same horizontal plane. The angle between the beam axis and the

Nal detector is 6, = 90° and between the Ge detector and the beam axis 8, = 127°.

In Fig.11 a schematic drawing of the layout of the analysing detector system is shown.

Nal Scintillation
detector

Ton Beam I e

e

T e 7 i
N\ \.J High -Purity
N ™ Germanium
detector

Fig.11: Detector configuration relative to the target and the incoming beam.

5.6. DATA AQUISITION

A block diagram of the electronic circuitry for data acquisition of NRA measurements is
displayed in Fig.12. When a gamma ray arrives at one of the detectors the signal is amplified
by a Tenelec TC243 amplifier. The output signal of each amplifier is sent to a single channel
analyser (SCA). The logic output from the SCA is connected to an Ortec 433 sum-invert
amplifier, which is a logic-or amplifier. The sum invert amplifier is set to non-invert, which

ensures that when on either detector a gamma-ray in the desired energy window is detected a
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logic pulse is given to the PCA-Multiport. This Tenelec multichannel analyser is set on

multichannel scaler (MCS) mode.

§ <4———— Photons —»é

Germanjum
Nal detector detcotor
| ¢————— Signaly ————————
v A\ 4
Tenelec TC 243 Tenelec TC 243
amplifier amplifier
y A\ 4 y
Ortec 427 Ortec 455 single Ortec 455 single Ortec 427
delay channel analyser channel analyser delay
. Ortec 442 Ortec 442
> linear gate Enable » linear gate <
L] 1
\ 4
_______ P 3 D S —
1 | | 1
| Canberra Km s e Ortec 433 ) ey Canberra 1
MCA sum-invert amplifier MCA
I | 1 |
A 4
Gate| PCA-Multiport Extsy
Tenelec multi channel |«
analyser
Extdw 4
Interval Start/ restart
Count
<
Ortec 439 .
current integrator oy um:‘_ Timer / Counter Reset Amsel control
-
End of preset h

Fig.12: Block diagram of the electronic circuitry used for the NRA measurements.
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5.6.1. SETTING OF ENERGY WINDOWS

Before NRA measurements are performed several adjustments and calibrations of the system
have to be made. An energy window has to be set at the SCA to detect only y-rays with
energies that result from the employed nuclear reaction. The setting was performed separately
for each detector with a radioactive “°Co source, which has characteristic gamma rays at 1173
keV and 1332 keV. The amplified signal from the detector is send simultaneously through a
Ortec 427 deléy and the SCA to a linear gate. The logic signal from the SCA is connected to
the gate to enable analogue pulses within the set energy window to pass to the multichannel
analyser MCA (dotted line). The windows of the SCA are at this stage completely open to
allow the full energy spectrum to pass and the delay is set to 7= 2 us to ensure that the

signals arrive at the gate in coincidence.

Once the MCA was calibrated, the upper and lower levels of the SCA were adjusted to the
desired energy window. The y-rays from the *’Al(p,y)**Si reaction have a maximum energy of
10.76 MeV (see chapter 5.7). Other y-rays with lower energies from this reaction were not
used for detection because of background problems. The energy windows were set differently
for both detectors. The SCA energy window for the germanium detector was set between 10.3
MeV and 11.5 MeV and for the Nal detector an SCA energy window between 10.4 MeV and
11.4 MeV was set. The slightly smaller window for the NaJ detector was chosen because of
its higher counting efficiency. With this setting of the SCA energy windows, the best signal

to background ratio could be reached.

5.6.2. NRA MEASUREMENTS

The power supply for the energy scanning system (see chapter 5.4.) as well as the PCA
Multiport used for the data acquisition are controlled by a Pentium - computer running the
Turbo Pascal computer code AMSEL.

At the beginning of a NRA measurement the energy of the incoming proton beam is set to its
starting value by the computer program, which also sets the PCA-Multiport to channel 1.
After sending the starting pulse, counts from the SCA are collected into that channel until a

certain predetermined charge was collected on the sample.



When the set charge is reached on the sample, the counter sends a feedback to the scanning
system to increase the energy of the incoming proton beam. The counter for the integrated
beam current is reset and the MCA-Multiport is set to the next channel. A start pulse results

in counting gamma rays into that channel until the set charge on the sample is reached again.

This charge on the sample is measured with a counter that is connected to the digital output of
the Ortec 439 current integrator. Within a measurement the value of the counter is set to a
constant value to ensure that all the energy steps are performed for the same charge, e.g. the

same amount of incident protons on the sample surface.

Secondary electrons of the analysing beam — target interaction are falsifying the measured
beam current readout at the integrator. An aluminium plate with a hole for the analysing beam
is connected to a negative potential of U = - 200 V" and placed about 1 c¢m before the target to

suppress secondary electrons.

Up to 10 energy scans were performed for every measurement. The spectrum obtained after
each scan was saved. This was done for several reasons. After about 10 scans a degradation of
the surface due to the proton beam was observed. Some of the sample surfaces were flaking.
Therefore the spectra taken after every scan were carefully compared to rule out flaking

effects on the target surface that would influence the results.

Another reason for saving each scan was that the electricity supply for the system was not
reliable. Long measurements were performed without attending to the accelerator. A power
failure or a short power drop shuts down the power supply of the analysing magnet as well as
the accelerator itself. However, saved spectra after a few scans contained already enough

information about the depth profile.

5.6.3. MAGNET SETTING

The scanning system (see chapter 5.4.) scans the energy symmetrically about a central proton
beam energy. The central energy together with the step width and the number of steps

determines the proton energy region that is covered in a measurement. It is crucial for every
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measurement to first calibrate the PCA — Multiport by setting the magnet correctly to the
desired central energy.

For setting the analysing magnet of the accelerator a solid aluminium target was used. The
spectrum was taken with the PCA-Multiport as described above. An example for such a
calibration spectrum can be seen in Fig. 13. The ‘step’ represents the target surface, which, in
the case of aluminium corresponds to incoming protons at 992 keV. The deflecting magnet
was set to get this ‘step’ at about channel 15 of the PCA-Multiport for background

corrections at lower proton energies.

The computer program was set to a proton energy step width of AE = 500 eV for the
implanted samples, which for example corresponds to a step width in silicon of 12.2 nm. To
cover the implanted depth in the sample one scan contained 80 steps. For the in-diffusion
analysis the step width was set to AE = 250 eV which corresponds to 5.3 »m in aluminium
and typically 40 steps were performed in a scan. A further description of the system can be

found in [41].
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Fig. 13: Spectrum of a solid aluminium target for calibration purposes. Channel 15 corresponds to an

incoming proton energy of 992 keV.

5.7. THE YAL(p,y)*SI REACTION

The reaction used for the depth profiling analysis is the *Al(p,y)**Si reaction at a proton

energy of 992 keV. Aluminium has only one stable isotope: *’Al which has at least 22 (p,y)
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resonances below 1 Mel [42]. All the resonances have a width smaller than 200 eV. The
cross section is largest for 992 kel (o = 31 mb) followed by 632 kel (o= 5.3 mb).

Fig.14 shows a y-ray spectrum of a thin aluminium sample for the 992 kel resonance used in
this work recorded with a Ge(Li) detector [43].

The high-energy y-rays result in three peaks each in the spectrum: full-energy peak, single-
escape (S.E.), and double-escape (D.E.) peaks. The full-energy peak corresponds to the case,
when the total energy of the y-ray is absorbed in the detector. The escape peaks are observed,

when one or both of the annihilation y-rays (511 ke¥) are lost from the detector.

The decay scheme for this reaction, which has a width of AE, = 105 eV [44], is presented in
Fig.15 [45]. The excited level of silicon is at 12.542 MeV from where it decays by different
decay modes to its ground state. The direct decay to the excited state at 1.78 MeV, resulting in
a y-ray with the energy 10.76 MeV, has with 78% the highest probability [46]. A direct

transition to the ground state would be a M3 transition and is therefore very unlikely.

One major advantage of this high y-ray energy region is the low background yield and usually
the lack of other interfering resonances of the target material. The only other possible reaction
for Al having a y-energy within our SCA windows is for a proton energy at 632 kel

resulting in a y-energy at E= 10.41 Mel with a cross section of 5.3 mb. However, when
analysing silicon with a proton beam of 992 keV this would correspond to a depth of 9 gm in

silicon whereas the aluminium is only implanted at a depth of 0.2 gm.
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Fig.14: y-ray spectrum for the 992 keV ¥ Al(P,y)*Si resonance [43].
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Fig.15: Decay scheme of the excited level of 2Si at 12.542 MeV to the ground state.

5.8. CHANNELING

The steering of ions by lattice potentials in a crystal is known as channeling. Channeling of
energetic ions occurs when the beam is carefully aligned with a major symmetry direction of
a single crystal. A major symmetry direction is one of the open directions as viewed down a
row of atoms in a single crystal. Channeled particles cannot get close enough to the atomic
nuclei of the target to undergo large angle Rutherford scattering. Therefore the scattering of
the substrate is drastically reduced. There is always a full interaction with the first
monolayers of the solid, resulting in a surface peak in the spectrum. A schematic drawing of
particle trajectories undergoing scattering at the surface and channeling within the crystal is

shown in Fig. 16.
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Fig. 16: Schematic of particle trajectories undergoing scattering at the surface and channeling within the
crystal. The depth scale is compressed relative to the width of the channel in order to display the

trajectories[47].

The trajectory of a channeled ion is such that the ion makes a glancing angle impact with the
lattice axes (axial channeling) or planes (planar channeling). Detailed descriptions of the

channeling effects as well as for its different applications are in refs. [48-52].

The channeling effect can be used for analysing crystal properties like for example the lattice
site occupation of impurity atoms [53] or investigation of the crystalinity of a material. For
this work the major interest was in analysing the damage introduced into the semiconductors
during the aluminium implantation as well as how the crystal structure recovered during the
different annealing steps. Having a disturbed lattice due to point or extended defects results in
an increase in the backscattering yield of an orientated (aligned) crystal. Comparing an
aligned backscattering spectrum of an unimplanted crystal with the aligned spectrum of an

implanted crystal indicates the radiation induced damage introduced into the lattice during the

implantation.

The channels from the backscattering spectra were converted to a depth scale by assuming an

energy loss as found for an amorphous solid.
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The channeling experiments were performed with the Van de Graaff accelerator at the
University of Pretoria using 1.5 MeV o particles. The semiconductor samples were mounted
on a three axis goniometer with an angular precision better than 0.1°. The silicon surface

barrier detector was mounted at a backscattering angle of 165°.

5.9. ERROR CALCULATIONS

The given errors for the range distribution and the second moments are calculated from
several experimental uncertainties. The total error in the first moment is calculated by taking
the following factors into account:

e statistical uncertainty of the maximum

* =~ 5 % uncertainty in the tabulated values given for stopping

e uncertainty of the surface

The squares of these uncertainties were added to obtain the square of the total experimental

error in the first range moment.

The total error from the second range moment was calculated from:

e statistical uncertainties

e ~ 5 % uncertainty from stopping values, taking only into account the width of the curve.
The uncertainty of the surface channel is not important for the second moment. The squares

of the given uncertainties add up to the square of the total error in the second range moment.

5.10. DIFFUSION ANALYSIS

The diffusion coefficients were obtained with the finite difference method using the computer

code DIFFUS as described in chapter 2.4. by comparing the NRA depth profiles before and

after annealing.

The sensitivity of the applied method to determine diffusion coefficients depends on several
experimental parameters. High enough count rates in an energy scan are essential to reduce
experimental errors in the obtained range parameters. Small energy step widths of the
analysing beam increase the depth resolution. However, for smaller energy steps the total

analysing time increases for a sufficient count rate, which can lead to a degradation of the
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target surface by the analysing beam already after a few energy scans. For best results the

parameters were adjusted to the values mentioned in chapter 5.6.3.

The lower detection limit of diffusion coefficients can be estimated by taking depth
distributions of an implanted sample where no detectable diffusion occurred. Experimental
uncertainties for the full width at half maximum (FWHM) of the depth distribution are

typically about Ax ~ 5 nm for at typical FWHM of 150 to 200 nm.

From the change in FWHM of a gaussian depth distribution the diffusion coefficient is
calculated to W? = 4 Dt In(2) + W,* [54], where W, and W are the widths before and after

diffusion, respectively. The total uncertainty Ax,, in the width for an initial and final

tot
distribution calculates to: (Ax,,) = [(Ax,)*+ (Ax)*]"* = 7 x 107 cm. For an annealing time of |
hour an upper limit for diffusion coefficients of implanted samples are calculated to:
D, ~10"cm’s".

Smailer FWHM of 10-20 nm and experimental uncertainties of about Ax = 3 mm in the
determination of the FWHM of the thin films are due to smaller energy steps and higher

count rates. Total uncertainties in the FWHM are in the range of Ax,,, ~ 4 nm, which leads to a

tot

minimum detection limit for the diffusion coefficient of D < 10" em® 57"
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CHAPTER 6

PREVIOUSLY PUBLISHED RESULTS

Over the last 100 years many investigations were done on diffusion in solids to understand
the mechanisms that are involved in this process. Specialised conferences on diffusion were
held for researchers to exchange their latest knowledge (for example: Diffusion in Materials
‘DIMAT 96°).

For this study the diffusion behaviour of aluminium in five different semiconductors was
investigated. The investigated semiconductors can be summarised in two groups: elemental
semiconductors (silicon and germanium) and ///-V compound semiconductors (gallium

arsenide, indium phosphide and indium antimonide).

Publications of the investigated systems are mentioned in this review as well as work on
related or similar systems. Aluminium diffusion coefficients in indium phosphide and indium

antimonide were not found in the literature.

6.1. ELEMENTAL SEMICONDUCTORS

An important summary on diffusion in silicon and germanium is a review article by Seeger
and Chik [8]. Although this article was written in 1968 the major diffusion mechanisms and
self-diffusion coefficients in these semiconductors are discussed. An extensive reference list
concludes this review. The diffusion mechanisms mentioned in this review are discussed in
chapter 2.2.1.

Recent research was done on implantation of impurities (dopants) followed by successive

annealing to diffuse them onto a desired lattice site for electrical activation.
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6.1.1. SILICON

A large amount of publications in the past 20 years is dealing with aluminium in silicon. This
list can only give an overview and cannot claim to be complete.

The aluminium-silicon system is a simple eutectic system with two solid solution phases, fcc
(aluminium) and diamond cubic (silicon) [55]. The maximum solubility of silicon in
aluminium is found to be 1.5 £ 0.1 at.% at the eutectic temperature, and decreases to 0.05
at.% at 300 °C. The maximum solubility of aluminium in silicon is only 0.016 £ 0.003 at.%
at 1190 °C, the retrograde point of the silicon solidus. Aluminium - silicon alloys have not
been reported to form metastable intermetallic compounds or glassy alloys.

Some of the results on aluminium diffusion in silicon are summarised in ref. [56] including a
list of diffusion coefficients and their references. The interest of aluminium as an impurity
arises from the fact that it diffuses faster than other group /I acceptors.

The diffusion coefficients found were subject to controversy because differences of up to two

orders of magnitude were found.

Dy [cm’ s7'] E, [eV] D (900 °C) [10™"° em’ 5] References
8 3.47 9.64 Fuller, Ditzenberger [57]
2800 3.9 128 Goldstein [58]
4.8 3.36 17.2 Miller, Savage [59]
0.5 3.0 63.2 Kao [60]
1.38 3.41 3.01 Ghoshtagore [61]
1.8 3.2 31.4 Rosnowski [62]
8.88 3.44 14.4 Galvagno [63]
7.40 3.42 15 La Ferla [64]

Table 2: Pre-exponential factors and activation energies in D = D, exp (-E, / kT) quoted by different

authors. The diffusion constant at 900 °C is given for the purpose of comparison.

The differences seen in table 2 are largely due to the nature of the impurity sources and
diffusion conditions. In ref. [57] aluminii:m metal in an evacuated tube was used to deposit a
film of aluminium onto silicon. The diffusion coefficient was measured using the p-n-

junction method (see chapter 2.3). The lowest annealing temperature was 1085 °C for 234

47




hours. In ref. [58] an aluminium - silicon alloy button was placed on top of the silicon
substrate within an evacuated tube. In ref. [59] the substrate and source were placed inside a
silicon boat held within a tantalum tube which acted as a getter to avoid any reaction between
the quartz tube and the substrate. This assembly was heated in an open arrangement under
helium or argon gas flow. Ghoshtagore [61] diffused aluminium into Si <111> from doped
epitaxially deposited source layers in a floating hydrogen atmosphere. The temperature
dependence of the intrinsic diffusion coefficient was obtained above 1120 °C. Rosnowski [62]
uses a high vacuum, open tube method for aluminium diffusion into silicon. The diffusion

coefficient was determined in the temperature range 1025 —1175 °C.

Galvagno et al. [63] implanted a low dose (1 x 10" ¢m™) aluminium ions at 80 keV/, 300 kel
and 6 MeV. The annealing temperature range was from 1000 °C - 1290 °C using rapid
thermal processes in a nitrogen atmosphere for a few seconds and in a SiC tube furnace for
longer times up to 16 hours. The depth profiles were obtained using SIMS. The aluminium
dose lost through the surface was taken into account. It was concluded that SiO, is not a
suitable capping layer to prevent loss of aluminium due to the reaction of aluminium with
oxygen to form ALO;. Aluminium arriving at the SiO, / Si interface is lost in Al O,

precipitates and the range of aluminium in silicon is shifted towards the silicon surface.

To avoid surface effects aluminium was implanted with 100 MeV into CZ and FZ silicon
substrates [64]. The natural oxygen content in CZ and FZ silicon was determined to be ~ 10"
cm” and =~ 107 cm”, respectively The annealing temperature was 1200 °C at different
annealing times. SIMS analysis apparently revealed a multipeak structure of O and Al around
the projected range of Al. The results imply that the Al-O complex formation is enhanced by

the presence of oxygen but that it is catalysed by the damage created during the implantation.

Bruesch et al. [76] implanted 3 x 10" aluminium ions cm™ at an energy of 150 keV. A
maximum concentration at 218 nm with a range straggling value of 69 nm, determined with
SIMS was obtained after implantation. The out-diffusion after annealing was determined. It
was found that only 8% of the aluminium atoms remain in the sample. The rest (92%) was
lost by out-diffusion. Annealing temperatures were 1060 °C for 10 min (rapid thermal
annealing - RTA) in vacuum. The formation of Al,O, precipitates was observed at a depth of
350 nm after annealing. This depth corresponds to the position of the interface between
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damaged and undamaged region in the crystal. The oxygen for the formation of complexes is
cither present in the wafer or is coming from the residual gas. The precipitates consist of
platelets lying on a well-defined lattice plane. Two types with orientation 90° to each other
lying in the (110) plane are observed. A second row of small precipitates was observed in
some areas of the specimen at a depth of 230 nm. These precipitates reveal no crystalline
structure and are less than 6 nm in diameter. Their structure could not be clearly analysed.
The determined aluminium diffusion constant D at 1333 K ranges between 1.7 x 10" and 1.6
x 10" em?® 57", which is close to the value D = 1.2 x 10" ¢m? s measured by Goldstein [58] at

this temperature.

Annealing temperatures > 1200 °C of aluminium implanted (FZ) Si <111> were used to
investigate aluminium precipitates [66]. For this study 1 x 10" aluminium ions cm” were
implanted at an energy of 150 keV. Annealing took place in nitrogen atmosphere. Different
capping layers were applied to prevent the loss of aluminium atoms. The observed

precipitates were found to have a crystalline structure after annealing.

Ref. [67] reports on 3 x 10" aluminium ions cm™ that were implanted at an energy of 60 keV.
Back-diffusion by using different capping layers was investigated. Annealing temperatures
were 900 - 1250 °C for 1 hour and up to 16 hours in a nitrogen ambient. It was found that
aluminium precipitates may be formed at temperatures as low as 350 °C in the damaged

region induced by aluminium implantation. These precipitates are stable below 900 °C.

The latest study on this system was done by Kuhlmann et al. [68] (see figure 17). The
diffusion of aluminium in silicon and its interaction with phosphorus and boron has been
investigated. The aluminium predeposition was carried out in vacuum using a silicon
sandwich structure consisting of a silicon-target wafer and a source wafer, which was covered
by a 300 nm aluminium film. Additional results for the aluminium in-diffusion were obtained
by annealing predeposited samples without the diffusion source (drive-in). The depth profiles
before and after RTA (rapid thermal annealing) were characterised by SIMS. Additionally a
big change in the aluminium diffusion behaviour in the presence of boron or phosphorus was
observed. A supersaturation of self-interstitials caused by a high surface concentration of
boron or phosphorus leads to an accelerated aluminium diffusion in Si <111>. The authors
assume that aluminium migrates as a negative ion in silicon and that it uses self-interstitials as
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diffusion vehicles. The annealing temperatures used were, like in most of the other reported

results, higher than 1000 °C.
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Fig.17: Diffusion coefficients of aluminium with bibliographical reference [68].

Recent publications dealing with aluminium implantations at elevated substrate temperatures
were not found. The only previously reported work [69] of aluminium implanted into heated
FZ — Si <111> substrates to avoid radiation defects dates back to 1969. Out-diffusion was
observed after anncaling the room temperature implanted samples, however an explicit

analysis for diffusion coefficients was not performed.

A wide spread of the published results over the past years is evident. An extrapolation of the
reported data in table 2 and fig. 17 results in an expected diffusion coefficient between 3 x
10 em? s and 1.3 x 10" em? 57" for T, = 900 °C. An average of D, = 354 cm’ 5™ is calculated
for the pre-exponential factor with an average activation energy of £, = 3.4 eV. The average
diffusion coefficient at 900 °C is calculated to be D =4 x 10™ ¢m” s, The main reasons for
this spread over two orders of magnitude are different analysing methods and different
diffusant sources as well as other factors like point or extended defects. All the reported

results were done on only one diffusant source.
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For an annealing temperature of 7, = 900 °C the previously reported results are in the
detection range of our method. Therefore, investigations on different diffusant sources as well
as radiation induced lattice defects and their influence on the diffusion coefficient were done

in this work and compared with previously reported results.

6.1.2. GERMANIUM

The maximum solubility of aluminium in germanium is 1.09 at.% at an eutectic temperature
of about 420 °C [70].
In Seeger and Chik’s review in 1968 [8] on diffusion of different elements in germanium and

silicon no values for diffusion coefficients of aluminium in germanium were listed.

The diffusion coefficient of aluminium in germanium was reported by ref. [71]. Thin
aluminium layers (5-28 nm) were deposited onto clean germanium crystals. Samples were
annealed in vacuum from 827 K up to 1178 K and the diffusion behaviour was analysed with
SIMS. An activation energy £, = 3.45 + 0.04 eV and a pre-exponential factor D, = (1.0 £ 0.5)

x 107 em® 57 was obtained for the diffusion coefficient of aluminium in germanium.

The only other work on this system was reported in 1967 by ref. [72] who used sheet
resistance measurements. Annealing temperatures ranged from 1023 K up to 1123 K and

resulted in an activation energy of E, = 3.24 ¢V and a pre-exponential factor D, = 160 cm” s™.

The reported results on aluminium diffusion in germanium by Dorner [71] and Meer [72]
calculate to Dy, = 1.1 x 107 em® s and Dy, = 2.2 x 107 em® 57" at a temperature of T, = 700

°C and to Dy;;;=3 x 10 cm’ s and Dy, =1 x 10" cm’ 57" at a temperature of T, = 500 °C.
The previously reported diffusion coefficients at 7= 700 °C vary by a factor of two. They are

in the range that can be detected with our method. Therefore, the measurements performed in

this work are to verify which of the two reported results can be relied on at 7}, = 700 °C.
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6.2. COMPOUND SEMICONDUCTORS

The compound semiconductors in this work gallium arsenide, indium phosphide and indium
antimonide are all combinations of group /I elements with group V elements. These 1//-V
semiconductors have the zincblende crystal structure, in which each group /I atom has four
group V atoms as nearest neighbours, and vice versa. Most of the /I/-V semiconductors can be
produced as large bulk crystals, but only gallium arsenide and indium phosphide are currently
made in largef quantities. The two major methods of growth are the horizontal Bridgeman
and the Czochralski techniques.

Impurity diffusion analysis in compound semiconductors is more complicated than in
elemental semiconductors because of the fact that three elements have to be considered. The

impurity could occupy a substitutional site of the group /I element or of the group V element.

A basic review on ion implantation applied in ///-V semiconductors is summarised in ref.
[19], however, without including aluminium ions. The introduced damage during
implantation and annealing methods in indium phosphide, gallium arsenide and some other

compounds (not indium antimonide) is discussed there.

Because of the zincblende structure six different single point defects have to be considered in
ITI-V compounds: vacancies in the group /I// — sub-sublattice, vacancies in the group V' - sub-
lattice, group /17 - self-interstitials, group V - self-interstitials and antisite defects e.g. group

IIT atoms on group V' sites or of group V" atoms on group I/ sites.

6.2.1. GALLIUM ARSENIDE

A review of recent developments in the understanding of self- and impurity diffusion
processes in gallium arsenide can be found in ref. [73]. For a consistent description of the
diffusion processes involved in gallium arsenide one has to know the intrinsic point defects
involved in the diffusion in both sublattices. Fig. 18 summarises the results from this review

with a list of the different authors and years.

Aluminium is a group //I element and can therefore also be used with other group ¥ elements

to form a //I-V compound semiconductors. As all /I] — V semiconductors have a zincblende
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structure the possibility of epitaxial growth of one compound onto another arises. The
difficulty here is the different lattice constant. However, some compounds are compatible for
this procedure like for example gallium arsenide and aluminium arsenide. Inter-diffusion
between gallium arsenide and aluminium arsenide, more precisely, the inter-diffusion
between gallium and aluminium was studied by Chang and Koma [74]. The objects of their
study were multilayer heterostructures of the type GaAs - AlAs - GaAs or Al Ga, As -
Al GaAs - ...... ( 0 £ x <] )grown by molecular beam epitaxy (MBE). The thickness and

composition of each layer was monitored. The gallium arsenide and aluminium arsenide

layers had identical thicknesses of about 0.155 um. The diffusion anneal was carried out in
the temperature range 850 - 1100 °C in vacuum with an arsenic source in the ampoule to
provide an overpressure for the protection of the sample surface. Depth and composition
profiles after annealing were obtained with Auger-electron spectroscopy (AES). The diffusion
coefficient obtained can be empirically represented by a single modified Arrhenius
expression, D(x,T) = D,. exp(-E, (x) / kT), where the pre-exponential factor is given by
Dy(x)=92 exp(-8.2x) (in cm’ s™') and the activation energy of diffusion E,(x)=4.3-0.7x (in e¥).
The Al-Ga inter-diffusion data approximate those for Ga self-diffusion closely, because the
Al diffusivity in GaAs is very close to that of Ga. Therefore symbols for Ga-Al interdiffusion

and for Ga self-diffusion D, are used interchangeably.

Schlesinger and Kuech [75] have employed photoluminescence spectroscopy to determine the
temperature dependence of the interdiffusion coefficient of aluminium and gallium in
GaAs/Aly;Ga,,As quantum wells. Structures were grown consisting of alternating layers with
a thickness of GaAs in the range of 20-150 A, while the two cladding layers of Al,;Ga,,As
were 500 A. The slices were subjected to heat treatments over a temperature range of 650 -
910 °C for times between one and six hours. The results obtained for interdiffusion
coefficients between aluminium and gallium were an activation energy £, ~ 6 eV and a value
for D=4 x 10" cm? 5" at 850 °C which results in a pre-exponential factor of D, = 3.2 x 10°

cm? s,
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Fig.18: Self diffusion data of gallium and interdiffusion data of gallium / aluminium (open circles)

in gallium arsenide as a function of reciprocal temperature [73].

Mei et al. [76] analysed the superlattice mixing of AlAs-GaAs as a function of silicon
concentration. Silicon, introduced by MBE, was found to enhance the usually small diffusion
coefficients of aluminium in gallium arsenide. Thermal anneals were performed in the
temperature range 500-900 °C. An activation energy for aluminium diffusion in gallium
arsenide of £, ~ 4 el was extracted. It was also found that the diffusion coefficient of
aluminium was increased with increasing silicon doping concentration. The value for the
activation energy of E, ~ 4 eV in the temperature range between 800 and 1225 °C was

confirmed by Wang et al. in ref. [77] by investigating the self-diffusion coefficient of gallium

in gallium arsenide.



Goldstein [78] in 1961 was one of the first to analyse self diffusion in gallium arsenide using
radio tracers. His results for the activation energy were E, = 5.6 eV and for the pre-

exponential factor D,=1x 10" cm® 5.

Petroff [79] analysed the interdiffusion at GaAs / AlAs interfaces using transmission electron
microscopy (TEM). The resulting interdiffusion coefficient D for aluminium and gallium at a
temperature 7=850°Cis 5x 10" <D <8.9x 10" cm® s without determining the activation

energy E, or the pre-exponential factor D,,.

Fleming et al. [80] studied the interdiffusion of aluminium and gallium in superlattices with
X-ray diffraction analysis. The average diffusion coefficient for gallium and aluminium
interdiffusion at 800 °C was reported to be D = 5.3 x 10?' cm® 5 without determining the

activation energy E, or the pre-exponential factor D,

Palfrey et al. [81] studied the self-diffusion of gallium in gallium arsenide in the temperature
range 1100 - 1025 °C using radiotracer techniques. An activation energy in the order of £, =
2.6 + 0.5 eV and a pre-exponential factor of D, = 4 x 10° + 16 x 10° ¢m’® 5" were obtained.
2

Diffusion coefficients in the above mentioned temperature range were from D =3 x 10" cm

sTto9x 10 em? 57,

A review on point defects, diffusion mechanisms and superlattice disordering in gallium
arsenide based materials is summarised by ref. [82]. To determine the diffusion mechanisms
in gallium arsenide and related materials, experimental results must be interpreted in
association with the effects of (1) doping, (2) the group V' vapour pressure and (3) point defect
non-equilibrium concentrations, which may be induced by a chemical or a physical process.
Gallium self-diffusion and gallium - aluminium inter-diffusion under intrinsic conditions are

governed by the triply negatively charged group /Il sublattice vacancies V., . The layer

disordering reaction proceeds via gallium - aluminium interdiffusion, which is immeasurable

at 600 °C.

All the above-described results are consistent. A diffusion coefficient of D ~ 107°° em? s is

expected for an annealing temperature at 7, = 500 °C which is much lower than our detection

35



limit. However, a huge influence of radiation induced defects on the diffusion behaviour was
observed after high dose implantation into elemental semiconductors. It is of interest to
investigate if such an influence on the diffusion coefficient can be observed in gallium
arsenide e.g. if a detectable aluminium diffusion after annealing occurs in samples that were
implanted at RT and at 7, = 250 °C at a high dose. The obtained diffusion results are

compared with those obtained for the in-diffusion analysis.

6.2.2. INDIUM PHOSPHIDE

Aluminium diffusion coefficients as well as implantation of aluminium in indium phosphide
were not found in previously reported results. Other isoelectronic impurities, e.g. impurities
with the same electron shell configuration as indium or phosphorous (boron, nitrogen,
phosphorous, arsenic, antimony and bismuth) were implanted in InP [83], however, without

reporting diffusion coefficients.

The scope of this work is the investigation of the diffusion behaviour of aluminium in indium
phosphide for temperatures up to 7, = 400 °C by NRA. Higher annealing temperatures were
not applied to avoid surface oxidation, e.g. formation of In,0,, which was even observed in a
N, ambient after annealing at 7, = 450 °C [84]. The diffusion sources in this work were

deposited aluminium layers and aluminium implanted at R7 and at 250 °C.

6.2.3.INDIUM ANTIMONIDE

Aluminium implantations as well as the diffusion coefficients of aluminium in indium
antimonide were not found in previously reported results. Therefore these measurements were

performed to investigate the diffusion behaviour of aluminium in indium antimonide.

Bulk indium antimonide is a well-established material for high quality thermal imaging in the
3-5 um wavelength range. With the lowest band gap (E, = 0.16 eV at T = 300 K) of any
binary I7I-V semiconductor material, it exhibits a very low electron effective mass and high

mobility [85].
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The surface of an implanted indium antimonide is chemically very active. Oxide films form
when exposed to atmosphere after high dose implantations of heavy ions [86]. Irradiation
damage was investigated by nitrogen implantation at an energy of 150 kel [87]. During the
irradiation the crystal structure was monitored with channeling methods. An irreversible
degradation of the single-crystal properties in indium antimonide was observed for doses that

exceeded (3-5) x 10" ions cm™.

Another problem is the swelling of ion implanted indium antimonide, which was investigated
by ref. [88]. Phosphorus, arsenic and nitrogen were implanted at different energies and
different doses into indium antimonide that was partly masked. The swelling of the substrate
between the masked and unmasked area was dependent on the implanted dose and was only
observed for ions heavier than mass m ~ 12. The swelling of the surface reaches saturation at
about | gm and is due to voids in the substrate that are formed during the thermal spike phase

of the collision cascade. A discolouring of the indium antimonide surface was also observed
after implantation. The surface was black after P;", As; and N5 implantations and grey in
other cases. The visual appearance did not change after the N* implantation. However, no

explanation for the discolouring of the sample surface was offered.
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CHAPTER 8

SUMMARY OF RESULTS

Aluminium diffusion was investigated by NRA in five different semiconductors. Different
experimental methods were employed. For in-diffusion investigation thin aluminium films
were deposited onto the specimen followed by subsequent annealing. Aluminium diffusion
within the investigated semiconductors was analysed after implantations at room temperature
and T; = 250 °C followed by subsequent annealing. The diffusion coefficients obtained were

compared with previously reported results when available.

No aluminium in-diffusion was observed into any of the studied semiconductors. From this it
can be concluded that within the respective temperature range aluminium is a suitable contact

material for the investigated semiconductors.

From the diffusion enhancement of aluminium in the highly damaged elemental
semiconductors silicon and germanium it can be concluded that the diffusion occurs via a

vacancy mechanism in these materials as already suggested by Seeger et al. [8].

8.1. SILICON

The in-diffusion of aluminium into Si<100> at temperatures ranging from 500 °C to 900 °C
has been investigated. Coefficients expected from previously published results are
extrapolated to these temperatures. An extrapolation was necessary because most of the
reported results were obtained for temperatures above 1000 °C. At 900 °C a diffusion
coefficient between D= 1.3 x 10" cm’ s and D =3 x 10" cm’ s with an average value of D
=4 x 10™ cm? 57 is expected. Higher annealing temperatures in our vacuum system were

avoided after complete oxidation of the thin aluminium film was observed during annealing

at T, = 1000 °C.

No detectable aluminium in-diffusion was observed at any stage and an upper limit for the

diffusion coefficient at D < 107 c¢m® s was obtained for 900 °C, which is significantly
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smaller than expected from the literature. However, a native layer of SiO, that forms
instantaneously after cleaning the silicon surface before depositing the aluminium film acts as
a diffusion barrier and thus reduces the diffusion during annealing. Therefore the actual
diffusion coefficient is expected to be higher and could be in the interval calculated from the

literature.

Aluminium diffusion within Si<100> and Si<111> was investigated after implantations at
room temperature and at 7; = 250 °C with subsequent annealing for one hour at temperatures
up to 7, =900 °C. By comparing aluminium depth profiles for room temperature implantation
and for implantation at 7; = 250 °C, radiation enhanced diffusion for our implantation

parameters has been calculated to be smaller than D < 10™"° cm? 5™,

The room temperature implantation resulted in a highly disordered region that did only
recover partly during annealing for one hour at 7, = 900 °C. An enhanced diffusion of the
aluminium atoms to the surface was observed due to radiation induced damage. Complete
aluminium out diffusion to the surface was observed at this temperature. The obtained
diffusion coefficients at 900 °C are two to three orders of magnitude larger than those
obtained for the implantation at 7, = 250 °C. However, they are in the same range as some of
the published coefficients as seen in Fig. 28. We therefore believe that some of the higher
results reported in the literature are due to defect enhanced diffusion. Our diffusion results
after room temperature implantations are furthermore in accordance with the reported poor
electrical activation due to out-diffusion and precipitation of Al,O, at the surface after

annealing at 7,> 900 °C [63-69].

After implantation at 7; = 250 °C radiation induced damage in the surface region was largely
avoided and the aluminium-rich implantation region was bordered by a nearly defect-free
surface region and the highly crystalline bulk. An upper limit for the diffusion coefficient at
D < 10" c¢m? s was obtained for 900 °C, which is significantly smaller than the smallest
coefficients reported in the literature. It does not contradict our results obtained for in-

diffusion.

During annealing the hot implanted silicon sample at 7, = 900 °C two phases are expected in
the implanted depth [55]. In a silicon depth of 200 nm we measured a maximum of about 5
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at.% of aluminium. For this maximum density about 8 % of the compound is in the liquid
phase, consisting of 37 % silicon and 63 % aluminium. The remaining 92 % in the solid
phase consist mainly of silicon due to the low solubility of aluminium at this temperature.
When cooling the sample down to room temperature aluminium segregates from the liquid

[64].

8.2. GERMANIUM

The in-diffusion of aluminium into germanium at temperatures of 500 °C and 700 °C has been
investigated. As expected diffusion coefficients from the literature are below our detection
limit at 500 °C only the coefficients at 700 °C are extracted. No detectable diffusion is
observed at any stage. From this we calculated an upper limit for the diffusion coefficient of
D < 107" e¢m? 57" at 700 °C. This coefficient is about a magnitude lower than both previously
reported coefficients D = 1.2 x 107"° ¢n® 5" [71] and D = 2.4 x 107" cm? s [72]. These
coefficients at 700 °C were measured by Dorner et al. [71], whereas the results by Meer et al.
[72] were extrapolated from higher temperatures. Our upper limit for the diffusion coefficient
is probably too low due to a thin native oxide layer that forms instantaneously after cleaning
the germanium surface before depositing the aluminium film. This oxide layer forms a

diffusion barrier and therefore lowers the extracted upper limit for the coefficient.

Aluminium diffusion within germanium was investigated after implantations at room
temperature and to 7, = 250 °C with subsequent annealing for one hour at temperatures up to
T, = 700 °C. From comparing the aluminium depth profiles after room temperature
implantation with those after implantation at 7, = 250 °C, an upper limit for the radiation
enhanced diffusion was calculated at D < 10" ¢m® s for our implantation parameters, by

taking into account the implantation time.

Channeling effects of a-particles were not observed in the implanted germanium samples due
to a rather high dechanneling yield in the samples already before the implantation. However,
when comparing the aluminium diffusion results in germanium with the results from the

silicon investigation similarities are observed.

105



A comparison with the results obtained for the silicon implantation indicates that the room
temperature implantation also resulted in an amorphous surface region that did only recover
partly during annealing for one hour at 7, = 500 °C and 7, = 700 °C. Aluminium diffusion to
the surface was observed after 7, = 500 °C due to radiation induced defects. Most aluminium
atoms diffused out of the sample to the surface during 7, = 700 °C. The diffusion coefficient
after room-temperature implantation is about two orders of magnitude larger than coefficients
reported previously. However, the obtained diffusion coefficients are much too high due to
the large amount of defects in the surface region and can therefore not be compared with

coefficients expected in defect free germanium.

After implantation at 7; = 250 °C it appears from the similarity with the silicon results, that
radiation induced damage in the surface region was largely avoided. However, a channeling
effect was not observed. One reason for this is probably due to the fact that the mass of
germanium is much larger than the mass of silicon, which leads to denser collision cascades

and a dislocation network already at 7. = 250 °C.

An upper limit of the diffusion coefficient at D < 10" ¢m® 5™ was obtained for 700 °C, which
does not contradict the results by Dorner [71] and is slightly lower than the coefficient

calculated from the results by Meer [72] (see Fig. 34).

From the binary phase diagram for the germanium aluminium system [70] it can be seen that
at 700 °C two phases are formed in a germanium depth of 115 nm, where the aluminium
reaches a maximum concentration of about 7 at.%. At this temperature about 17 % of the
compound is in the liquid phase, consisting of 57 % germanium and 43 % aluminium. The
solid phase consists mainly of germanium due to the low solubility of aluminium. When
cooling the samples after annealing segregations of metallic aluminium are expected in the

implanted depth.

8.3. GALLIUM ARSENIDE

The in-diffusion of aluminium into gallium arsenide at temperatures up to 500 °C was
investigated. Expected diffusion coefficients at 500 °C are obtained when extrapolating the

results from the literature in Fig. 18 to 773 K, which corresponds to a value on the abscissa of
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1.3 and a diffusion coefficient of about D ~ 107° cm?® 5. The expected coefficient is therefore
much lower than our upper detection limit. However, radiation induced defects accounted for
a dramatic diffusion enhancement in the elemental semiconductors investigated in this study.
This investigation was made to analyse if defects also play such an important role in the

aluminium diffusion in gallium arsenide.

As in the case for the other investigated semiconductors no detectable aluminium in-diffusion
into gallium arsenide is observed at any stage. An upper limit for the diffusion coefficient of

D <10 e¢m? 57 is extracted for 500 °C, which is expected from the literature.

The aluminium diffusion within gallium arsenide was investigated after implantations at
room temperature and at 7, = 250 °C with subsequent annealing for one hour at temperatures
up to 7, = 500 °C. When comparing the aluminium depth profiles after room temperature
implantation and after implantation at 7; = 250 °C no difference could be detected. From this
an upper limit of the radiation enhanced diffusion at D < 10" ¢m® 57 for our implantation

parameters was extracted by taking into account the implantation time.

The room temperature implantation resulted in a highly disordered region. No channeling
effect within the crystal was observed. No regrowth was observed after annealing at 7, = 400
°C for one hour. After annealing for one hour at 7, = 500 °C a channeling effect was observed
in the crystal. However, the surface layer remained highly disordered. No aluminium
diffusion through this highly disordered layer to the surface was observed. The upper limit of
the aluminium diffusion coefficients for the room-temperature implantation is at D < 107 ¢m?
s'at 500 °C. For the elemental semiconductors a diffusion enhancement by a few orders of
magnitude was observed. With an expected diffusion coefficient of about D ~ 107 cm® s
defect enhanced diffusion by a few magnitudes could still take place without being detected
by our method. The aluminium solubility in the investigated elemental semiconductors was
very small which resulted in out diffusion from the room temperature implanted samples to
the surface when annealing at elevated temperatures. When considering that the compounds
AsAl and AsGa are completely miscible [105] and that the aluminium diffusion coefficient in

gallium arsenide is strongly correlated to the gallium self-diffusion in this compound, then

there is no aluminium out diffusion expected from the sample.
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After implantation at 7; = 250 °C radiation induced disorder in the surface region was largely
avoided as in the case of the elemental semiconductors. From the channeling spectra it is
obvious that no amorphisation is present but the large slope of the dechanneling yield

indicates a high density of extended defects.

A comparison of the aluminium depth profiles before and after annealing leads to the upper

limit for the diffusion coefficient of D < 10" ¢m® 57! at 500 °C, which was expected.

8.4. INDIUM PHOSPHIDE

No previously reported results on the aluminium diffusion in indium phosphide were found in
the literature. Predictions about the behaviour of this system are difficult for there are
contradictory thermodynamic calculations of the aluminium solubility in this compound
semiconductor [105]. Investigations in this study were performed up to 400 °C to avoid

surface oxidation, which could influence the results.

Aluminium in-diffusion has been investigated at 400 °C by annealing thin aluminium films
that were deposited onto clean indium phosphide substrates. The interface between the
aluminium film and the indium phosphide substrate remained sharply defined after annealing.
From this it was concluded that no detectable aluminium in-diffusion occurred at this

temperature. An upper limit of the diffusion coefficient at D < 10™¢ cm® s is extracted for

400 °C.

Aluminium diffusion within indium phosphide was investigated after implantations at room
temperature and at 7; = 250 °C with subsequent annealing for one hour at temperatures up to
T, = 400 °C. The radiation enhanced diffusion for our implantation parameters, analysed by
comparing the aluminium depth profiles for room temperature implantation and for
implantation at 7; = 250 °C by taking into account the implantation time, was lower than our

detection limit at D < 10 ¢m? 57\,

The room temperature implantation resulted in a highly disordered surface layer that reached
much deeper into the crystal than the mean ranges of the implanted aluminium ions. A slight

crystalline regrowth from the bulk is observed after annealing the compound for one hour at

108



T, = 300 °C. No further regrowth was observed from a sample that was subsequently
annealed for one hour at 7, =400 °C.

Miiller et al. [106] measured thicknesses of amorphous surface layers in indium phosphide
after 80 and 180 kel silicon room temperature implantation to be 150 and 290 nm,
respectively. These results are more in line with the calculated damage thicknesses of 121 nm
and 261 nm for these energies. However, their implantation parameters were rather different
to ours, e.g. their dose rates were at 3 x 10" ions cm™ s, which is more than thirty times
lower and the fluences were at about 10" ions c¢m™, which is about five hundred times lower
than the parameters for this study. However, tail effects can be excluded as the reason for the

observed enhancement in the damage depth when considering the measured aluminium depth

profiles.

The aluminium depth profiles are unchanged before and after annealing for one hour at 7, =
400 °C. It was concluded that no detectable aluminium diffusion to the surface occurred. The
diffusion coefficients in this case are also lower than our detection limit at D < 10" em? s7'.
We suspect a high aluminium solubility in indium phosphide after considering the aluminium
out diffusion through highly damaged layers in elemental semiconductors where its solubility

is low. The behaviour of this system is similar to the one observed for the Al-GaAs system,

where the components were completely miscible in one other.

During implantation at 7; = 250 °C a different defect type is observed. The introduced
damage reached about 1.5 times deeper than predicted from simulations and consists of a
dense network of dislocations. No change in the dislocation density was observed during

annealing for one hour at 7, = 400 °C.

The shape of the aluminium depth profile did not change before and after annealing for one
hour at 7, = 400 °C. An upper limit for the diffusion coefficient at D < 10" cm® s was
extracted at 400 °C, which agrees well with the results obtained for the room temperature

implantation and does not contradict the result obtained from the in-diffusion analysis.
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8.5. INDIUM ANTIMONIDE

Previously reported results on aluminium diffusion in indium antimonide were not found.
SbAl and InSb are miscible in all proportions to form (Alln)Sb over most of the system [107].

From this fact very small diffusion coefficients are expected for this system.

For recording a NRA depth profile we had to implant high doses of at least 5 x 10
aluminium ions cm™, to obtain a sufficient count rate in a reasonable analysing time. Longer
analysing times bear the danger that target degradation occurs due to the analysing beam.
Already relatively low ion fluences cause amorphisation of the indium antimonide target,

where no a-particle channeling effect could be observed for the implanted samples.

Aluminium diffusion into indium antimonide was investigated after deposition of a thin
aluminium film onto this compound followed by annealing at 7, = 300 °C. The interface
between the aluminium film and the substrate remained unchanged before and after
annealing. It was concluded that no detectable aluminium in-diffusion occurred at 300 °C. An

upper limit for the aluminium diffusion coefficient at 300 °C is extracted to D < 107 cm’ 57"

Aluminium diffusion within indium antimonide was investigated after implantations at room
temperature and at 7, = 250 °C with subsequent annealing for one hour at a temperatures of 7,
=300 °C. A comparison of the aluminium depth profiles after room temperature implantation
and after implantation at 7, = 250 °C revealed a dramatic difference. The depth profile after
the hot implantation did not have a gaussian shape (Fig. 49), which was observed after the
room-temperature implantation (Fig.48). Obviously aluminium atoms diffused out already

during the hot implantation.

Annealing the room temperature implanted indium antimonide sample for one hour at 7, =
300 °C did not change the depth profile of the implanted aluminium. An enhanced aluminium
diffusion to the surface due to radiation induced defects was not observed after annealing.

Since no aluminium diffusion is detected an upper limit for the diffusion coefficients at

300°Cis D <10 em? 57,
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A black discolouring of the sample surface was observed after the hot implantation, which is
suspected to be the result of antimony loss from the surface during the implantation. Such an
antimony loss leads to a phase transition with a liquid phase consisting mainly of indium
(above 155 °C). When cooling down, an oxide layer (In,0,) can form on the surface [88].
Annealing a hot aluminium implanted indium antimonide sample for one hour at 7, = 300 °C
results in aluminium out diffusion, which can also be explained with the antimony loss from

the sample and the resulting vacancies that can enhance the diffusion.
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8.6. OUTLOOK

The diffusion results in this study were obtained by NRA. A relatively high dose of
aluminium has to be implanted to obtain depth profiles with a reasonable counting efficiency
for a proton fluence that does not degrade the target surface. One possibility to increase the
counting efficiency would be by replacing the intrinsic germanium detector with a second
NaJ detector. This would enable our system to measure lower aluminium concentrations

within a reasonable fluence of protons.

Another interest for future research lies in investigating the damage introduced into some of
the semiconductors during hot implantation, which reveals a much deeper damage than
expected from TRIM calculations. Damage ranges that are much deeper than the mean ranges
of the implanted ions was previously only reported for metal targets [93], whereas in
semiconductors the damage was usually found in the depth of the mean range [108]. A

fluence and implantation temperature dependent investigation of this effect is intended.
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APPENDIX A

Listing of the batch Program for the PCA Multiport multichannel analyser to save spectra
automatically after a predefined number of energy scans. The ‘preset passes’ sets the number
of scans after which to save. The number after ‘loop begin’ tells how often to save. In the
example below 10 scans are acquired the spectrum of each scan is saved. The filenames are
numbered and incremented before saving. As an optional feature it is possible to save the files
under the same name by not incrementing the file number. This batch program has to be

compiled with the build in compiler before it can be started.

CONFIRM "START OF NRA, PRESS ANY KEY TO CONTINUE."
COLLECT "PLEASE ENTER FILENAME: " %F TONE LEN 7

MCS EXTERNAL ; EXTERNAL DWELL
SYNC EXTERNAL
LLOOP BEGIN 10 ; THIS NUMBER TELLS HOW OFTEN TO SAVE
ACQUIRE
PRESETS ON
PRESET PASSES 1 ; THIS NUMBER TELLS AFTER HOW MANY SCANS TO SAVE
WAIT ; WAIT FOR PRESETS TO ELAPSE
STEP FILENAME 1 ; INCREMENT THE FILENAME BY ONE NUMBER
ID %F ; UPDATE THE ID STRING
SAVE %F OVERWRITE ; SAVE THE DATA TO A BINARY DISK FILE
LOOP END
STOP

CONFIRM "END OF NRA ACQUISITION, STRIKE ANY KEY TO CONTINUE."
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